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ABSTRACT 

The monochromatic equivalent temperature of the quiet sunmeasured 

at radio wavelengths varies between the limits of 6700 degrees Kelvin 
at 8 millimeters to 10 e degrees Kelvin at 200 centimeters wavelength. 
This is to be expected when the opacity of the sun’s atmosphere at 
radio wavelengths is considered and when a proper temperature distri- 
bution for the corona and chromosphere is assigned. 

The opacity of the solar atmosphere for the various radio wave- 
lengths was computed, the coefficient of absorption being a function 
of the electron density, the wavelength, the temperature, and the re- 
fractive index of the gas according to the equation: 

U= 
235- AZ h,2e6 

3~~ ,G c3 (mkTY& 

where K is the absorption coefficient, x the wavelength, “, the, 
electron density, Q, the charge on the electron, C the velocity of 
light, /u the refractive index, m the mass of elec/tron, k Boltzmann’s 
constant, and T the temperature in degrees Kelvin. Following Martyn, 
the analysis of Lorentz, and ‘Chapman and Cowling was employed. The 
electron density distribution in the corona proposed by Baumbach and 
modified by Allen and Van de Hulst was used. In the chromosphere the 
electron density distribution is that proposed by Wildt. The tempera- 
ture distribution usedinthe corona was that ofAlfven. The equivalent 

iv 



ABSTRACT (Cont. ) 

temperature for any ray is shown to be 

~,,zf (,_dKvAh~) T, e;B;,‘GAb 4 c 
b-=1 

For the purposes of the computation, the atmosphere is divided into 
layers where K,, Ahp , and Tp are the absorption coefficient, 

the thickness, and the temperature of the r* layer. Equi v- 
alent temperatures were computed in this manner for rays emerging at 

various positions from the center of the limb. 

In order to obtain a fit with the experimental dataonthe equiva- 
lent temperature of the sun as a function of wavelength, it is neces- 
sary to assign a new temperature distribution for the lower part of 
the sun’s atmosphere. A good fit with the experimental data is obtained 
if the temperature is assumed to rise slowly from the boundary tem- 
perature of 4830 degrees Kelvin at the photosphere to 10,000 degrees 
at a height of 10,000 kilometers, and then to rise exponentially to a 
maximum temperature of 10e degrees at a height of 25,000 kilometers. 
This set of conditions in the solar atmosphere adequately explains the 
behavior of the quiet sun at short radio wavelengths. 

The observations at a wavelength of 3.2 centimeters of a total 
solar eclipse are described. At this wavelength there was a residual 
radiation of 4 percent at the time of totality. One-fourth of the 4 
percent was due to thermal radiation from the moon and the remainder 
was due to thcyrmal radiation from the corona. 



PROBLEM STATUS 

This is an interim report; work on the problem is continuing. 

AUTHORIZATION 

NRL Problem Rll-09R 
(NR 535-009) 

vi 



C: 
:; 
<’ 
r 
3  
L.,’ 
L  
*. 
l .i 

“I 

I” 

c: 

A STUDY OF THE RADIO-FREQUENCY 
RADIATION FROM THE SUN 

INTRODUCTION 

To detect the radio signals coming to the earth from extrater- 

restrial sources, a directive antenna and highly sensitive radio 
receiver must be used. The improvements in the directivity of radio 
antennas and in the sensitivity of receivers have been two of the 
proj ects on which radio engineers have been engaged since the begin- 
ning of radio, but it is only in recent years that these improvements 
have been carried to the point where the comparatively weak radio- 
frequency radiation from extra-terrestrial sources can be quantitatively 
measured. The discovery of a radio-frequency radiation which could 
be attributed to our galaxy as a source was made in 1932 and was fol- 
lowed by many inves ti get ions.* “‘s Later when further improvements were 
made in the operation of receivers, solar emission was detected, and 
it in turn is being intensively investigated. 4w The improvement in 
the efficiency and the directivity of antennas has been achieved 
through a process of learning how to put together and how to phase 
properly large arrays of dipole antennas at the longer wavelengths, 
and how to properly illuminate parabolic reflectors at the shorter 
wavelengths. 

The gain and directivity of an antenna are related to the 
physical size of the antenna in much the same fashion as the resolving 
power of a telescope is determined by its aperture. The same con- 
siderations hold for the tolerances on the surface of the antenna as 
hold in the design of the lens or the reflector of a telescope. In 
the radio case, rather than to use resolving power, it is more 
customary to refer to the beamwidth between half-power points. This 
is determined by the equation 

B.W,= ‘*;” l 

*Referenc.es will appear at the end of this report. 
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2 NAVAL‘RCICARCW LABORATORY 

where B.u=the beamwidth in radians 
X=the wavelength 
D=the diameter of the aperture 

the two latter being expressed in the same units. 

The gain of the antenna determines the increase in the intensity 
of the received signal over that which would be received were an iso- 
tropic radiator used as an antenna. Under these conditions, the gain 
is determined by the equation 

*+ 

= 8.1'7 $ (2) 

where A and x are in the same units. Similarly, 

G=t3.\7A 
if A is expressed in square wavelengths. The beamwidth is seen to 

increase linearly with wavelength and inversely with diameter, whereas 
the gain increases linearly with the area and inversely with the 
square of the wavelength. The radiation pattern and the gain of the 
antenna are susceptible to accurate measurement, and eince, as will be 
shown later, they enter directly into the reduction of the data, it is 
essential that these measurements be made with great care. In inter- 
preting the results of various observers, it is well to bear in mind 
the dimensions involved. An antenna ten feet in diameter would have 
a beamwidth varying between 0.2O at 8.5 millimeters and approximately 
35O at 1.5 meters. The beamwidth of a fifty-foot diameter antenna on 
the other hand would vary between 0.04O at 8.5 millimeters and 7O at 
1.5 meters. These relations area shown in Figure 1. 

The antennas used in this work have been mounted in various 
fashions, depending upon the resources of the observer, the geometry 
of the antenna, and the purpose for which the work is done. In some 
cases the antennas are mounted in a stationary position and the ob- 
jects in the sky are allowed to drift through the field. In other 
cases, a simple alt-axiauth mount has been used, and the pointing has 
been done in both coordinates. The more practical mounts have, of 
tour se, been equatorial. Figure 2 shows a ten-foot diameter parabola 

mounted on an alt-azimuth mount, where the training in azimuth and 
elevation is done by hand. 

,I + 
Throughout this report “ in tensi ty” means “power in tensi ty,” 
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Figure 2 - Three-centimeter radiometer, 
rear view showing the mount and box con- 
taining the radiometer 
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Figure 3 shows a similar parabola mounted on an equatorial mount 
driven by clockwork in much the same fashion as a telescope. The 

radiation falling on the parabolic antenna is brought to focus by the 
parabola,and at the focal point there is a much smaller and therefore 

Fi&re 3 - Ten- foot diameter parabolic antenna with 8.5-millimeter feed horn 
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less directive antenna connected to a transmission line or waveguide. 
which usually is carried back of the reflector and is there connected 
to the receiver. When a multi-element array of dipoles is used, the 
dipoles are arranged in a regular pattern and so phased by separately 
adjusting their spatial and electrical separation that the voltage ap- 

pearing at the terminals of the entire antenna due to the effect of 
any one dipole is in phase with the voltage due to any other dipole 
when a plane wave is normally incident on the array. 

If the antenna could be placed inside a large absorptive en- 
closure, or black body, at a uniform temperature To Kelvin, it would 
be in equilibrium with the thermal or black body radiation at this 
temperature. It will be shown that at the terminals of the antenna 
there would appear a voltage equivalent to the thermal agitation noise 
generated in a resistance equal to the radiation resistance of the 
antenna at a temperature To Kelvin. 

p= kTAf (3) 

where p is the available power at the input to the receiver, k is 
Boltzmann’s constant, T is the temperature of th: enclosure in degrees 
Kelvin, and Af is the bandwidth of the receiver. Therefore even if 
a receiver could be produced which had no internal sources of noise 
whatever, noise would still be introduced into the system from the 
antenna. If the receiver does introduce additional noise, then the 
noise signal entering by way of the antenna must be a significant 
fraction of th.e set noise to be measurable, since the character of the 
two is the same. These concepts may be made quantitative by use of 
the quantity called noise figure or noise factor of the receiver. The 
noise figure of a receiver may be defined as the ratio of the noise- 
to-signal ratio at the output-terminals to the noise-to-signal ratio 

at the input terminals. That is: 

(4) 

where F= noise figure 
NJrnoise level at output 

S- signal level at output 
h= noise at input 
S- signal at input. 
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The better receivers have lower noise figures. It will be shown that 
if all parts of the receiver are at room temperature Too Kelvin, then 
the output power N is: 

N=I$,Af FG (5) 

where 

k= Boltzmann’s constant 
T-0’ room temperature 

A4 = bandwidth 
Cw gain of receiver. 

This equation effectively defines F . 

When the antenna is pointed at a source of radiation whose 
angular diameter is small compared with the beamwidth of the antenna 
pattern the equivalent temperature at the input terminals of the 
receiver will be shown to be 

+s =$Ts (a)’ 1 (6) 

where 
c )= equivalent temperature at input to receiver 

TS= temperature of source 
k= diameter of source 

R= distance of source 
G= gain of the antenna over an isotropic 

radiator. 

If the antenna beamwidth is smaller than the source, then the equiva- 
lent temperature at the input terminals of the receiver is that of 
the source. 

ts =Ts . 
Intermediate cases are dealt with later in this report. 

(7) 

In December, 1932, Karl G. Jansky reported I that, in the course 
of some studies on radio interference at a wavelength of 14.6 meters, 
he had observed a type of interference which varied in a quite uniform 
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manner with respect to time. His observations were made with a 
rotatable directional antenna so that the azimuth of the source of 
interference could be determined with some accuracy. The radiation 
pattern of the antenna is shown in Figure 4. Observations of the time 
of coincidence of the direction of the signal arrival with the ob- 
server’s meridian when plotted with time of day as abscissa and day 
of the year as ordinate fell on a straight line, as is seen in Figure 5. 

1200 90’ 60’ 30’ 
Jansky noted that this could 
be explained if the source 
of interference were fixed 

ISOQ in a position on the celes- 
t i al sphere with a right 

180. 00 ascension of eighteen hours. 

210. He was able also to assign 
a declination of approxi- 
mately -loo to the source. 

240’ 2700 3000 330. His measurement of declina- 

Figure 4 - Directicnal characteristic of antenna 
tion was not nearly so ac- 

array at 14.61 meters as used by Jansky 
curate as right ascension. 

The work of Jansky was followed by Reber,” who repeated the ob- 
servations using a more highly directive antenna and a shorter wave- 
length. Reber’s wavelength was 187 centimeters. His antenna was a 

reflector so mounted that its thirty-one foot diameter parabolic 
motion corresponded to that of a 
meridian circle,making it possible 
to determine the elevation of the’ 
signal as the source crossed the 
meridian. Reber’s data were taken 
in sufficient detail to enable him 
to construct constant intensity 
contour charts showing the distri- 
bution of the source of noise on 
the celestial sphere. This is 
shown in Figure 6. From Figure 6 
it is clear that the direction of 
arrival of the noise coincides with 
the planelgf the galaxy. William- 
son et al have analyzed the a- 
vailable data to show that the co- 
ordinates of the galactic pole de- 
termined by this method are, in 
equatorial coordinates: Right As- 

cension lZh, 37?7, Declination 
28?1. These figures are the average 
for the data taken at 84 and 188 
centimeter wavelength. Both Reber 
and Jansky looked for but did not 
find radiation from the sun. In 
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Figure 5 - Time ofpassage of position 
of maximum intensity of galactic noise 
across meridian 
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Figure 6 - Cons tan t in tensi ty con tours in Righ t Ascension 
and declination for galactic noise at 187 centimeters 

1945 Sou thwor th4 reported observations he and his associates had made 
on the microwave radiation from the sun at three wavelengths in the 
region between 1 and 10 centimeters. The wavelengths were approxi - 
mately 1 centimeter, 3 centimeters, and 10 centimeters. Southworth 

showed that the intensity of the signal received from the sun was 
such that it could be attributed to black body radiation. A discus- 

sion of the correspondence between the observed temperature and the 
photospheric temperature will be left until some of the later and more 

refined experiments are taken up. It should be mentioned that about 

this time Reber also reported detecting a signal from the sun. 

All of the early observers noted that the signal received, either 
from the galaxy or the sun sounded in headphones and appeared on an 
oscilloscope no different from the random noise inherent in the opera- 
tion of tht receiver, so they referred to the signal as galactic or 

John son 
11 12 

solar noise. and Nyquist, in studying the thermal agitation 

of electrical charge in conductors, arrived at the conclusion that a 

conductor radiates an amount of energy which is proportional to its 
temperature Tnd the bandwidth of the device measuring the signal. In 
1941 Burgess pointed out that the expression for the so-called 
Johnson noise was the one-dimensional equivalent of the Rayleigh-Jeans 
formula for radiation from a hot body. The Rayleigh- Jeans expression 

is in turn an approximation of Planck’s radiation law, the approxi - 

mation being good only when the product XT is large compared to e 

where C= the velocity of light, h= Planck’s constant, and k= Boltzmann’s 
constant. The characteristics of the signal, even though it appears 

as noise in a receiver, are no different from those of the radiation 
of a hot body in any part of the spectrum, and it is perhaps unfortu- 

nate to call the signal by the names “galactic noise” or “solar noise.” 

Since 1945 there has been much activity in the measurement and 
interpretation of both solar and galactic radiation. The results of 
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the measurements to date of solar radiation over the wavelength range 
8 millimeters to 375 meters are shown in Figure 7 and Table 1. Over 
this wavelength range the equivalent temperature of the quiet sun is 

seen to vary from 7000 degrees Kelvin at the short wavelengths to lo6 

degrees Kelvin at the longer wavelengths. 

.so 

I I I llu, 
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+ II 
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4C.P.P.S. . OBSERVED 
IO X COMPUTED 

Key - NwmS 0, observers 
NRL - Naval Research Laboratory 

- DB - Dicks and Beringer 
sa - Sander 
MC. P.P.S. - McCrecdy, Pavsey and _ 

Pay”e-SCOtt 
C - Covington 
L.Y.- Lehany and Yabslsy 
R - Reber 
P - Pawsey 
R.“.- Flybe mid “Onberg 
So - Southworth 

I I I 1111 I I I IIIIL 

0.1 1.0 IO 100 1000 

WAVELENOTH IN CM. 

Figure 7 - Variation in the equivalent temperature 
of the sun with wavelength 

In considering these data it should be borne in mind that the 
accuracy with which the equivalent temperature of the sun can be as- 
signed is, in nearly all cases, quite low. In order to locate this . 
curve properly, most of these measurements will need to be repeated 
using recent improvements in the techniques of measurement and cali- 
bration. A discussion of the methods of measurement and of calibra- 
tion will be given later. 

In Figure 8, the data of Figure 7 are shown with a graph of the 
computed intensity of the sun as a black body at 6000° Kelvin. The 
radiation from the sun as observed is not constant in amplitude but 
varies in an irregular and unpredictable fashion. One of the pur- 
poses of this work is to correlate these variations with observed 
variations in solar activity and with meteorological and ionospheric 
variations. At the shortest wavelength the radiation is most constant. 
The intensity of the signal varies from day to day as the index of 
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TABLE 1 

Observed Equivalent Temperature of the Quiet 
Sun at Varil 

Observer 

Hagen 
Sou thwo r th 
Dicke and Beringer 
Naval Research Laboratory 
Southworth 
Sander 
McCready, Pawsey and 

Payne-Scott 
Sou thwor th 
Covington 
Lehany and Yabsley 
McCready, Pawsey and 

Payne-Scott 
Lehany and Yabsley 
McCready, Pawsey and 

Payne-Scott 
Reber 
Pawsey 
Ryl e and Vonberg 
Ryle and Vonberg 

s Radio Wavelengths 

Wave1 ength 
in cm 

Effective 
Temperature 
in DegreesK 

0.85 6,740 
1. 25 2,000 
1.25 11,000 
3.15 12,000 
3.2 16,000 
3.2 22,000 

10 25,000 
10 18,000 
10.6 58,000 
25 100,000 

25 150,000 
50 500,000 

50 500,000 
62.5 590,000 

150 600,000 
172 ca. 10 6 

375 ca. 10 6 

solar activity varies. The correlation between the intensity of the 
signal and solar activity is poor at the shortest wavelengths and 
improves to a maximum in the middle (about 10 cm) wavelength range. 
As the wavelength of observation increases the variations in the 
received signa become more erratic and more abrupt. Even at the 
longer wavelengths, , though, the intensity decreases at times to some 
low level below which it never appears to go. This low level of 
intensity is characterized by a smooth, steady signal and is accom- 
panied by a low state of activity on the sun. It is the equivalent 
temperature associated with this quiet state which was used in pre- 
paring Figure 7 and Table 1. 

Superimposed upon this steady state are three types of varia- 
tion. The first is not distinguishable from the steady state by any 
characteristic other than amplitude. It is the day-to-day variation 

which is common to all wavelengths and which is in some way associated 
with the increase in the solar activity. The second type of variation 

occurring at times of increased solar activity is that of short bursts 

of intensity whose duration does not exceed 30 seconds and might be as 

. I  
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Figure 8 - The total monochrome tic flux of 
radiation from the sun as a black body 
at 6000° K received at the distance of 
the earth, with the measured radio flux 
shown dot ted 

short as 2 or 3 seconds. These bursts, so-called, occur at random 
and may be more or less frequent depending upon the circumstances. 
The intensity of the bursts decreases as the wavelength of obser- 
vation decreases, so that in the centimeter region they are not ob- 
served at all. The third and most spectacular type of variation is 
one in which the intensity suddenly increases to many times its quiet 
level, then fails exponentially, returning to the quiet level in from 
twenty minutes to two hours. This type of variation is referred to 
as an outburst and occurs at all wavelengths, 
is again lower at the shorter wavelengths. 

10 
al though the intensity 

The occurrence of an 
outburst seems always to be coincident with the appearance of a solar 
flare and with a consequent sudden ionospheric disturbance on the 
earth. When the same outburst has been observed at various wave- 
lengths under circumstances where the relative times of occurrence 
could be measured it was observed that the outburst was seen first 
at the shorter wavelengths and later at the longer. Since, as will 
be shown later, the shorter wavelength radiation originates in deeper 
layers of the sun’s atmosphere than the longer. The outburst is 
caused by a disturbance in the flare which moves outward from the 
surface of the sun. 

The radiation from the sunif” the radio-frequency spectrum is 
frequently circularly polarized. At longer wavelengths the degree 
of polariaation may at times be as high as 90%. At the shorter wave- 
lengths the degree of pytarization is much less, being on the order 
of 3% at 10 centimeters 

is 
and of negligible magnitude at 3 centimeters. 
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In general, the beamwidths of the antennas used to look at the 
sun have all been larger in diameter than the sun itself. The two 
exceptions are, first, the interference-type used by Ryle and Vonberg, 17 

where a two-antenna system which operates as a Michelson type inter- 
ferometer was used to produce a pattern made up of several fringes 
within tne main antenna pattern, the angular width of the fringe being 
determined by the linear separation of the two antennas. A similar 
experiment was performed by Pawsey and his co-workers. 18 

Instead of 
using two antennas a single antenna was mounted on a cliff overlooking 
the sea, where the signal from the antenna interfered with the signal 
from its image. This, of course, is similar to the well known Lloyd’s 

mirror experiment. The interference pattern of Ryle and Vonberg is 
shown in Figure 9. Here the two antennas were separated by about ten 

Figure 9 - Interference pattern in the 
plane which includes the line joining 
the two antennas and the axis of the 
beams produced by two aerials separated 
by 10 wavelengths 

wavelengths and situated on a line running east and west. They there- 

by obtained an interference pattern having minima separated by about 
6O. In order to resolve detail on the surface of the sun, separutions 
greater than this were required, and the authors made observations 
with spacings of 25,90, and 140 wavelengths. The wider separations 
resul t, of course, in a larger number of narrower fringes. Using the 
separation of 140 wavelengths, they concluded that the source of 
intense radiation occurring at a time of high solar activity sub- 
tended an angle in the east-west plane not greater than 10 minutes of 
arc. This measurement indicated that at a wavelength of 170 centi- 
meters the equivalent temperature of the source was at least 2 x 10’ 
degrees Kelvin. The Australian group, using the Lloyd’s mirror tech- 
ni que, arrived at a value of 6.5 minutes of arc as the diameter of a 
disturbed area at 150 centimeters. The second example of high 
resolution is the ten-foot diameter parabola used at 8 millimeter 
wavelength in the investigation which is the subject of this report. 
Here the beamwidth between half-power points is 0.2 degrees, so that 
some resolution is obtained in crossing the sun’s disc. It has been 
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possible to draw contour curves of the intensity of the radiation 
from the sun and with the resolution available under favorable circum- 
stances to follow the activity of a spot across the surface of the sun. 

The most powerful tool in analyzing the distribution of the 
emission from the surface of the sun that has appeared to date has 
been the analysis of the variation of the sun’s emission in the 
course of a total eclipse. The eclipse of May 20, 1947, desciibed 
later in this report was observefoat 3-centimeter wavelength. At 
the sr!ne eclipse a Russian group observed the emissions at a wave- 
length of 15” centimeters. The 3-centimeter experiment showed that 
there was residual radiation from the corona but that this radiation 
originated in the lower part of the corona. That part of the corona 
which was uncovered at mid-totality radiated an amount of energy which 
was 3% of the energy radiated by the uncovered sun. One percent of 
the radiation was due to le moon, from 30% to 40% due to sunspots, and 
the remainder was steady background. The Russians found that the 
residual intensity at totality was 40% that of the uncovered sun. This, 
coupled with the shape of their eclipse curve, indicates that at this 
long wavelength the effective diameter of the sun is almost twice 
normal, which is consistent with the theory of the generation of 
radiation at these wavelengths in the sun’s atmosphere. 

To determine the minimum detectable change in temperature of a 
source whose angular dimension is that of the sun, it is necessary to 
consider the beamwidth and the gain of the antenna used, the noise 
figure or tFz efficiency of the receiver, and the etability of the 
amplifiers. On the assumption that the amnlifiers are sufficiently 
stable to .neasure a 0.3% change in amplifier current (this is easily 
realizable) the minimum source temperature, Ts , observable for 
several wa.vleleng.hs using a ten-foot diameter antenr.a is calculated 
and the res? ts show !n Table 2. It is shown later that the equiv- 
alent waveguide -emperarure is 

(6) 

where $, is the waveguide temperature, T, is the temperature of the 
source, G is the gain of the antenna, P is the radius of the source, 
and R is the distance of the lource from the earth. This equation 
holds when the angular diameter of the source is less than the beam- 
width, When the angular diameter of the source is larger than the 
beamwidth, then equation (6) becomes 

C’ 
2 
c 
I” 
,1 
C.8 
cm 
e. 
-1 
c 

rl 
C’ 
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TABLE 2 

Minimum Observable Temperature at Various Wavelengths 
Using a Ten-Foot Diameter Antenna and a Source 

Having the Sun’s Diameter 

Wave- 
length 

( cm> 

0.85 
1.25 
3.2 

10.0 
25.0 
50.0 

150. 
200. 

Iw 
(db) 

-- 
20 
I5 
I2 
10 
10 

6 
4 
3 

Min. t, 
OK 

Antenna Gain 
over an Iso- 

ropic Radiator 
Beam 

Width0 

gin. Gbser- 
vable Ts 

Calculated 
OK 

Ts(sW 
o K from 

Fig. 7 

100 8.3 x lo6 0.2 100 7,000 
40 3.8 x lo6 0.28 40 9,000 
15 59,000 0.72 47 17,000 
10 60,000 2.25 310 50,000 
10 960 5.63 -1930 100,000 

4 240 11.3 3100 250,000 
2.5 26.6 33.8 18,000 700,000 
2 15.0 45.0 25,000 900,000 

The noise figures used in constructing Table 2 are those consistent 
with good practice today. Under ideal circumstances these noise 
figures could be improved upon somewhat. It is thus seen that with 
a ten-foot diameter antenna the sun should be easily measurable 
over this wavelength range. 

Several workers 
2 1,2 2,2 3,2 4,2 6,2 3,2 7 

discuss the mechanism for the 
production of this radiation in the atmosphere of the sun. Two 
approaches have been used: a macroscopic one based on the theory 
derived for the analysis of our ionosphere, where an absorption 
coefficient due to Lorenz is derived, and a microscopic approach 
based on the assumption of free-free transitions between the electron 
gas and io;$zed hydrogen atoms , where an absorption coefficient due 
to Kramers and later modified by Gaunt 

20 
and Menzel and Pekeris 

30 

is derived. The result of the theoretical investigations shows that 
the longer wavelength radiation cannot penetrate very deeply into 
the corona, whereas the very short wavelength radiations can pene- 
trate well into the chromosphere. This is consistent with the ex- 
perimental results when the kinetic temperatures of the gases in the 
chromosphere and corona are considered. 

While this approach gives a reasonable explanation of the ef- 
fective temperature as measured at radio wavelengths for the quiet 
sun, it is in no way satisfactory for an explanation of the radiation 
from the di sturbed sun. The equivalent temperature of small areas on 
the surface of the sun as measured at the longer wavelengths may rise 
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to values as high as 109 degrees to lOlo degrees Kelvin. It is not 
reasonable to presume then that these radiations are thermal in origin, 

since they always occur in conjunction with an active area near a 

sunspot. They must in some way be connected with the clouds of hot 

gases and electrons ejected from 1 ayers deep in the sun. 

The work on the measurement of galactic noise has been hampered 
by the fact that the resolution obtainable with the antennas available 
and at the wavelengths used has not been sufficiently sharp to define 
properly the structure of the radiation. Both Reber and Hey and his 
co-workers 

3,9,3 1,3 2,3 3 
have published charts of the distribution of 

galactic noise in thfosky, and these have been discussed in a recent 
paper by Williamson. In this paper Williamson points out that the 
direction of the galactic pole as determined by the radio measurements 
is consistent with that determined from star counts. Williamson’ s 
analysis is predicated on the basis that the source of galactic radi- 
ation is the interstellar gas and that the gas is most heavily con- 
centrated in the plane of the galaxy. The mechanism for the radiation 
is generally presumed to be that of free-feee transitions of an elec- 
tron with an ionized hydrogen atom, 

33,34,3 438 
al though there are 

present indications that thismay not be so and that the source may be 
more complex in origin. 

There has been insufficient quantitative data taken as yet on 
galactic radiation to define its wavelength distribution. All the 
published measurements of galactic radiation have been made at wave- 
lengths longer than 60 centimeters, but plans are underway to search 
for galactic radiation using very large antennas at 30 centimeters 
and shorter wavelengths. If the radiation is found at these shorter 
wavelengths then the consequent higher resolution will allow more 
detailed space distributions to be obtained. 

The scope of this report is to discuss the results of the meas- 
urement of the intensity of the sun’s radiation at short wavelengths. 
A discussion of the theory behind the measurements and of the method 
used will be given. The operation of the receiver, the measurement 
of the antenna characteristics, and the calibration of the over-all 
device is described. The results of the measurements are given, fol- 
lowed by an interpretation of the distribution of the radiation on 
the sun. There is a description and analysis of the work on the 
May 20, 1947 eclipse and its analysis. This is followed by a dis- 
cussion of the impact of these measurements on the interpretation of 
the condition of the sun’s atmosphere. In conclusion, the future 
plans for the work are discussed and suggestions made as to the 
proper direction for other investigations in this field. 

, . . .  
4’ 

t  
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THERMAL HADIATION AND ITS MEASUHEMENT 
AT RADIO WAVELENGTHS 

The relations that exist between the temperature of the source, 
the wavelength of the radiation considered, the energy density of the 
radiation and the emissive power of a surface are well known. and the 
theory of this radiation can be found in standard texts. 37836 A con- 

sideration of Planck’s radiation law 

jbgj X = 8x& “;sp” etp/EG3 c8) 
@kT -1 

where 

px= the monochromatic energy density 
$($,,dx= the amount of radiant energy per unit volume in 

a wavelength range dX at a wavelength X 
C= 3 x lOlo c;$;ec = the velocity of light 
h= 6.624 x 10 erg. set = Planck’s constant 
X= the wavelength in centimeters 
e= the base o_f1;he Napierian logarithms 
k= 1.380 x 10 erg/deg = Boltzmann’s constant. 

shows that the radiation from a black body at a temperature T extends 
over the entire electromagnetic spectrum. The intensity will be at a 
maximum at a wavelength which is inversely proportional to the temper- 
ature and will fall off rapidly on each side. Nevertheless for the 
special conditions under consideration here, that is, whereT= 6,000° 
Kelvin and for a body of the size and distance of our sun, there will 
be a measurable radiation over most of the radio-frequency spectrum 
(see Figure 7 and Table 2). The development of extremely sensitive 
radio receivers and highly efficient receiving antennas has made it 
possible in recent years to detect and measure this “thermal” 
radiation from the sun in the radio-frequency spectrum. 

The derivation to be given here is made on the assumption that 
the sun radiates as a quasi-black body. It will be shown that while 
the character of the emission measured is that of black body radiation, 
the equivalent temperatures derived from the measured intensities of 
the emission are in all cases greater than 6,000° Kelvin. 

It might be pointed out that in measuring the intensity of the 
emission from the sun, and hence its equivalent temperature, there are 
three sets of circumstances which affect the interpretation of the 
result. In the first and ideal case the radiation pattern of the 
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antenna is sufficiently narrow so that the entire beam is smaller in 
diameter than the sun. In this case the effective antenna tempera- 
ture is the same as the equivalent temperature of the sun. The 

second condition would be that in which the antenna pattern is so 
broad that the gain of the antenna does not vary within the angle 
subtended by the run. In this case, while the effective antenna 
temperature will be less than the equivalent temperature of the sun 
by an amount determined by the gain of the antenna, nevertheless, 
the equivalent temperature of the sun as a source can be calculated 
by well known and rigorous expressions. The third case is that 
where the beamwidth of the antenna lies between the two previous 
cases and is commensurate with the angular diameter of the sun. Here 
when the axis of the beam is directed at the center of the sun, the 
gain varies across the disc of the sun, and therefore to compute the 
equivalent temperature of the sun from the measured intensity of the 
emission an integration involving a detailed knowledge of the pattern 
of the antenna must be performed. 

ch 
In equation (8) the exponent in the denominator, m , will 

become quite small for large values of 1 and T. In this case we 
may expand the denominator of equation (8) by means of the series 

a2 p= I+Q:+ 2 --- 

obtaining: 

ch 
=XkT,) =ch 

XkT + 
c2h2 

2;rXZk’E-r2 --- - 

If ).T is large compared to then only the first term to the right 
need be kept. When this substitution is made, equation (8) becomes 

QdX= ‘TtT dX evtp/s3 

which is the Rayleigh-Jeans formula. Since in the radio-frequency 
region XT>> ‘$ , Rayleigh-Jean’s formula will be used in this dis- 
cussion. 

Let ix be the intensity of monochromatic radiation at wavelength 
x in a given direction from an element of surface of a hot body, and 
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assume that ix is the same in all directions. To determine Q.1 , the 
total rate of-monochromatic flux per 

Fn 

unit area, refer to Figure 10, 

where d5 is an element of area 
radiating with an intensity in 
any given direction ix . To 
compute the total radiation 
from dS it is necessary to in- 
tegrate over the hemisphere, 
whose radius is R and whose 
center is at dS . Choose as 
an element of area on the 
hemisphere that ring generated 
by rotating the element of arc 
Rdt9 at an angle 8 to the normal 
around the normal. The circumference 
of the ring is ZWRSA@ and the width 
Rd@, the area 23rR?i~hdt9. 
The rate at which energy flowing 
from dS passes through a surface 
is proportional to t.he projected 

the area of the receiving surface 

ds 
or rre 

Figure 10 - Construction for com- 
puting the flux per unit area 

area of the emitting surface, dSeosB, 
2h.R2sih6dQ and inversely with the square of the distance between the 
two surfaces R2. The total flow of monochromatic radiation through 
the ring is 

iAdS cos 0 2hR2s’h*de = z7ti 
R2 x dS cos &&dB . 

When this is integrated over the hemisphere, the total flux 
through the hemisphere and therefore the total flux out of the surface 
dS is obtained.’ 

Total flux= (10) 

This is the total monochromatic flux out of the surface AS. By defi- 

ni tion CA is the total rate of monochromatic flux per unit area. 

to-M flux 
"A= 

dS 

= Xix ere(s/sec/c~‘. (11) 
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Temperature of the Source end Power Density of the Receiver 

Consider. a pill box of surface area dS and thickness dx placed 

within an enclosure having perfectly reflecting walls. The total flux 

out of each surface is hiAdS. Therefore the total flux out of the pill 

box is 2>iXdS . If the enclosure is in equilibrium, then the total 
flux into the box will be 2hixdS. The volume of the box is dSdx . 
The total energy in the boxdis equal to the total flux times the time 
of transit across the box 

4i7ilc! Sdx c - 
Therefore the total energy equals 

C . The monochromatic energy density of radiation, &is 

Px= 
tot al energy 

= 47rix 
therefore 

volume C 

From equations (11) and ( 12) it is seen that within the enclosure 
CIY iA= 4na . Using the Ray1 eigh-Jeans law, equation (9) to eliminate 

ergs/sec/cm2/ unit solid angle. (13) 

To compute the power absorbed by an isotropic radiator in a 
spherical enclosure of radius R whose walls are at a temperature T, 
consider an element*of emitting area on the surface of the enclosure 
dA. The power absottgd 
whose effective area 

fromethis element by the isotropic radiator, 
is +-, is 

x’ 
ciP= iXdX. dA, s 

RZ 
erg/set. (14) 

When this is integrated over the whole enclosure 

A= 
P = iAdX. 4nR2. * 

R” 

= i+‘dx. 
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When only one polarization is accepted then 

P = $i,xZdL (15) 
Substituting from equation (13) for iA CdX and remembering that df = -: 

x2 

P=kTdf. 

This was first deriy;d by BurgessIs and is the same expression as that 
obtained by Johnson and Nyqui s t for the available power across a 
two-terminal network which is at temperature T. 

Analysis of Receiver Operation 

To determine the flux per unit area at the earth due to radia- 
tion from the sun, assume that the cosine law holds and that the sun 
may be replaced by a disc normal to the line joining the earth and 
the sun . When equation (14) is integrated over the surface of the 
sun and with the factor I,/2 included to take care of linear polari- 
zation then 

x2 

ha = i iAdwn+ 4x 

R2 . 
where r is the radius of the sun. 
(13) and writing df =c dX/), 2 

Substituting for ix from equation 

: 

PS =$kT,df$ (17) 

where T, is the equivalent temperature of the sun. Suppose a directive 
antenna having a gain G over an isotropic radiator is used. If the 
antenna beamwidth is sufficiently greater than the angle subtended by 
the sun so that there is little variation in gain across the surface 
of the sun, then 

pt =$lJJf-$ ev+-s/sac. ( 18) 
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If a resistive termination at the input to the receiver is substituted 
for the antenna and the temperature of the termination is raised to 
a value t, such that the output from the receiver is equal to that 
obtained when the antenna is pointed at the sun, then 

Ps= k+& e~qnzc. (19) 

tS will be referred to as the effective antenna temperature. 
Substituting from above, 

-k’ % p 8 
G * 

de r4d5 k&in. (20) 

It should be pointed out that this equation holds when the angular 
diameter of the sun is much less than the beamwidth of the antenna. 

When the angular diameter of the sun is sufficiently greater 
than the beamwidth so that the entire antenna pat tern falls on the 
sun, the preceding analysis must be modified. 

Let dA be an element of area on the solar disc. Then from 
equation (14) the power received at the antenna due to radiation by 
this element of area is 

where q is the gain of the antenna over an isotropic radiator. Intro- 
ducing the factor l/2 to take care of linear polarization and substi- 
tuting from ix as before: 

r’ 
:,. 
<.,’ 
‘.I 
8.x 
*‘I 
w. 
rl 
c: 

dP=4+- kT,df-+&, 
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but -$= do. Make this substitution and integrate over all 

space. Since all of the beam faffs on the sun, j-Gdw = 4~~’ 
and 

PS = k&if ,,/,,,. 

and since from equation (19) 

Ps = k t& et-e /s(Lc., 

then 

Ts =t, 

(21) 

(22) 

This equation hoids for the case where the angular diameter of 
the sun is larger than the antenna beamwidth and is of particular 
interest in the work described here. 

The Nofse Factor 

To interpret the variations in the noise output of the receiver 
caused by the signals from the antenna, which have the characteristics 
of noise, it is necessary to analyze the behavior of the receiver with 
respect to noise. Figure 11 is a schematic diagram of the receiver. 

The resistance R represents the im- 

When the receiver 

EQUIVALENT CIRCUIT OF RECEIVER is in its most sensitive condition the 
gain control will be advanced until 

Figure 11 - Equi val en t first-circuit noise appears at the out- 
circui t of receiver put. The meter shown in the figure is 

connected to the second detector in the 
receiver and measures the noise power at the output of the receiver. 
In use the efficiency of the receiver will be determined by the 
ability of the receiver to present at the output a maxrmum si nal-to- 
noise ratio. The noise figure, F , of a receiver is defined 

to 
as the 
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ratio of the available noise-to-signal ratio at the output terminals 
to the noise-to-signal ratio at the input terminals. Therefore 

(23) 

where 

N= the output noise power when the receiver network 
is at ambient temperature, To 

s= h t e output signal power 

II - the avail able noise power at the input terminals 

S = the available signal power at the input terminals. 

In this fashion F is a pure number. In referring to receivers 
in practice it is usually convenient to refer to the value of F in 
deci be1 s, in which case the expression noise factor ( NF ) is used. 

NF= IO log-o F decibels . (24) 

It has been shown that the avail able noise power at the input 
terminals of the receiver due to thermal noise in the resistor R 
will be 

whereTO is the ambient temperature and k and & are as previously 
defined. Rewriting equatien (23) to obtain an expression for N : 

N= FG, kT,& , (25) 

where G S p=~ and is the gain of the receiver. By definition the 
portion of the output noise due to thermal noise in R at To is 

Ni = 6, kTodf a (26) 
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Therefore the contribution of the network is 

N, =N-N; = (F-d&, kT,df . (27) 

Consider what takes place at the output terminals of the receiver 
when the input signal is derived from a noise generator connected to 
the input terminals. Such a noise generator could be a resistive termi- 
nation which is raised to some high temperature, or it may be the sun. 
In the work described here a superheterodyne receiver is used, and the 
radiation from the sun is accepted at both signal frequency and image 
frequency. Under normal circumstances when a superheterodyne receiver 

is used, it is customary to accept signals at signal frequency but not 
at image frequency, and so for purposes of completeness the analysis of 
both conditions will be included. 

First consider the case where the noise generator contributes a 
signal at signal frequency but not at image frequency nor at any other 
frequency such as harmonics, at which the receiver may be sensitive. 
The output power when the network is held at To and the resistor R at 
T is from equations (26) and (27) 

N,-Ni+N,- - G,. icTd-6 + (F-l) GkT,d-F . (28) 

Then from (25) and (28) 

N-r - T+ (F-I)T, 
H- FT* * 

Solving for F : 

T-T, 
F=T---* 

N 
0 NT’bl l 

(29) 
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This is equivalent to equation (23). If T is adjusted to double the 
output power measured when R and the network are at To, where N is 
the output power at To and NT- is the output power at 7 , then 

T-To = F’ T (30) 

0 

This last equation indicates the method used for calibrating the re- 
ceiver and thereby determining the noise figure. 

Now take the case where the generator contributes a signal at 
both the signal and image frequencies but at no others. Proceeding 
as before: 

. N= FG,kT,d+a (25) 

It is well to ,note that network noise and th,e contribution to the 
output noise by the input termination at the temperature of the re- 
ceiver network is customarily and usually implicitly assumed to pass 
both through the signal and the image channel; whereas the signal 
per se should pass through only the signal channel. Contributing to 

N-f ’ the output power when the network is held at To and the resistor 

at T, there are: (1) the network noise, equation (27); (2) noise 
from the receiver up to the temperature To, equation (26); (3) noise 
from the resistor in the range To to T . In other words, in computing 
the available noise signal power from a source with a wide frequency 
distribution, since both signal and image contribute, the power will 
be 

p= Zk(T-To) cJ+ ; 

thus 

NT = ZG,k (T-T,)& + Gt.kT, df + (F-l)G~kT,dC , 

C: 
z 
c- 
I”’ 
3 
<.I 
c, 
P 
P 
*1 
r. 
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where the first term to the right is the contribution from the resistor 
above the temperature To and includes both signal and image. The second 
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term is that part of the set noise arising in the input termination, 
and the last term is that part of the set noise originating in the 
network, all at To . Simpl i fying: 

t+ = ZG,. k(T--I-,,)& + FG,k’T,Af , 

The ratio can be expressed as: 

Nr= 
I4 

m-T,)+, 
F-l-, ’ 

(Using (31) and (25)) 

Therefore 

F p-T,> N = 
-L l NT-N l 

( 31) 

(33) 

As before if the temperature of the termination is adjusted to 
double the noise output then 

F p-r,) -I- \ = 
To = <-- l 

4  ) 

(33) 

Noise Output of Receiver and Temperature of the Source 
In practice it is not always necessary to compute the noise 

figure of the receiver. If the increase in the output of the receiver 
due to the radiation from the sun is measured and then the increase 

in output due to a known increase in temperature in a resistive term- 
ination at the input of the receiver is measured, the equivalent 
temperature of the sun can be computed directly. Rearranging equation 

(31) using equation (25): 
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If N-I- for the sun 
called NT’ , then 

is measured and called UT, and MT for the hot load 

Ns = NT, -N = 2cQ&,-‘r,)df ) 

and 

+=NTa-N = 2$&(3+&f 

(34) 

(35) 

where N, is the increment in noise due to the sun and Md the incre- 
ment due to the load. From the two equations above 

N, Q--T3 -= ( 36 > 

The ratios of the temperatures of the sun and the load above ambient 
temperature are equal to the ratio of the increments in the output 
of the receiver due to the sun and the hot load. From -& 5 obtained 
in this fashion the equivalent temperature of the sunT* can be com- 
puted from equation (20) or (22). 

The foregoing describes the method of calibration used in this 
report. It should be pointed out that if one were to obtain a value 
for the noise figure of the receiver by the hot load method or any 
other method, such as with a signal generator, then the equivalent 
temperature of the source could be computed from the equation for the 
noire figure. Referring back to equations (20) and (22), it is seen 
that when the antenna beamwidth is narrower than the angle subtended 
by the sun, antenna temperature measured in this way is the equiva- 
lent temperature of the sun; whereas when the antenna beamwidth is 
greater than the angle subtended by the sun, the equivalent tempera- 
ture of the sun must be computed from the antenna temperature, the 
gain of the antenna, and the solid angle subtended by the sun. 

c 
z 
(“’ 
r= 
2 
i. 

!a, 
P’/ 
E=r. 
i-- 
E: 

Since the signal contributed by the solar radiation is random 
noise and is identical in constitution with the locally generated 
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receiver noise, the stability of the output of the receiver determines 
the accuracy with which measurements of the intensity of the signal 
from the sun can be made. Therefore in the design of the receiver 
every consideration is given to increasing the stability of the output 
reading since the input signal and the locally generated noise have the 
characteristics of random noise. 

In a given time the number of rectified noise pulses in the out- 
put of the receiver is determined by the bandwidth of the i-f amp- 
li fier. An amplifier having a bandwidth of 1 megacycle will have-au- 
proximately lo6 pulses per second; whereas an amplifier having a band- 
width of 10 kilocycles would have approximately 104 pulses per second, 
Since the distribution of the pulses is a statistical one, then some 
of the pulses will be large, others small. The occurrence of a pulse 
of a given size is in no way affected by the size of the pulse just 
preceding it; but if in a random variation of this nature, the number 

of times a pulse of a given amplitude has occurred is considered, then 
it is known that the chance that number deviates from the number pre- 
dicted by the distribution is proportional to I/E , where n is the 
number of pulses in the time considered. It is therefore obvious that 
in order to smooth out the readings on the output meter, as wide an i-f 
bandwidth as possible shou!d be used. If the i-f bandwidth is-3 mega- 

cycles, then the expected fluctuation is approxi,mately(1/3X 10~) ‘/2 z6*jOqf 
In the receiver used here, a rise in temperature of 500° Kelvin-in a 
resistor across the input terminals produces a change in output 
current of about 25 parts in 600. A 1% change in output then corres- 
ponds to a rise in temperature of 120° Kelvin. The statistical fluc- 
tuation is, then, 6 parts in 104 or 7O Centigrade. This fluctuation 
can be reduced by heavily by-passing the output meter with a condenser, 
which in effect decreases its bandwidth but has the adverse effect of 
making the motion of the meter more sluggish and thereby increasing 
the time necessary to make a reading. In the present apparatus the 
output meter is by-passed so that the fluctuation temperature is less 
than 7O Centi grtfie. A more exact expression for the stability is 
given by Dicke: 

(equation (27) lot. cit.) 

where AT = the statistical fluctuation in degrees Kelvin 

2; 
;, 

the temperature at which the measurement is made 
the noise figure of the receiver 

CL= the bandwidth of the low-pass filter on the output 
meter 

AG=the bandwidth of the i-f amplifier. 

Inserting numerical values pertinent to this receiver: 

N z loo 
&:O.l per second 

Aw=277. 3 . lo6 per second 
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and assume -I- = 3ooo Kelvin; then 

A-r” \,s”c . 
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A further refinement of the receiver which tends to remove varfa- 
tions in the output due to fluctuations in the gain of the reFFj:er can 

be made. There are two methods of doing this presently used. In 
the 8.5 millimeter apparatus, gain variation has been minimized by 
heavily stabilizing the input voltages to the appa,ratus. The 3 centi- 
meter equipment on the other hand uses the gain stabilization method 
of reference (41). This is essentially a bridge method where the 
signal entering the antenna is compared at a 30 cycle per second rate 

with the thermal noise from a well matched resistor. 

DESCRIPTION OF THE APPARATUS 

An apparatus for the detection and measurement of emission in 
the radio-frequency spectrum consists of an antenna to which is 
coupled a sensitive receiver whose output may be measured on a meter. 
Extra-terrestrial emission is generally of such low amplitude that 
high-gain antennas and very sensitive receivers must be used. In the 
millimeter and centimeter wave region most antennas are quasi-optical 
in nature; that is, they consist of some form of reflector which 
focuses the incident radiation and some form of “ feed” or pickup 
device which will collect the focused radiation and transmit it to 
the input terminals of the receiver. 

A photograph of the complete antenna and receiver is shown in 
Figure 3. The control box for positioning the antenna is on the table 
in front. The ca-bles leading from the control box and from the base 
of the pedestal go below to the power source and to the amplidyne 
and amplifier. At the end of the piece of waveguide projecting 
through the reflector is the feed horn which is covered with a thin 
sheet of material and is transparent to these wavelengths. Sealing 

the feed horn presents a problem since, when the antenna is pointed 
at the sun it serves to focus not only radiation of an8-millimeter 
wavelength but also wavelengths in the infrared. This means of 
course that any material which is an absorber at infrared wave- 
lengths wi!l become very hot if it is placed on or about the feed. 
Thin transparent polystyrene tape seems to work very well in sealing 
the horn. 
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Between the reflector and the feed horn the waveguide is encased 
in a one-inch pipe in order to obtain mechanical rigidity. This pipe 
is held in position with the help of three taut wires. From the back 
of the ref!ector the waveguide continues on into the receiver box, 
Referring to Figure 12 the waveguide enters the top of the box and 
continues over to the i-f strip on the left. The crystal mixer is 
direct.ly above the i-f strip. The focal oscillator and the waveguide 
filter are in the center of the box and are connected into the 

waveguide 1 eading to the receiver in a T junction. 

For calibration purposes the hot load, which is in the box on 
the lower right-hand side of the receiver box, is connected to the 
receiver in place of the antenna, as shown in Figure 13. This is 
done by breaking the waveguide run to the antenna and inserting in 
its place a piece of waveguide which includes a variable attenuator. 
During the calibration procedure the variable attenuator is set for 
either full attenuation or no attenuation. Full attenuation in this 
case corresponds to a loss of 20 decibels. During calibration, then, 
the waveguide leading to the receiver is terminated by either the hot 
load at a known elevated temperature or by the attenuator at ambient 
temperature. 

The necessary meters for monitoring the 0peratio.n of the re- 
ceiver are mounted in the top left side of the box, The connections 
going to the power supplies for the receiver are in cables leading 
out of the bottom of the box. When the cover is placed on the box 
with a rubber gasket, the whole container including the waveguide 
run is water tight. 

The Antenna and Mount 

As shown in Figure 3, the antenna used with the 8.5-millimeter 
receiver consists of a parabolic reflector ten feet in diameter and 
a feed horn connected by means of waveguide to the receiver. The 

paraboloid is constructed of cast aluminum which has its front surface 
machined in the form of a paraboloid of revolution to as close tol- 
erances as possible. When measured with a template after being 
mounted in position it was found that no part of the surface deviated 

from a true paraboloid by more than 0.005 inches. Thus the surface 

is true to within 0.1 wavelength through the mi I1 imeter wavelength 
band, and one would expect the pattern and the gain of the antenna to 
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be as computed for this band of wavelengths. The F/d ratio for the 
parabola is 0.3. At the focus of the parabola a feed horn is located 
which has directional characteristics such that the parabola has a 
tapered illumination. The parabola and .feed horn are rigidly secured 
together and are mounted on a pedestal in much the same way as an 
astronomical telescope is mounted. The mount is so inclined that ‘one 
axis of revolution is aligned with the earth’s axis. The second axis 
of revolution is at right angles to the first. This results in a 
motion of the antenna in right ascension and in declination. 

There are two methods used for controlling the position of the 
antenna in right ascension. In the first method a synchronous motor 
in the pedestal is so geared to the axis of rotation that the antenna 
follows a fixed position on the celestial sphere. In the second method 
the synchronous motor is disengaged, and a direct-current motor driven 
by an amplidyne and servo-control unit keeps the antenna pointed in a 
direction determined by the position of the shaft of a selsyn generator 
located in a separate control box. The position of the shaft of the 
selsyn-control unit may be changed by turning a small hand crank, or it 
in turn may be geared to a small synchronous motor and be made to turn 
in synchronism with the earth’s rotation. Motion in declination is at 
present obtained by means of a hand crank geared directly to the decli- 
nation axi s. 

A guiding telescope is rigidly attached to the framework support- 
ing the antenna reflector and looks through a hole cut in the reflec- 
tor. Things are so areanged that the operator can control the position 
of the antenna in right ascension and declination through the electeo- 
mechanical control mechanism while guiding with the tel escape. On the 
reticule of the telescope there is a grid formed by the intersection of 
five vertical and five horizontal lines. The reticule is adjusted so 
that the lines forming the grid are aligned with the right ascension 
and declination circles. The separation of the lines is such that when 
the intersection of the tvu center lines coincides with the center of 
the sun, the outside lines are tangent to the limb. This makes it 
possible, by setting the sun’s limb tangent to the various lines, to 
move the antenna beam across the sun in nine equally spaced steps in 
right ascension for each of nine steps in declination. Each step is 

eight minutes in width for a sun thirty- two minutes in diameter. 

Method of Calibration of Antenna Pattern and Receiver Sensitivity 

The beam pattern of the antenna was measured in two planes, 
(Figure 14 and Table 3). This measurement was accomplished by setting 
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up a generator of 8.5-milli- 
meter waves on a hill about 
one mile from theposition of 
the antenna andmeasuring the 

011 tpu t of the receiver as a 
function of entenna position. 
The antenna position was de- 
termined by means of the re- 
ticule in the telescope. It 
is seen that the beamwidth et 
ha1 f-power points is 0.2O in 
the B p!ane and 0.18O in the 
E plane and that the entire 
pattern is within a circle 
less than 32 minutes in diam- 

eter. Since the antenna 
pattern is smaller than the 
diameter of the sun, ,the gain 
of the antennr over the gain 
of an isotropic radiator was 
not measured inasmuch’as this 
figure is not needed for the 
reduction of the data. If 
needed, the gain may be com- 
puted from th5epattern and is 
about 8.2x10 times that of 
an isotropic radiator. 

MINUTES OF ARC 

Figure I4 - Beam pat tern for 8.5- 

millimeter antenna 

The Receiver 

A superheterodyne receiver is used which has an i-f amplifier 
having a high gain and a bandwidth of 3 megacycles centered at 30 
megacycles per second. The gain of the i-f amplifier is sufficiently 

high so that set noise generated in the mixer and in the first stages 

of the i-f amplifier appears in the output. This amplifier is ‘followed 

by a linear second detector and an output meter. 

The 8-millimeter local oscillator generates such high noise 

sidebands that the sensitivity of the receiver is seriously affected. 
To correct for this and obtain a receiver sufficiently sensitive to be 
useful for this work it is necessary to insert a narrow band filter, 
tuned to the local oscillator frequency, between the local oscillator 
and the crystal detector. The passband of the filter is such that 
noi se components :eparated from the focal oscillator frequency by as 
much as the i-f li equency are heavily et tenuated. The receiver is 
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TABLE 3 
Beam Pattern for Ten-Foot Dfameter Antenna 

at 8.!5-Millimeter Wavelength 

Angle Crom 
Arbitrary Zero 

in Minutes 
of Arc 

Intensity 
Relative Power 

0 1.0 
1 3.0 
2 3.0 
3 4.0 
4 6.0 
5 8.0 
6 10.0 
7 15.0 
8 16.5 
9 19.0 

10 20.0 
11 21.0 
12 23.0 
13 22.0 
14 22.0 
15 21.0 
16 18.0 
17 17.0 
18 12.0 
19 11.0 
20 9.0 
21 5.5 
22 3.0 
23 0.5 

E Plane 

= 
I H Plane 

Angle from 
Arbi’t rary Zero 

in Minutes 
of Arc 

0 

2.5 

5.0 

7.5 

10.0 

12.5 

15.0 

17.5 

20.0 

22.5 

25.0 

Intensity 
Relative Power 

1.5 

4.0 

5.0 

15.0 

19.0 

21.0 

19.0 

14.0 

9.0 

4.5 

1.5 

assembled as shown in Figure 15. In addition to the components named, 
the hot load used for calibration purposes and the cavity wavemeter, 
which serves the dual purpose atf determining the wavelength to which 
the receiver is tuned and also filtering out unwanted noise from the 
local oscill ator tube, are shown in the diagram. 

The over-all characteristics of the receiver are such that read- 
ings of the output meter are directly proportional to the power of the 
input signal , and therefore the readings are directly proportional to 
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Figure d5 - Block diagram of receiver 

the temperature of the source when the antenna is pointed at a hot 
body such as the sun. 

To calibrate the receiver the hot load is substituted for the 
antenna and the output current measured as the temperature of the load 
is changed. A copper constantan thermocouple is soldered to the wave- 
guide containing the load to measure the temperature. The calibration 
curve for the thermocouple is given in Figure 16.. 

Figure 16 - Calibration of 
the copper - cons tan tan 

thermocouple 
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Date 

2/5/49 278 

2/8/49 

z/25/49 

3/12/49 275 

3/u/49 283 

TABLE 4 
Cal3bration of Receiver 

Ambient Thermo- 
Tempera- couple 

ture SCde 
O Kelvin Divisions 

283 

C?:Z 

$:i 

14:4 

2::: 
10.1 
10.0 

7.4 

2:; 

;:; 

2::: 

1",:: 
19.0 
18.5 

g:i3 
18.0 
15.3 
15.0 
IA.4 

2:: 
g; 

716 

;:: 
7.2 

;:: 
3.2 
3.2 

20.5 
18.0 
17.5 
16.0 
15.5 
13.5 
10.0 
10.0 

7.0 
5.0 

::i 
19.0 
18.5 
17.5 
17.1 
16.5 
16.0 
10.2 

;:I 

9:5 
Average of 
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10.5 
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I.0359 
I.0359 
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~0162 
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I.0054 
~.Ol44 
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3.0440 
x0404 
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3.0264 
3.0322 
3.0281 
3.0246 
0.0?46 

iI?%~~ 
D.Ol/+O 
0.5123 
0.0176 
0.0158 
o.ol40 
0.0070 
0.0070 
0.0035 
3.0323 
3.0323 
3.0307 
3.0324 
3.0272 
3.0272 
3.0136 
3.0153 
s&Q51 

isi% 
~.0402 
0.0348 
LOW8 
3.0340 
3.0325 
0.0356 
0.0340 
b.oI.23 

%Z 
o:ol47 
0.0162 
o.OO91 
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AI 
The fractional change in the output current 7 was computed for 

each measurement and was plotted against the increase in the tempera- 
ture of the load above ambient temperature. The data are shown in 
Table 4. All the data of Table 4 are plotted in Figure 17. From 
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Figure 17 it is seen that a change in load temperature of 500’,Centi- 
grade corresponds to a value of 9 ,of 0.0403. To compute the receiver 
sensitivity equation (32) is used. The ambient temperature during the _ 
period of these measurements averaged 280° Kelvin. 

0.050 

0.040 

0.030 

1” I 
0.02c 

0.0x 

0 

AT IN-C 

Figure 17 - Calibration of the 8.5, 
millimeter receiver using a hot loati 

Subati tuting values, 

Fz2AT 1 2*500 -.- = 
To AI 28090.0403 

= 88.5, 

and 

NF = \o /op/, F = 19.5db . 

For the 8.S-millimeters wavelength this is a reasonable figure. To 
improve the sensitivity further work has to be done on improving the 
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crystal detector and reducing the noise of the local oscillator. To 
use the receiver calibration of Figure 17 to obtain the equivalent 
temperature of the sun it is not necessary to make the intermediate 
step of calculating the noi se figure. The waveguide temperature is 
required to obtain the equivalent temperature of the sun from equa- 
tions (6) or (7)‘. From Eauation (36) and the definition of the terms 
involved 

(37) 

where I= receiver current with antenna pointed at sky, 

AI, = increase in current when antenna is pointed at sun, 

A-L > 4L, 1, refer to Figure 17. 

The second term on the right of (37) may be given a numerical value 
using Figure 17. The equation then becomes 

t,= \.z4.,04q - 

It should be observed that this procedure gives the temperature of 
the sun above sky temperature. While it has not been feasible to 
measure the sky temperature at 8.5-millimeters, it has been meas- 
ured at 3.14 centimeters and found to be less than SO0 Kelvin. It 
is reasonable to assume that at 8.5.millimeters the value will be 
not greater than this and will perhaps be less. The sky temperature 
is contributed to by two factors: thermal radiation by the earth’s 
atmosphere and cosmic noise. Since the attenuation in the atmosphere 
is about 0.5 decibels, which corresponds to a reduction in signal 
of ll%, then the atmosphere should have an equivalent temperature 
of about 30 degrees Kelvin. The intensity of cosmic noise decreases with 
wavelength and corresponds to a temperature of not over 20° at 3 
centimeters wavelength. 

Lack of stability in the receiver due to variations in the 
gain of the receiver is caused principally by. temperature or humidity 
changes or by changes in the line voltage. This lack of stability 
can in a large measure be avoided by carefully regulating the 
various power supplies for the equipment and by avoiding large 
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changes in temperature and humidity at the receiver. Such an approach 
is used to obtain stability in the operation of the 8.5-millimeter 
receiver. In the 3-centimener receiver a more elaborate arrangement 

is used. 
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The output of the i-f amplifier is applied to a detector. The 
rectified current from this detector is then a function of the 
amplitude of the signal in the i-f amplifier and is proportional to 
the signal power absorbed by the antenna and applied to the input 
terminals of the receiver. To interpret the reading of the output 
meter in terms of the equivalent temperature of the source of radi- 
ation, it is necessary to consider the pattern and gain of the 
antenna, the noise factor of the receiver, and the loss in the wave- 
guide. If the emissive power of the source in, say, watts per square 
centimeter per frequency interval is to be given instead of its 

equivalent temperature, then the bandwidth of the receiver must be 
known. Some of these characteristics are relatively constant; others 
vary from day to day. It is therefore necessary to measure initially all of 
these characteristics quite carefully and then use a calibration 
procedure to monitor more frequently the more variable of the char- 
acteristics. The antenna characteristics and the loss in the wave- 
guide will be relatively constant; whereas the noise factor of the 

receiver is apt to vary from day to day. 

The sensitivity of the receiver is best measured by substi- 
tuting in place of the antenna a source of emission whose intensity 
can be calculated on the basis of well established physical principles 
once some parameter such as temperature has been measured. As was 
shown earlier, if a resistive termination is used, then the effective 
power radiated by this termination is the product of the temperature, 
the bandwidth, and Bol tzmann’s constant. A resistive termination 
can be made by fi 1 ling the waveguide with some material that has 
moderately high absorptive power, taking the precaution to make the 
transition from the unfilled guide to. the guide filled with the ab- 
sorbing material a gradual one. Carbon serves as a satisfactory ab- 

sorbing material, and if the tranai tion from air to carbon is made 
over a range of severa wavelengths in the guide, then the termina- 
tion wi 11 be a good one, and the carbon block will serve as a satis- 
factory hot load generating the amount of available power predicted 
by radiation theory. 

THE THEDRY OF THE RADIATION FROM THE QUIET SUN 

In an earlier part of the report, observed facts concerning 
the radiation from the quiet sun were presented and the similarity 
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of the radiation to thermal radiation stressed. Then the method 
of measurement was described. Next, a theory for the generation of 
the waves by the tenuous but hot ionized atmosphere of the sun wil I 
be presented. Measurements at 8. S-mill imeters wavelength are al so 
given and shown to be consistent with the theory. There is good 
agreement when the theory is later used to interpret the data taken 
at the 20 May, 1947 eclipse. The entire process depends upon the 
initial choice of an electron distribution and the assignment of a 
temperature distribution that provides the ‘best fit in the analysis 
of the data, yet is reasonably consistent with the results of other 
workers. 

The treatment that follows applies only to the quiet sun. The 
effect of the general magnetic field of the sun i:eygglected since 
there is now reasonable doubt as to its magnitude, ’ and in any case, 
since its estimated maximum value is less than SO gauss, its effect 
on these shorter wavelength radiations would be negligible. The 
magnitude of the emission from disturbed areas on the sun is such 
that a process other than thermal must be postulated. This is a 
subject for further work. 

Electron Concentration and Temperature in the Sun’s Atmosphere 

In the visible spectrum the sun radiates as a nearly black 
body with an effective temperature of about 6,000° Kelvin. The 
radiation coming from the middle of the disc is more intense than 
that from the limb, and this effect is more evident in the viloet 
than in the red. This limb darkening can be attributed to the fact 
that the radiation in the central ray originates from deeper and hotter 
layers than the radiation originating at the limb since the radiation 
from the limb must pass at an oblique angle through the atmosphere of 
the sun. 

The sun’s surfac.e consists of an intensely hot gas which is 
opaque in the visible part of the spectrum. The density and pressure 
of the gas immediately outside the photosphere decreases exponentially. 
The variation in opacity with height is so rapid that the gas above 
the photosphere appears quite transparent and the sun appears to have 
a sharply defined limb. The light that we receive from the sun origi- 
nates then in the region called the photosphere as a continuous 
spectrum and has superimposed upon it the absorption lines due to the 
passage of the light through the more rarified and somewhat cooler 
gases immediately outside the photosphere. It is the analysis of these 



41 
NAVAL RCSCARCN LABORATORY 

absorption lines originating in this narrow region which has in the 
past yielded most of the information on the physical nature of the sun. 
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Photographs of the emission spectrum of the atmosphere of the 
sun taken during the few short minutes available at the time of total 
eclipse have yielded to date what is known of the structure of the sun’s 
sun’s lower atmosphere. Many au tho r s , most recently WildtT4 have 
derived relationships between the pressure, temperature, and abundance 
of the various elements with height above the photosphere using this 
method. It is clear that the abundance of the various elements in the 
atmosphere other than hydrogen decreases rapidly with height so that 
in the higher chromosphere.and above the atmosphere of the sun is almost 
pure hydrogen. For the purposes of this report the atmosphere of the 

sun is considered to be a highly ionized yet electrically neutral rarified gas. 
The ions present in the atmosphere are predominatly hydrogen with a slight admixture 
of other elements; principally helium in the corona, and the heavier elements 
in the chromosphere. The concentration of hydrogen is so great that it 
can be assumed the entire atmosphere consists of ionized hydrogen atoms 
and electrons and that the number density of the two is the same, re- 
sulting in an electrically neutral gas. 

The shape and the extent of the corona varies with the sunspot 
cycle. For the present the idealized atmosphere used is obtained by 
taking an average of the distributions at various times in the sunspot 
cycle and by assuming that the corona is uniformly distributed around 
the disc. This assumption, as can be seen later, does not affect the 
interpretation of the observations at centimeter wavelengths to any 
great extent since the corona is nearly transparent at these wave- 
lengths. In any discussion of observations at meter wavelengths the 
asymmetricaf shape of the corona should be corrsidered. 

The problem of determining the depth from which radiation which 
is generated by 
solved. 

a41 as of this nature originates has been previously 
As Milne has s.hown, the radiation may be considered to 

originate at an average optical depth of unity where the optical depth 
of the medium is defined as the integral of the absorption in the 
medium along the path of the ray, i.e., 

T,, w JhK,,dh or dT, = Kvdh > 
0 

or 
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where K is the absorption coefficient and dh an element of length 
along the path traversed by the ray. One has to be careful in l ppd.ying 
these relationships to the radio-frequency case, for here under some 
conditions the index of refraction differs greatly from unity. It 
will be shown however that, under all conditions discussed, the 
dielectric constant of the medium never differs from unity by more 
than a few percent, and thus it nil 1 be assumed in this discussion that 
the dielectric constant is in fact unity. Furthermore, the radiation 
originating in the cooler regions near the photosphere escapes through 
the optically thin but hotter outer regions. Under these circumstances 
it will be seen that the equivalent temperature of the radiation differs 
somewhat from the temperature of the material at the optical depth of 
unity. 

Baumbach 
48 

reviewed the observational data on the brightness of 
the corona and arrived at an exprtrsion for the variation of electron 
density with height.4, He did not consid:: scattering by dust particles. 
More recently, Allen and van de Hulst have reviewed Baumbach’s 
work and have modified his expressions for the electron density, taking 
into consideration scattering by dust particles. The results of Allen 
and van de Pulst are not in exact ,agreement, but both differ from 
Baumbach’s in the same direction and by approximately the same amounts. 
For the purposes of this work, a value for the electron density in the 
corona lying between Allen and van de Hulst is taken. The values for 
the electron density obtained in this way are carried in to a depth 
car responding to 

p= 1.03 

R 
where i”= To* R being the distance out from the center of the sun and 
R. being the radius of the sun at the photosphere. To ob:fin the 
electron densities from p = 1.021 in to /o z 1.0007, Wildt is fol- 
lowed. Wildt extrapolates froin Baumbach to obtain the first point on 
his distribution at /o w 1,021 where \, the number of electrons per 
cubic centimeter, is taken as fi55 x 108. At the base of the chromo- 
sphere a value of n,= 1.74 x 10 electrons per cubic centimeter is 
recommended. This electron density is based upon an interpretation of 
the Paschen series of the hydrogen spectrum. Wildt shows that the 

electron pressure in the region between these two data points follows 
the law 

d locg Pe 
dh 

=: -0.20 l )o-8chl-‘~ 

where Pf2 = the efectron pressure 

h s the height above the photosphere. 
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To obtain the final distribution used, these two distributions are 
smoothly joined in the region p= l-015 to p-1.05. The result is 
shown as the heavy line in Figure 18, where the data of Wildt, 
Baumbach, Allen and van de Hulst is also shown. The data are tabu- 
lated in Tab1 t 5, where the densities chosen for this work are found 
in the 1 ast column. 
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As the first approximation :; the temperature of the corona and 
chromosphert, the work of Alfven is used. Alfvcn ‘s conclusion was 

that the temperature of the corona near the base is *af06 degrees 
Kelvin. The work of Alfven was reviewed by Waldmeier, who gives a 
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TABLE 6 
Corrected Electron Densities 

P ‘km RaLnhd h de Hula Allen Wildt 

1.0 
1.0007 
1.001 
1.003 
I.006 
1.01 
1.02 
1.021 
1.03 
1.06 
1.10 
1.20 
1.30 
1.40 
1.60 
1.80 
2.00 
3.00 

0 
487 

6,950 
20,850 
41,700 
69,500 

139,000 

458 430 454 
74,000 

355 
208,500 311 290 
417,000 229 210 
695,000 156 137 

1,390,000 70.4 58 
2,085,OOO 38.4 30 
2,780,OOO 23.8 18 
4,170,OOO 11.1 7.5 
5,560,OOO 6.13 3.8 
6,950,OOO 3.73 2.9 

13,900,000 0.913 0.19 

154 
68.5 
36.6 
22.0 

9.3 
4.57 
2.42 
0.21. 

“\ - Electrons per cc x 10e6 

Final Smooth 
k, 

174,000 
162,000 

86,000 
33,300. 

9,800 
615 

355 
210 
148 

65 
33 
20 

8.5 
4.0 
2.2 
0.21 

somewhat different temperature distribution, but since, as will be 
shown later, the temperatures so derived are to be considered only as 
a first approximation to the true temperature distribution and since 
al so for this work we are principally concerned with the shorter radio 
wavelengths where the penetration i.s deeper, the temperature in the 
corona has only a small bearing on the interpretation of the results. 

The procedure employed here is to compute the opacity of the 
sun’s atmesphere for several wavelengths using the electron distri- 
bution of Figure 18 and an arbitrary temperature distribution whose 
limiting points are 106 degrees in the corona and 4830 degrees Kelvin. 
Since the principal absorption for any one wavelength comes from a 
rather shallow layer, as can be seen in Figure 25, then the equivalent 
temperature for each wavelength is associated with the depth at which 
the principal absorption occurs. The final temperature distribution 
of Figure 19, 20, and 23 was arrived at by a method of successive ap- 
proximations in which an allowance was made for limb brightening which 
becomes excessive at 50 centimeters wavelength. 
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Figure 19 - ?‘he electron density 

h , , the temperature T ,and the 

absorption coefficient K for 

the four wavelengths 8.5 milli- 
meters, 3.14 centimeters, 10.6 
ten timeters, and 50 ten time ters 

as a function of height above 
pho tosphere 
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HEIGHT IN KILOMETERS 

Figure 20 - 1)Lle electron density 

h, 9 the collision frequency v, 
the teniperature T , the factor 

A, (2)n and the absorption co- 
efficient k for 8.5millim8ters 
and 50 ten time ters as a function 
of height above the photosphere 
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Intensity of Radiation and Coefficient of Absorption 

Let the absorption coefficient,, Kv , be defined in this manner 

T, = Iov cKvb, 
(38) 

where I OU L the intensity at the frequency V of radiation entering 
a uniform, absorbent slab of thickness k ; 

IV = the intensity of the emergent radiation; 

a= the base of Napierian logarithims; 

Ku= the monochromatic absorption coefficient; 

h= the distance along the ray through the medium, 

If in equation (38) K, is constant over the path of the integration, 
then 

Thus in equation (38) with the restriction that KV be constant over 
the interval considered 

1, = Iov fyKwh = lov~-s - 

The power absorbed in the medium is 

I,% = r,v(l-e-kuh) = a,I, 
V’ 

where QV is the fractional absorption and varies from 0 to 1 

Qu = ,,&Kvh = $A . 
OV 

(4 

(40) 

(41) 
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Since the entire analysis deals with monochromatic emission and absorp- 
tion, the subscript JJ wi II be dropped and used only where it is neces- 
sary to distinguish between the effects at two different wavelengths. 

The variation in K through the sun’s atmosphere cannot be described by 

a rimpIe analytic expression, so it is better to sum the absorptions 

rather than to integrate. This approach will be used to obtain a 
solution for the transfer equation. Equati,on (38) without the sub- 
scripts is written 

I. = IoP- * (42) 

Figure 21 represents the path of a ray travelling to the right. The 
path is broken up into elemental units, each Ah long. The elements 
are numbered successively from \ through h, starting at the left. 
Let r, be the intensity of the radiation emitted by the PG element 

V-l 
, 2.. _ _ _ , s ---------___. n -1 

Kl 
Ah 
T, 
I, 

1, IIS . 

TO PHOTOSPHERE - TO CORONA 

, i 1.2,~----- ” 

s= r,r +,,----n 

Figure 21 - Construe tion for 
analyzing the contributions 
to the total in tensi ty 

measured at the point where it leaves the SG element, where S7P , 
Then using equation (42), 

r ,2 = I, ,K2Ah2 

where UP ih is the mean absorption in the b element. Hence 

(43) 

(44) 

c 
2, 
r 
r’ 
a. 
<“I 
<..i 
)r, 
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and 

L 2 
,n = I ,  a-s-r KsAhs l 

Therefore 

I rn = I r eT=k+fKsAhs - 2 

(45) 

(46) 

If 1 is written as the sum of the intensities of the emergent radia- 
tion of all elements after passing through the h* el ement, then I is 
the intensity of the emergent radiation. Then \ 

I=2 I,, = ~I,e;f~gKsAhs, 
p-1 r-1 

(47) 

The Equivalent Temperature 

E Rirchoff’s law states that, at e given temperature and wavelength 
-= 
a eA 

a constant independent of the nature of the body. E=wl 

is the raie of radiation emission in the small wavelength region around 
x from unit surface of the hot body, where Q, is the absorption for 

rays of the same wavelength falling on the body and eA is the rate of 
emission from unit surface of a black body at the given temperature 
and wavelength. 

The flux in a given direction and in the wavelen th region da 
2EV From equation (13): i P<{ I- d/\ , 

Q has the value /-e Tlf? r A and using 
Kirchoff’s law, the intensity of the emission from the tth element is 

-K,Ah, 2ckT, 
I,dX=& dX=(I-e ) xQ dX. 

t- (48) 
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By defining the equivalent temperature, Tq, , so that Te is the 
temperature of the equivalent black body radiating with the intensity 

I , then 

2ckT, I,= x4 ka 
From (48) end (49) 

(49) 

(50) 

Making the subs ti tu tionz~kr~~y according to equation (48) in equation 
(47) end writing T = 0 2ck : 

x4 ’ 
then dividing by the common factor - 

x4 

h 

The equation is used to compute the equivalent temperature. 

Referring to the definition of & in equation (41). this may be 
written 

~~&+T,~~-ahk+,) =phbJk -a,ah TL), (52) 
r=l P”J p+1 

where ah,+, is the total absorption of the ray after 5 t leaves the l-3 

element, Qh ~~, could be written as the product of al1 Cls for values 

of S taken from I-+\ to h. Equation (52) wes written out to cleri fy 
the meaning of equation (51). In equation (S2), for any chosen value 

of P the first term on the right is the emission of that element, the 
second term the absorption in subsequen,t elements. In the sum, the 
first term on the right is due to the emission of the column as a 
who1 e; the second term is a correcting term and takes into considera- 
tion the absortpion of each unit of the radiation by the over-lying 
layers. 
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Equation (51) may be re-arranged to facilitate computation: 

$ =p -& (a ;g, bAhs qK,hh, ;gKsAA5) 
k=l 

=L”Tr ((p&sAhs -gig KsAhs) l 

b-1 

(53) 

The tw terms in parenthesis are successive terms in one column of the 
calculations. 

To compute the equivalent temperature of the solar atmosphere 
using these relations, first determine from the computed values of K 
that h for which 

This defines approximately the depth of maximum penetration and indi- 
cates the region over which the summation is to be per formed. For a 
better solution it will be necessary to carry the summation somewhat 
deeper than this relation indicates. 

. 

The Optical Depth 

To arrive at an expression for the optical depth of the sun’s 
atmosphere, it is necessary to determine how the absorption coeffi- 
cient K varies with height in an atmosphere where the number of 
electrons per cubic centimeter and the kinetic temperature of the 

electrons vary with height. Since in any region where the absorption 
is appreciable there are many electrons per 
greater than 10’ 

cubic wave1 ength (always 
per cubic wave1 ength in those regions of the corona 

where there is signi ficant absorption), a macroscopic rather than 
microscopic approach is indicated. The macroscopic apnteach follows 
a method used in the analysis of our ionosphere where an euoression 
for the dielectric constant of the electron gas is developed. See, 
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for example, Mimno6P The microscopic approach follows Kramers, 
28 

who investigated the continuous absorption to be expected when an 
electron makes a free-free transition with an ionized molecule. The 
free-free transition is one in which the electron approaches the ion 

from a great distance on a hyperbolic orbit and leaves on a second 
orbit of lower energy; the difference in energy of the approaching 
and receeding orbits being the energy radiated at the2gollision. 
Kramer’ sstnalysis fol lows classical mechanics. Gaunt , Mensel and 
Pekeris, and others have applied quantum mechanics to the analysis 
and have arrived at an expression for the absorption coefficient 
which is very similar to that determined by fojfowing a non-quantum 
treatment, as has been demonstrated by Martyn, among others. The 
derivation of the absorption coefficient on macroscopic grounds pre- 

. 
sented here follows Martyn. The final expression for the absorption 
coefficient differs from his equation (8) only because of an obvious 
typographical error in his work. The equation defining optical depth 
is 

It will be shown that the absorption coefficient I( is a function of 
the number density of the electrons, the kinetic temperature of the 
electrons, and of the frequency. The frequency is at our disposal, 
but the number density of the electrons and the temperature are 
functions of the height. Using summation methods, the expression for 
the optical depth becomes 

T=t\. Kihhi l 

i=\ 

Refractive Index and Collision Frequency 

For an electron gas the refractive index is 

/u2=l- i- 
Are”h, 

h(W2+V2) mu2 
9 

(54) 

(55) 
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and where P- = the refractive index at the angular frequency 

C3= the electronic charge 

h, = the number density of the electrons 

m = the mass of electrons 

2N=w= the angu 1 ar frequency 

V= the collision frequency. 

The refractive index is seen to be a function only of the number 

density of the electrons and of the frequency, and thus may be calcu- 
lated for various layers in the sun’s atmosphere. Table 6 shows 

the variation in the refractive index with wavelength over the 
critical regions. The data of Table 6 are plotted in Figure 22. In 
the table both the refractive index Y and the quanti ty$-b. are tabu- 

lated. It should be observed from Table 6 and Figure 22 that the 
dielectric*constant is very close to unity for the heights above the 
photosphere covered in Table 6. These heights are so chosen because, 

0 0 20,ooo 40,000 eqooo eopoo loop00 120,000 140.000 160.000 180.000 ewpoo 

Figure 22 - The index of refraction at four 
different radio wavelengths plotted against 
height above the photosphere 

as will be demonstrated, it is here that the regions responsible for 

the emission of radiation at these various wavelengths are located. 
Thus the approximation can be made, where convenient, in the later 
equations that, over the region of interest, the dielectric constant 

is approximately unity. 

In order to compute V , the frequency of collisions of elec- 

trons with ions, it is necessary first to determine the mean-free 



TABLE '6 
Vari&lon of Index of Refraction, y. , andld with 

Wavelength and Height above the Photosphere 

4 
8.5 MM 3.4 CM 10.6 CM 50 CM 

Kllcaetorr I--% &. r-p= + /-pa /*&% /w 

1.12 x loo2 0.99l& 1.53 x lo-' 0.910 
8.72 x loo3 0.996 1.19 x 10 -l 0.93 

5.5 x 10'3 o&g7 7.51x 1o-2 0.962 
2.54 x 10-3 0.999 3.19 x 10 O2 0.984 

9.75 x lo+ l.ooo 1.33 x loo2 0.993 
1.64 x 104 l.m 2.24 x 10-3 0.999 

2.38 x lO+j l.cxM 325 x 10-h 1.000 

1.70 x lo+ 1.000 2.32 x 10 -4 ~000 

1.65 x lo-5 1.000 2.22 x 10 -4 1.000 

9.56 x lOA l.mo 1.30 x 10 -4 l.O00 

4.20 x 10-6 1.000 5.73 x lO+j 1.000 

1.29 x 10 -6 moo 1.76 x lo+ MOO 

5d+9 x 10-7 1.ooo 7949x 10 -6 1.000 
la&? x lo--f l.wO 1.94 x 10 -6 l.ooo 

1.34 x lo-8 l.mO 1.86 x ur' l.ooo 

8.55 x 10-l 

3.a x 10-l 
1.52 x 10 -1 

2.55 x loo2 

3.70 x 10'3 

2.64 x 10-3 
2.53 x 10 -3 

1.49 x 10-3 

6.53 x 10-4 

2.01 x lo4 

0.54 x 10-5 

2675 x lO+j 

2.11 x 10 -6 

0.371 

0.797 

0.911 

0.9fJ7 

0.998 

0.999 

0.999 

W99 

1.000 

1.000 

1.000 

1.000 

1.000 

5.67 x 10-l 0.803 

8.23 x loo2 0.958 

5.88 x 1o-2 0.970 

5.63 x 10’~ 0.971 

3.30 x loo2 0.963 

1.45 x 1o-2 0.993 

4.46 x 10-3 0.990 

1.90 x 10-3 0.999 

4.91 x 10'4- l.ooo 

4.70 x 10'5 1.000 

2 
: 
l 
r 

a 
R 
0 
n 
l 
a 
c) 
x 
r 
l 
a 
0 
a 
l 

: 
a 
4 

-1 3 7 1T .~~‘J-!~hlz? 
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path of the electron end then the collisigy cross section of the 
62 

electron end proton. Fortunately Cowling end Chapmenn and Cowling 
have considered this problem in e form applicable to the theory 
developed here. The situation is complicated by the fact that in 
terms of our laboratory experience the electrons are relatively slow 
moving, thus direct experimental determinations of the collision cross 
section of electrons and protons have not been made. There is a strong 
attractive force between the electrons and protons which Chapman and 
Cowling have considered and which leads to a rather large value for 
the cross section. 

Cowling’s expression 
61 

for the effective collision interval in 

a completely ionized binary gas is given in his equation (35). It is 

T 
m&(hg+hr) 

0’= (p,+p,) kT D’%’ ’ (56) 

where 1’ is the effective collision interval for the molecules of the 

f 
+& an! Ptk gases. ThisCr&r should not be confused with 7 , the 

optical depth used elsewhere in this report. 7 
4 

P will be dropped from 
the equations shortly. mJ is the mass of a mo ecule of the S*gas. 
ns is the number density of the molecules of the SL 

density of the S- gas in grams per cubic 
ficient of mutual diffusion of the f-&and 

other gases; g end T are the Boltzmann constant and the temperature 

in degrees Kelvid. 

Chapman and Cowling 
62 

evaluated 
% 

for a gas, the large pro- 

portion of whose molecules are ionized and in which electrostatic 
forces play a dominant part in the encounters. The attractive force 

is assumed to satisfy the equation 

where e and e, are the charges on the two molecules and l’ is the 

distanck between them. Under these conditions it is shown that the 

coefficient of mutual diffusion becomes 

plz], = 7% ( $..J l ( e’,“oT )2 &) :57) 
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where Cl refers to a first approximation 

nc~& the total number of molecules per cubic centimeter 

k= as before 

-r= as before 

me= m, + m 
2’ 

where m, andWI2 have the same meaning as before, 

M,= 2 

EL Mz= ho 

4, and et = the charge on the individual ions of the two gases, 

A,@)=@ E+(:.y ,il 
d= the mean distance between pairs of neighboring molecules. 

Hence 

The number of collisions per molecule per second V 
% 

)I will be 

1 
%’ = TT& (58) 

Putting equation (56) in (58) and substituting forDI from equation 

(57)s the total expression for the collision frequencyy is obtained. 

Since the gas is a binary gas, &’ we can now dispense with many of the 
subscripts. Set =I 

1 
and let it refer to the heavy ion of chargee,: 

and set r=Z , let ing it refer to the electron of chargee . Since 

we are assuming an ionized hydrogen gas, then C, a -4, , and since the 
individual charge appears in the equation always in an even power, we 
may writee for the charge. Equation (58) then becomes 

“V zyp+2= 
(P, +t$kT 16 tt 

l - l (““py(.‘;,‘;)I* A,(z). (59) 
m,mz (h,+h$ 3 

c 
;. 
C’ 
P’ 
fi. 
‘.I 
<.I 
l . 

11.1 

*.. 

i-7 

c: 
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To simpli fy, consider a part of 

PI ‘cP2 

’ h’ir % (h,+hz) 
When the relations 

equation (59): 

+-I, M, M2)-; . 

Ps 
==hshs 

are considered, (59a) becomes 

m,h,+%h, 
r 
2 

(59a> 

(59b) 

but m, <<M, ; therefore (59b) reduces to 

since the gas is electrically 
neutral). (59c) 

Equation (59) now becomes, when (59a) is replaced by (59c) 

’ (& A,@), 

Co1 letting terms: 

A,m (6’3) 
l 
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The Absorption Coefficient 

The expression for the classical absorption coefficient is 

57 
ET 
2. 
(” 

p. 4W h,e2 

=ILc mw” 9 (61) 

or using equation (55) 

v 1-p K=y-- p . 
(62) 

The complete expression for K becomes upon substituting in equation 
(61) the value of u given in equation (60), 

‘w [I+($’ ,‘I* (63) 

To further simplify this expression: 
,I 

(a) d was defined as being equal to n 
3 

. Since FIs 2 n, , then 

(b) The expression in the square brackets under the logarithm 
in (63) is very much greater than unity, 

On making these substitutions (63) becomes 

r 
tr 
C.8 
cm 
I-- 
c- 
.a 
rf 
c: 

2a A2h,2fZ6 

’ = S/@tc3(i&T)~ 
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Variation in the Absorption Coefflclent with Height and Wavelength 

Since the function A $4 is slowly varying, then it can be 
said that 

K= K’ 
X2h,2 

/U-TF 
2 . 

Everything in K’ is sensibly constant. It is sufficient then to 
compute K f or some one wavelength and then correct it in the follow- 
ing manner to obtain the absorption for any other wavelength. 

x2 2 4% 
K2= K, y pjq- c 1 I (66) 

where K, and /4,, are the absorption coefficient and refractive index 
computed for a wavelength A, K 2 and pr correspond to the wave- 
length h, . 

For purposes of calculation reassemble the various formulas 
and re-arrange: 

From (55) 

From (57) 

r-(1- -:z)t . 

A, (2> 4kT 
= 21B fz=VK 

(67) 

(68) 

(69) 
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from (60) 

V” 
2m hpz4 

3Gz (k--+ A, (2) ; 

from (62) 

= v l-P2 

K = /cc . 

59 

(70) 

(71) 

Jhe numerical values of the (electron density, the temperature, the 
refractive <index, the factor A,(a) , th e collision frequency J, 
and the absorption coefficient, all computed for a wavelength of 
8.5 millimeters for the region of interest in the sun’s atmosphere, 
are given in Table 7 and are shown in Figure 20. 

Comparison of Theoretical and Observed Equivalent 
Temperatures of the Sun 

In computing the values of the various quantities given in 
Table 7 the values of nr for the various heights were taken from 
Figure 18; the values ofeT for heights above 50,000 kilometers 
were taken from Al fven. Below 50,000 kilometers the temperature 
was assumed to decrease exponentially to a value of 4830° Kelvin at 
the photosphere. A series of calculations was performed following 
this assumption which led to computed values of 78 for several 

wavelengths. These computed values did not agree with the observed 
equivalent temperatures of Figure 7, being too low for the longer 
wave1 engths and too high for the shorter. The assumed temperature 
distribution low in the atmosphere was then readjusted through 
several approximations to that shown in curve “B” of Figure 23. 
The values of temperature in the third column of Table 7 are taken 
from Figures 20 and 23, 

The absorption coefficients for the four wavelengths 8.5 milli- 
meters, 3.14 centimeters, 10.6 centimeters, and 50 centimeters were 
computed and are given in Table 8. The coefficient for 8.5 milli- 
meters was computed first using equation (64). The values of n, 
and T were obtained from Figures 18 and 23. The coefficients for 
the other wavelengths were computed from the coefficient for 8.5 
millimeters using equation (66). These coefficients are shown in 
Figure 19. 
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TABLE 7 
The Calculation of the Absorption Coefficient as a F'unction of Beight 

above the Photosphere 

I/ K 
h n1 km oT K n1 Al(2) /T'= 

Collision8/ 8.5 per ca rec/koleoule wr - 
500 

l,ooo 

2&Q 

4D33 

6,000 

10,000 

13,900 

20,000 

28,000 

k,750 

70,000 

139,m 

278,000 

417,000 

695,000 

1,990,0~ 

1.73 x 10 11 

1.35 x loll 
8.52 x 10 10 

3.63 x lOlo 

1.51 x 1010 

2.54 x 109 

6.20 x lo8 

3.68 x 108 

2.63 x 10~ 
2.30 x 10 8 

1.48 x lo8 
6.50 x lo 7 

2.00 x 107 
8.5 x 10 6 

2.2 x lo6 

2.1 x 105 

5.07 x 103 

5.13 x 103 

5.24 x 103 

5.75 x 103 

6.14 x lo3 

8.32 x lo3 

2.88 x lo4 

1.80 x 105 

8.40 x lo5 

8.40 x lo5 

8.40~12 

8.40 x 16 

8.10 x lo5 

7.30x ld 
6.70 x lo 5 

5.60 x 105 

7.23 x 10-l 

7.94 x 10-l 

9.45 x 10-l 

1.38 x loo 

1.97 x loo 

4.84 x loo 

2.67 x lo1 

2.00 x.102 

1.04 x 103 

1.09 x 103 

1.26 x 103 

1.66 x 103 

2.37 x lo3 
2.aq x 10 3 

4.08 x lo3 

7.49 x 103 

I4.92 4.81 x lo' 1.~ x lo' 4.82 x lo* 

15.11 3.&J x 105 1.01 x lo7 2.9+ x lOA 
15.46 2.24 x 105 6.29 x lo6 1.15 x 10 4 

16.21 8.33 x ldc 2.45 x lo6 1.91 x 10-7 

16.93 3.12 x ldc 9.58 x 16 3.11 x 10'~ 

18.90 3.36 x lo3 1.1% x to5 6.26 x 10-l' 

22.13 1.27 x lo2 5.10 x lo3 6.88 x lo-= 

26.76 4.82 x 10' 2.34x lo2 1.86 x lo-l3 
29.46 3.42 x 10-l 1.83 x lo1 1.04 x 10 -14 

29.56 2.99 x 10-l 1.60 x lo1 7.94 x 10'15 

29.85 1.92 x 10 -l 1.04 x lo1 3.31 x lo-l5 

30.39 8.44 x 10'~ 4.65 x lo0 6.51 x lo-l6 

31.10 2.74 x loo2 1.54 x loo 6.62 x lo--'7 

31.47 1.37 x 10 -2 7.82 x 10-l 1.43 x d7 

32.19 4.m x 10 -3 2.33 x 10-l 1.10 x d8 

33.42 5&O x 10 -4 3,o?J x 10 -.2 1 37 x 10.'" 
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HEIGHT IN KILOMETERS 

Figure 23 ‘- Temperature at various heights 
above the photosphere 

The height in the sun’s atmosphere at which the optical depth 
becomes unity and the equivalent temperature at the center and the 
limb for 8.5 millimeters, 3.14 centimeters, lo-.6 centimeters, and 50 
centimeters has been computed. Since this report is particularly con- 
cerned with the 8.5 millimeter measurement, principal emphasis has 
been put .there, but the other wavelengths have been included to pro- 
vide a better understanding of the variation of temperature with 
height, as will shortly be pointed out. The computation is performed 
in Tables 10 through 17 (pp. 66 through 74) where the summation is 
continued to the point wheree -Eb(Ah becomes << I and the contribution 
to the eouivalent temperature negligible. 

Figure 24 is the construction 
used to aid in the calculation of 
the optical depth at the limb. Since 
this construction will beused later 
for regions that are neither at the 
center nor at the limb, the general 
derivation will be given. Using the 
notation of Figure 24, 

(t- +h’)2+p2= (R+h)2 )(=I 

R2 = k2+p2. (73) 

Figure 24 - Cons true tion 
for compu tin& the ray path 
length in the sun’s at- 

mosphere 

c 

t- 
3 
f., 
L., 
i- 
cc 
CI., 
rl 
c: : 
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TABLE 8 
The Absorption Coefficients for 8.5 mm, 3.14 cm, 10.6 cm, 

and 50 cm at Various Heights above the Photosphere 

h T 
km OK K8.5mn K3.14an K 10.6an K 50 an 

per cm per cm per cm per cm 

5,CQO 
5.92 x ld 6.55 x IO-~ 

5,500 
6.01x I$ LU, x 10'~ 

6m3 
6.14 x 13 

6,500 
2.75 x 1O-8 

6.24 x ld 1.88 x 10'~ 
7mO 

6.38 x ld 1.13 x w8 
7,500 

6.51 x lc? 6.37 x lo-9 
8,000 

C&69 x 10~ 

6.64 x ld 4.36 x 1O-9 x 10-8 
8,500 5.95 

6.92 x 13 2.63 x lo-9 
7,000 

3h59 x lo-8 

7.60 x ld 
9,500 

1652 x lO* 2.07 x lo-8 

8,lO x ld 0.66 x 10-l’ 1.18 x 10~ 
10,000 

9r20 x ld 
10,500 

4.49 x ldl' 6.13 x 10s9 

1.07 x 104 2.27 x 10-10 3.10 x 10-9 5.27 x lOa 
11,000 

1.29 x 10~ 
11,500 

1.09 x lo-lo 1.49 x 10'9 

1.45 x 104 5.49 x ldU 7.49 x lo-lo 
1.28 x lO-8 

12,000 
1.70 x lo4 

12,500 
3.09 x 10’~ 4622 x lo-lo 

1.95 x 104 1.83 x 1O-u 2.50 x 10-l’ 3.81x lO-9 1.00 x 10-7 
13,000 

2.29 x 104 
13,500 

1.09 x 1o-ll 1.49 x lo-lo 

2.73 x lo4 6.62 x lo-l2 9.03 x 10’~ 
1.36 x 1O-9 3.16 x l@ 

lJ+,ow 
3.16 x 104 

14,500 
4.28 x lo-l2 5.84 x lO-u 

3.71 x Id) 2.93 x 10-l' 4.00 x lo-l1 
5.60 x 10-l' 1.W x lo-8 

15,OQO 
4.68 x 104 16,000 1.89 x ID-12 2.58 x 1O-u 2.94 x 10-l' 7.03 x lO-9 
6.46 x 104 9.62 x lo-l3 1.31x 10-u 1.50 x 10'10 3.55 x 10-g 17,000 
8.50 x lo4 18,000 5.85 x lo-l3 7.98 x lo-l2 9.10 x 1O-u 2.l4 x 10-9 
1.20x lO5 3.59 x 10-u 4.90 x lo-u 5.58 x 1O-u 19,000 1,31x BY9 
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TABLE 8 (Cont.) <<, t- -1, h, 
r"l c: 

h T 
OK 

K8.5m K3.14all K 10.6cm K50an km per cm per cm per cm per an 

19,ooo 
20,000 

*PJ 
24,000 

26,000 

28,000 

30,000 

32,ooO 

34,ooo 

36,000 

38,ooO 

&0,000 

35mO 

4~,000 

45,ooo 

50,000 

55,000 
60,000 

65,000 

1.55 x 105 

2.51x lo5 

4.6oxlO5 

7.82 x 10' 

8.4 x lo5 

8.4 x 105 

8.4 x 105 

8.4 x 105 

8.4 x 105 

8.4 x lo5 

8.4 x lo5 

8.4 x 105 

8.4 x lo5 

8.4 x 105 

8.4 x 105 

8.4 x 105 

8.4 x lo5 

8.4 x 105 

8.4 x lo5 

8.4 x lo5 

8.4 x lo5 

8.1 x lo5 

7.3 x 105 
6.7 x lo5 

70,ooo 

139,000 

278,ooO 

417,ow 

695,000 

l,39o,ooo 

2.22 x 10-13 

1.10 x 10-13 

4.73 x 10-4 

2.26 x 10~~ 

1.36 x 10'~ 

9.60 x lo-l5 

8.77 x 10-l' 

8.17 x lo-l5 

7.70 x lo-l5 

7.31 x 10-15 

6.98 x lo-15 

7.20 x lo-l5 

6.50 x lo-l5 

5.93 x lo-l'15 

5.38 x lo-l5 

4.77 x lo-l5 

4.18 x lo-l5 

3.58 x lo-l5 

l-95 x lo-l5 

3.53 x lo-l6 
3.98 x lo-l7 

7.55 x lo-l8 
5.58 x lo-l9 

3.03 x lo-l2 3.45 x l+ 8.04 x 10-l' 
1.50 x lo-l2 1.71 x 1O-ll 3.96 x 10-l' 
6.45 x lo-l3 7.36 x l@ 1.70 x do 

3.51 x lo-l2 8.07 x 1O-ll 
2.u. x 1o-u 4.84 x lo-l1 
1.49 x lo-l2 3.4.l x 1o-u 

1.36 x lo-= 

lq x 10-12 2.96 x 10'~ 
1.20 x mu 

l.u+ x lo-l2 

1.08 x lo-= 

2.55 x l.0 -lJ. 

1.01 x iomu 2.29 x 10'~ 
9.22 x 10-u zag x lo-u 
8.37 x 10-13 1.89 x 1O-u 
7.42 x 10-u 1.70 x 1o-u 
6.50 x IO-~ 1.47 x 10'~ 

5.57 x lo-l3 1.26 x 1O-u 

6.82 x lo-l2 

1.22 x 10-12 

1.38 x lo-l3 

2.61 x lo-l5 

1.93 x lo-l6 
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Substituting (73) in (72), 

2A,‘+V2 = 2Rh+h2 . 

Solving for h’, 

h’= - )- +(v2+2t-h+h$ . 

Thus at the limb where r s 0 , 

h’= (2Rh+h2)k . 

(74) 

(75) 

(76) 

In Tables 10 through 17 the value of h’ for various values of 
h is calculated and the average absorption coefficient for the 

region between two successive values of h is written in, (for the 
central ray, h '= h >; then the productI(A h’ is taken. The following 
columns carry out the calculation indicated by equation (51) where 
finally the sum of the column headed C’B,,, yields the equivalent 
temperature. An inspection of the columnzK&hshows the depth where 

+I * Note that it is necessary to carry the calculation deeper 
than this point for there are still appreciable contributions to the 
total emission as can be seen from the c-B.+, column. To present a 
graphical picture of the contributions of the various layers to the 
total emission for the central ray at the several wavelengths, the 
contribution to the total emission by a layer 1,000 kilometers thick 
at each value of h used in the tables was computed. The numerical 
value for this contribution is. given in the column next to the column 
headed C*8,+, from which it is computed. The results are shown in 
Figures 25 and 26. 

In Figure 25 the results for all four wavelengths are plotted 

to the same scale; in Figure 26 the result for 8.5 millimeters is 
plotted to a larger scale. It is clear that at the shorter wavelengths 
the emission comes from a relatively thin shell deep in the atmosphere, 
whereas at the longer wavelengths the emission arises in thick layers 

of the atmosphere with the outer layers making a measurable contri- 

bution. This indicates that the sun would appear to have a sharp 
boundary at the shorter wavelengths but a very hazy one at the longer 
wavelengths. In addition Table 9 shows that there is little limb 
brightening at the shorter wavelengths but severe brightening at the 
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Figure 25 - The contribution of the various layers 
of the -sun’s atmosphere, at indicated heights 
above the pho tosphere, to the total equivaf ent 
temperature for the four wavelengths 8.5 mifli- 
meters,3.14centimeter, 10.6, centimeters, and 
50 ten time ters 
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Figure 26 - The contribution of the 
various 1 ayers of the sun’s atmos- 
phere, at indicated heights above the 
pho tosphere, to the total equivalent 
temperature for the wavelength 8.5 

millimeters 

longer. If the computations had been carried out for even longer 
wavelengths where the optical depth of unity falls well out in the 
corona, then there would be limb darkening-the sun would appear as a 
large hazy ball with an ill-defined edge. 
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TABLE 9 
The Theoretical Equivalent Temperature and Height Above the 

Photosphere 
I I 

Equivalent Height 
’ Temperature for 7 = 1 

OK km 

Wavelength Center Limb 

8.5 mm 6804 8250 
3.14 cm 9980 15560 

10.6 cm 25950 53500 
50 cm 212000 437000 

Center Limb 

7600 9250 
9900 11200 

12400 13900 
16600 20800 

In the first section of this report, the measured equivalent 
temperature of the sun at the various wavelengths is given. If we 
consider the equivalent temperature as measured at the radio wave- 
lengths 8.5 millimeters, 3.14 centimeters, 10.6 centimeters, and 50 
centimeters, it clearly must Iie between the computed values for the 
center and limb. The first few columns of Tables 10 through 17 de- 
termine where in the atmosphere the main body of the emission origi- 
nates. The temperature distribution must be so assigned that the 
computed values of the equivalent temperature agree with the observed 
values. In addition the fact that little limb brightening is ob- 
served to exist at 8.5 millimeters must also be considered. Applying 
this criterion, it is seen why the severe modification of the tempera- 
ture distribution assumed earlier was made. It is obvious that the 
temperature remains sensibly constant and near the photospheric 
temperature through most of the chromosphere, then rises rapidly as 
the transition from chromosphere to corona is made. 



TABLE 10 
Calculation of the Equivalent Temperature for the Central 

Ray at 8.5 Millimeters Wavelength 

h T K Ah 
r km OK El cm KAh 1-o:Ph 

B c 
ZKAh e~-“~~~ T’A OK o K 

C;Br+l W-+1 1ooo 
=i&- 

OK 
1 5.92x103 6.55~10~ 5x107 3.275 0,.5&!2 9.1082 i.i08~lo-~ 5-@6x103 1*668x10° 3.3.$x10° 

5500 2 6.01 ,4.u( 5x107 2.120 0.87997 5.8332 2.929x10-h 5.290~10~ 1.~~lx102 2.58~10~ 

3 6.4 2.75 5x107 1.375 0.7472 3.7132 2.440x10-2 4.588~10~ 4.427~10~ 8.85 
6500 4 6.24 1.88 5x107 0.9400 0.6094 2.3382 9.650~10'~ 3.803x103 9.395~10~ 1.88~103 
7000 

5 6.33 1.13 5x107 o.fj6!3I 0.4316 l.p82 i.4705x10-' 2.7$x103 1.197~10~ 2.39 
7500 6 6.51 6.37~10~ 5x107 0.3185 0.2728 0.8332 0.4?47 
8000 

7 6.64 4.93 5x107 0.2180 0.1959 0.547 0.5977 
8500 

8 6.92 2.63 5x107 0.1315 0.1232 0.2967 0.7433 

9 7.60 1.52 5x107 0.0760 0.0732 0.1652 o.f3477 
9500 

10 8.10 8&x1o-'o 5x107 0.0433 o.o&& 0.06918 0.947 
10000 ? 

11 9:20 4.49 5x10' 0.02245 .0222 0.04588 0.9551 
10500 

12 1.07x104 2.27 5x107 0.01135 .0113 0.02343 0.976 
11000 

13 1.29 
11500 

4 1.45 
12000 

15 1.70 
=?m 

16 1.95 
ljooo 

17 2.29 
13500 

18 2.73 

1.09 5x10-r 0.005450 0.01208 0.9880 

5.49x10-" 5~10~ 0.002745 .0066y 0.99.b 

3.09 5x107 0.001545 .003885 0.9961 

1.83 5x107 0.000915 .oo2340 0.9977 

1.09 5x107 o.ooo545 .ool425 0.9986 
6.62x10'~~ 5x10~ 0.000331 '.000880 0.9991 

4000 
19 3.16 I+.28 5x107 0.00021~ .ooo%9 0.9995 

2.12 

1.93 

1.45 

1.02 

6.56x102 

3.99 

2.33 

1.b 

7.93xlOl 

5.24 

3.56 

2.49 

1.81 

44500 
20 3.71 2-93 5x107 o.oool46 A00335 0.9997 

1.35 

15ooo 
21 4-M 1.89 1x108 0.000189 .OOOl89 0.9998 

MOO0 

'1.776x103 1.062x103 

1.3008~10~ 9.669~10~ 

8.525~10~ 7.227~10~ 

5.563x102 5.088~10~ 

3.434x102 3.280x102 

2.042x102 1.995x102 

1.209x102 1.194x102 

7.031~10~ 6.9e4X101 

3.98OxlOl 3.964xlOl 

2.626x101 2.620x101 

1 .7&x101 1.782~10' 

1.248~10~ 1 .247x101 

9.0$x10° 9.031x10° 

6.762~10~ 6.760x10' 

5.4l7xlOO 5.416x10° 

8.845~10' 

1.08 

sc-8,+, =6800° K 
> i I I , I i’ :: qg 7 ,? L i n 



h T h2 (h’ I2 h’ C 
km OK K 1olW 10%q2 CEi Ah’ A B T-A cI’*r *l 

r es c. K&h’ 1- -K&h’ f K.Ah, ,,-g-h’ 0.x OK 
25.00 6975.00 a.3517x10y n 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

13 

14 

15 

16 

17 

18 

19 

20 

21 

5.92~10~ 6.55~10-~ 
@W 
7&5 4.24 
83.a 

2-75 
9035 

1.88 
97F 

1.13 

4.0%10” 

3.91 

6.37~10~ 
l’a5 

1112o 
4.35 

11815 
2.63 

12go 
1.52 

e.&le’lo lpo5 
1F 

4.49 
lb595 

2.27 
15290 

1.09 

5.49x10-11 lm5 
16680 

3.og 
17m 

1.83 
lf3070 

1.W 
6.blo’i2 18765 

1.000 

1 .ooo 

1 .ooo 

0.7989 

0.9006 

0.0832 

0.7607 

0.5667 

0.3748 

0.23ol 

0.1237 

0.0633 

0.0jo10 

0.01515 

0.008Jl2 

0.004850 

5.92~10~ 

6.01 

6-a 

6.24 

6.38 

6.51 

6.64 

6.92 

7.60 

8.10 

9.20 

1.07x104 

1.29 
1.45 

1.70 

1.95 

2.29 

2.73 

3.16 

3.71 

4.h 

4.28 
19460 

20155 
2.Y3 

2Ot350 
1.B 

m40 

30.25 7675.25 8.7609 

s6.w 8376.00 9.1521 

42.3 9077.25 9.5275 

47.00 9779.00 9.8889 

56.25 10481.25 1.0238x1010 

4.00 11184.00 1.0575 

72.25 11887.25 1.0903 
81.00 12591 .oo 1.1221 

90.25 13295.25 1.1530 

100.00 lIp30.00 1.1832 

110.25 ti705.25 1.2126 

121.00 15411 .oo 1.2u4 

132.25 16117.25 1.2695 

l lLoO lk324.00 1.2Y71 

156.25 17531.25 1.3240 

169.00 18239.00 1.3505 

182.25 18947.25 1.3765 

196.00 1965~00 1.4020 

210.25 aj65.25 1.4271 

225.00 21075.00 1.4517 

256.00 2&96.00 1.4339x1010 

3.75 

3.61 

3.49 

3.37 

3.a 

3.18 

3.09 

3.02 

2.94 

2.00 

2.81 

2.76 

2.M 

2.65 

2.60 

2.55 

2.51 

2.46 

4.92 

26.780 

16.578 

10.3l2 

6.787 

3.944 

2.47 

1.430 

0.8363 

0.4697 

0.2615 

0.1320 

0.063a 

o.ojo63 

0.01515 

0.008312 

0.004850 

0.002834& 

0.001688 

0.001074 

0.00072OB 

0 .ooo911o 

69.809 4.812~10-~~ 

43.029 2.055x10-l9 

26.451 3.254~10"~ 

16.139 9.793x1@ 

9.352 B.679x10'~ 

5.408 4&31x10-3 

3.261 3.035x10-2 
1.8310 1.603x10 -1 

0.?947 0.36983 

0.5250 0.59156 

0.2635 0.76e4 

0.1315 0.0768 

0.06617 0.9359 

0.03554 0.961 

0.02oj9 0.9798 

0.01208 0.9880 

0.007220 0.9928 

0.004394 0.9956 

0.002706 0.Y973 

0.001632 0.9904 

0.000911 0.9991 

6.01~10~ 

6.11rXl03 

6.23~10~ 

6.til03 

5.750*103 

5.051x103 

3.922x103 

2.848x103 

1.8&x103 

1.138x103 

6.773102 

3.883x102 

2.197~10~ 

1 .413x102 

9.458x101 

6.49oxld 

4.m3x101 

3.394xlOl 

2.674~10’ 

4.263~10~ 

1 .y56x10a 

6.0l~rlo’4 

5.407x10-l 

2.805x101 

2.205~10~ 

8.097x102 

1.45cdo3 

1.685x103 

1 .432x103 

9.973x102 

6.339~10~ 

3.747x102 

2.15%102 

1. 396x102 

9.390x101 

6.461~10~ 

4.596110' 

3.3aYxlOl 

2.672210’ 

TABLE 11 

Calculation of the Equivalent Temperature at. the Limb 
at 8.5 Millimeters Wavelength 



TABLE 12 
Calculation of the Equivalent Temperature for the Central 

Ra.v at 3.14 Centimeters Wavelength 
h B C 

km K Dh 
A 

T-8 
r oT K C* cm Kbh l-,/Kbh fK*&, /fK'Ch 0 1[ yr,l %$.$1000 

"Pa.,. L 17-J 
1 6.51~10~ 13.@xlo~ 5.00~10~ 4.345 

8wo -_-- 
2 

WXQ 
3 

4 
9500 

5 
10000 

6 
10500 

7 
llooo 

8 
wm 

9 
12000 

10 

64 5.95 5.00x107 2.975 

6.92 3.59 5.00x107 1.795 

7.60 2.07 5.00x107 1.035 

8 .I0 1.18 5.OOx107 .5900 

9-m 6.13~10~ 5.00~10~ *PO65 

1.07x104 3.10 5.00x107 01550 

1.29 1.49 5.OklO7 .0745 

1.45 7.49x10-10 5.OOx107 .03745 

1.70 ,422 5.00x107 .02110 

1 l 95 2.50 5.00x107 .01250 

2.29 1.49 5.00x107 .007450 

Pm 
11 

13ooo 
12 

0.9870 

0.9490 

0.8339 

0.W 

0.4457 

0.2640 

0.4345 

0.0718 

o.oys? 

0.0209 

0.012h 

13500 
13 2.73 9.03x10'" 5.00x107 .004515 

3.16 5.84 5.00x107 .002g2c 

3.71 4.00 5.OOx107 .002ooo 

4.68 w33 1.00x108 .00258 

6.U 1.3 1.Oox108 .0013l 

8.50 7.96x10-~ 1.00x108 .000778 

1.20x16 4.90 1.00x108 .0(3349(3 

1.55 3.03 1.00x108 l oooP3 

2.51 1.50 2.00x108 .~W 
4.60 6.45xlO-l3 2.00~108 .000129 

ll.y$fl 1.154x10-5 

7.024B 8.895x10-4 

4.0498 1.743~10'~ 

2.2548 l.O49xlo-1 

1.2198 0.2953 

O-Q98 0.5327 

0.3233 0.7m 

0.1683 0.8451 

0*093BL( 0.9105 

0.05640 0.9452 

0.03530 0.9653 

0.02280 0.9775 

0.01534 0.9848 

6.425~10~ 

6.~01 

5.771 

4.900 

3.610 

2.429 

1.537 

9.262~10~ 

5.336 

3.553 

2.153 

1.706 

l-233 

9.227~10~ 

7.420 

1.m7x102 

8.463~10~ 

6.783 

5.880 

4.696 

7.59 

5.934 

5.715xlOO 1.14xlO~ 

1.098~10~ 2.20x102 

6.05&x102 1.21x103 

L447xlO3 2.89 

1.923x103 3.85 

1.758~10~ 3.52 

1.299x103 2.60 

8.433~1~ 1.65 

5.044x102 1.09 

3.430x102 6.86x102 

?.3&102 4.73 

1.680x102 3.36 

1.22ax102 2.44 

9.15410' 1.83 

7.376~10' 1.47 

1.2OjalO2 1.20 

8.446~10~ 8.&x10" 

6.775~10' 6.78 

5.876~10~ 5.08 

4.ax101 4.69 

7.529~10' 3.76 

4 
4500 

15 
15ooo 

16 
16000 

17 
17000 

18 
18000 

19 
lgooo 

20 

21 
now 

22 

0.01083 0.9893 

0.007910 .9921 

0.005910 .994l 

O.OC’33P .9967 

0.002020 .yqo 

0.001222 .9988 

0.0007P -9993 

O.oook29 .9996 

0.~129 .yggq 

S 

f*Y?80°K m 3 a^~-g?'~lir! 



TABLE 13 
Calculation of the Equivalent Temperature at the Lln& at 3.14 Centimeters Wavelength 

2 
hs' (h'b2 B C 

h T K lo:62 
h' A 

101 cm2 101 cm? cm A h' f-A C;Br+1 r km OK f. El KAh' l-a-KAh' 2 K.Ah' e-lKAh' K "K 

7500 
6.51~103 8.69~10-~ 

10425 56.25 U&81.25 1.02jB~lO~~ 
1 3 37xlo8 

. 
- 8000 11120 

6.61r 
6&m lll6I+.oo 1.0575 

2 5.95 
8500 11815 72.25 11887.25 1.0903 

3 6.92 3.59 
4 7.60 

12510 81.00 lyj91.uo 1.1221 
2.07 

9500 1m5 90.25 13295.25 1.1530 5 8.10 1.18 
10000 

6 9.m 6.13x10-9 
1300 1oc.w 4ooo.w 1.1832 

10500 
1.07x1 & 

4595 llo.i$ a705.25 1.2126 7 3.10 
llcoo 15290 121.00 15w1.00 1.24li.i 

8 1.29 1.49 
11500 

7.49x10'10 
1595 132.25 16117.25 1.2695 9 1.45 

12000 16680 l&O0 168zLOO 1 a71 
10 1.70 4.22 

12500 17?75 156.25 17531.25 1.3% 
11 1.95 2.50 

1m 18070 169.00 18239.00 1.3505 
12 2.29 1.49 

13500 
9.03x10'11 

18765 182.25 18947.25 1.3765 13 2.73 
19460 19656.00 1.4020 

14 3.16 5.84 
196.00 

44500 20155 210.25 20365.25 1.4271 
15 3*71 4m l!Do ZXX3f50 225.00 21075.00 1.4517 
16 4.68 2.58 

16000 nz4o 256.00 22i+96.00 1.4999 17 6.46 1.3 
17m 

18 8.93 7.98x10-12 
236630 289.00 23919.00 1.546 

18000 25020 a.00 Z!!~~J@O 1;5920 19 1.20r105 4.90 
lgoo0 2&10 361.00 26771.00 1.6362 

20 2oooo 
:';y 

3.03 27&O &IO.00 28200.00 1.6793 
21 

22ooc' 
1.50 

3wo 4a.00 P064.00 1.7625 
22 4.60 6.45=10"~ 

33~60 576.00 33936.00 x.84= 23 

3-a 

3.18 

3.09 

3.02 

2.94 

2.88 

2.81 

2.76 

2.69 

2.6 

2.60 

2.55 

2.51 

2.46 

4.82. 

4.67 

4.54 

4.42 

4.31 
8;32 

7.97 

29.2853 

19.5160 

11.&s! 

6.3963 

3.5636 

1.8022 

0.8928 

0.4187 

0.2067 

0.11% 

0.06625 

o.oje74 

0.02~3 

o.olw 

0.W 

0.01243 

0.00611e 

0.003623 

0.002166 

0.001306 

0.001246 

O.oooglk 

1.000 

1.000 

l.ooc 

.9983 

.9717 

.8Bl 

l a5 

l Sl 
.ltl67 

.I073 

.0&l 

.ojao 

427 

.oLu 

0-3 

&fJ6l2 

rQ!m 

.00217 

.00131 

.00125 

l oOQ5l4 

73.7912 

44.5059 

24c.sess 

13.5737 

7.1774 

3.613 

1.8116 

.91a5 

.5oal 

*au 

.17992 

.11368 

007494 

.05190 

003724 

.02740 

.01498 

.008857 

.ow3b 

.00~6a 
an762 

.ooo5l4 

a.972=10-33 6.51~10~ 3.05410"~ 

4.692=10-~~ 6.64x103 9.31h10a 

x.l,o~ro'll 6.92~103 8.813=10-3 

l.2736=1O'6 7.59x103 5.796zlOO 

7.637x10-4 7.87~10~. 2.121~10~ 

2.6949%10-2 7.68~103 1.255~103 

0.1634 

0.3990 

0.6Q65 

0.7457 

0.8354 

0.8925 

0.9278 

w494 

0.9635 

0.97P 

0.9851 

0.9911 

0.9348 

0.5969 
0.982 

0.9995 

6.jhl03 2.522=103 

4.41~103 2.675=103 

2.71~103 2.021~10~ 

l.BhlO3 l.520x103 

1.25=103 1.116=103 

8.70=102 8.072=102 

6.20=102 5.886=102 

4.6~0~ 4.42~10~ 

3.65=102 3.551x102 

5.76x102 5.674=102 

3.95x102 3.915x102 

3.08x102 3.064=102 

2&c%lO2 2.592x102 

2.03do2 2.026x102 

3.14=102 3.1388x102 

2.36X102 

f=15*5600 s 



TABLE 14 
Calculation of the Ecnlivalent Temperature for the Central 

Ray at 10.6 Centimeters Wavelength 

A 
rl 

B C c: 
h t K 4 Ah T-A 

r km OK cm cm K-Ah i*OKAh tK*bh ,-s K*Ah OK 
Q*l 

YPJ 
01 

1 8.10~103 1.18x1O-7 5x107 6.85 0.999 14.331 8.08~103 
10000 

4.56x10° 9.12x100 

2 9.95 5.27x10-8 1x108 5.27 O-99& 7.481 5.6~~10~ 9.898 1.085x103 1.08x103 
11000 

3 l.gxl& 
12000 

4 1.82 
ljDo0 

5 2.51 
14ooo 

6 3.43 
15ooo 

7 4*6a 14000 
8 6.46 

17000 
9 ‘3.50 

18000 
10 1.2Ox105 

19ooo 
11 1.55 

12 2.51 
22000 

13 4.60 
24000 

14 7.82 
26000 

15 8.l.4~10~ 
28ooo 

16 8.4 
17 8.4 
18 8.4 

34~ 
l9 8.4 

36ooo 
20 8.4 

P-=l 
21 8.4 

40000 
22 ‘3-L 

4!mo 
23 8.4 

5QWO 
24 8.k 

55000 
26 8.4 

1.28 1x108 

6.67x10-9 1x108 

1.28 

A670 

.ljbo 

.0560 

.02g4 

.015Q 

.009x0 

000558 

000345 

.oojli2 

.00472 

.000702 

.000422 

.600298 

A00272 

l 0oo25t 

26 
65000 

8.4 
27 8.4 

70000 

1.36 1x108 

5.6Ox10''0 1x108 

2.94 1xlOQ 

1.50 lx108 

9.1Ox1o-11 1x10* 

5-58 1x108 

3.45 1x108 

1.71 2x108 

7.36x10-'2 2x108 

3.51 2x108 

2.11 2x108 

1.49 2x108 

1.36 2x108 

1.27 2x108 

1.20 2x108 

1.14 2x108 

1.08 2x108 

1.01 5x108 

9.22~10-~3 5x10’ 

‘3.37 5x108 

7.42 5x108 

6.50 5x108 

5-57 5x108 

.000229 

.0002x6 

-000505 

.00046x 

a00418 

-000371 

l ~55 
A00278 

.7220 

.U- 

.x272 

.0545 

.oEyo 

00149 

.00910 

000558 

2.211 O.log6 

.9311r .3940 

.m44 07677 

.l% l 8795 

.072k1 .9302 

.Okol 09579 

.02@01 09724 

.0189x l 9813 

001333 .986e 

a09882 -9901 

.006462 495 

.~4990 -99% 
JO4288 -9957 

.00~66 -9961 

.003ga l 9961r 

.wj296 a967 

.~a.@ 99970 

.002802 09972 

-002574 -9974 

l 2358 -9976 

.001853 .9981 

.001~2 4986 

.ooog74 8990 

9-3 09994 

.m27e 09997 

9.m 3.897x103 3.90 

8.860 6.802x103 6.80 

3*x93 2.808~10~ 2.81 

1.869 1.738x103 1.74 

1.357 1.jOOx103 1,p 

9.625x102 9.?59*102 9.36x102 

7.735 

6.696 

5.m 

8.584 

6.771 

5.490 

3.545 

2.503 

2.285 

2.1% 

2.016 

1.915 

1.814 

4.242 

3.872 

3.511 

3.116 

2.79 

2.335 

7.590x102 7.59 

6.600~10~ 6.61 

5.295x102 5.30 

8.528xX? 4.26 

6.737~10~ 3.37 

5.466~10~ 2.73 

3.5Px102 1.77 
2.494~1~ 1.25 

2.277x102 1.11, 

2.mx102 1.06 

2.01Ox102 1 .OO 

1.910x102 9.55x10’ 

1.8lOxld 9.05 

4.23t.1~1~ 8.47 

3.867~10~ 7.73 

3.507ilO2 7.01 

3.1410~ 6.23 

2.72$hc102 5.46 

t= 25,950' K 



TABLE 15 
Calculation for the Equivalent Temperature at the Limb at 10.6 Centimeters Wavelength 

h 
km T I: 

2 %h h2 'h1b2 
101 a3 1ol6& 101 ok' 'r:. 

A B C 
A h' r OK --. .CP 

UXXJ lfpo llJ0 lmoo lltgrm .&lo cm KAh' l-e-KAh' sK*Ah' .-SK*Ah' T-A o K 
1 9.95~10' 5.27~10~ 

. 

11chIo 15290 121 2.g43prlo-18 g.95r103 6.123di 
1.37ld 

1.82 

2.51 

3.43 

4.a 

6.46 

8.50 

1.20x105 
WXQ 

10 1.55 

11 z 2.51 

12 4=6c 2&ooo 

13 7d2 i?6ooo 
14 a.4 

15 a.4 

16 a.4 

17 a.4 

la 8.4 
19 a.4 

2c a.4 

4- 21 a.4 

45m 22 8.4 
23 a.4 

5m 
24 8.4 

25 a.4 
&O~O 

26 a.4 
7- 27 

1.28 

6.67=10~ 

1.36 

5.60=x0'10 

2.94 

1.50 

9.lchrlO'~l 

5.5a 

16680 a4 

leO70 169 

19460 1% 

=w 225 

=.a&3 254 

23630 289 

25020 3% 

ado 361 

400 ZWQ 
3o580 

33350 

%X40 

3.45 

1.71 
7.*10-'2 

3.51 

2.11 

1.49 

l.% 

1.27 

1.20 

1A 

1.00 

1.01 

9.2hx0-~3 

8.37 

7.42 

6.50 

5.57 

4sr( 
576 

676 

784 

900 

1024 

11% 

12% 

l!%.ll 

la 

18273 

19656 

21075 

22496 

2319 

25% 

26771 

28200 

3064 

33935 

j6816 

39704 

1.000 

0.9992 

0.9716 

-50% 

-2429 

.121 

.0677 

.04X 

-44 

.0X48 

.OrW 

l 005866 
.@=689 

45504 
I&U 

51336 

1600 57200 

2025 4575 

2500 7xXx, 

3025 79475 
%oc 87ooo 

4225 94575 

4m 102200 

1.w 
1.2971 

1.3505 

l.l$XO 

1.4517 

1.4999 

1.5466 

I.!%= 

1.6362 

1.6793 
1.7625 

1.8422 

1.9188 

x.9926 

2.0640 

2.1332 

2.2Oo4 

2.2658 

2.p95 

2.317 

2.5412 

2.@33 

2.8191 

2.9496 

3.0753 

3.1969 

5.82=108 

5.57x108 

5.34x108 

5.15x108 

4.97x108 

4.82slO~ 

4.67~10~ 

4.54xloe 
4.4m08 
4. 31x108 

8&x108 

7.97x1@ 

7.66x1oa 

7. px108 

7.l4doa 

6.92~10~ 

6.72=x0' 

6.5&x0' 

6.37~08 

6.22=x08 

1.495x109 

1&1x109 

1.358x109 

1.3O5xlO9 

1.257x109 

1.216~109 

9.6714 

7.1296 

3.5618 

07004 

.2783 

.ul7 

.o7oO5 

Al31 

.0&t% 

.ol407 

901423 

.oo5866 

.002689 

.0o1557 

.00106lJ 

.ooag411 

l ooo8534 

.ooo7848 

.00o72& 

.ooO6718 

.cOl510 

.cQl310 

.OOllj7 

l ooo9@3 

.0008171 

.Ooo6773 

42.6699 
il.9985 

4-w 
1.P7 

A67 

.N.i 

.1867 

.llt% 

-07533 

005067 

.03580 

.02157 

.01571 

.01302 

.01&6 

.OlOl&o 

.W4% 

.Oo86O2 

.Oo7818 

.OO7092 

.e 

.004910 

.~3- 

.oo2463 

.001494 

.mo677 3 

6.153~10~ 

7.&2x10-3 

0.27063 

05451 

.72ol 

.8297 

.8w3 

09275 

.%-a6 

.9640 

.9786 

.9Bw, 

.9871 

.9886 

.9e97 

.99o5 

99911, 

.9922 

4929 

-99% 

.9951 

.964 

.9975 

.S85 

.9993 

r&gxx& 1.052=1’J2 

1.7&x1& 4.785=103 

1.2~&=1d' 6.890~10~ 

8.331x103 5m9=103 

6.182~103 5.129=103 

4.373rlO3 3.w=103 

3.442x103 3.192x103 

2.928x103 2.783~10~ 

2.29q4xlo3 2.213~103 

3.5~~103 3.463=103 

2&8x103 2.656xloJ 

2.103do3 2.076=103 

l.jo8xlO3 1*33=103 

ELgy3x102 8.8&102 

7.905~10~ 7.8y=m2 

7.169A02 7.107x102 

6.592~10~ 6.541~10~ 

6.100~10~ 6.057~10~ 

5.64&102 5.607x102 

1.26~0~ 1.262~103 

x.rooxlo3 1.096~10~ 

9.551x102 9.527x102 

ELljqxlO2 8.122x102 

6.8Q,x102 6.85gx102 

5.689x102 

-= 51 t,eoo 'r! 
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TABLE 16 
Calculation of the Equivalent Temperature for the 

Central Ray at 50 Centimeters Wavelength 

c 
z (" r a L, c.i 

l w.. 
- *~I 

A B  II., 

h T I( h 
r km OK cm cm K'Ah l-.-ltAh ZKAh ,-II&h : ; " YE;+1 prrllaw :I: 

01( 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

x2 

13 

UC 

15 

16 

17 

18 

19 

20 

21 

22 

23 

1 

25 

1.82x1& l.00x10'7 1~10~ 
ljooo 

2.51 3.l6xlo’8 lx108 
llcooo 

3.a 1.41 1x10* 
15000 

16OQO 

17OOO 

l&WO 

~~ 

2oooO 

22ooo 

4.68 

6.46 

8.50 

l.aJxlO5 

1.55 

2.51 

4.co 
7.82 

8.4 

a.4 
8.4 

8.4 
65000 

8.4 
7owo 

a.4 
lj9ooo 

8.4 

8.1 
w7OOO 

7.3 
26 -67 . 

7.03x10-9 1x108 

3.55 1x108 

2.1k MO8 

1.3 1x1oe 

waJ@J 
n 5;6 

8.O4x10”O MO8 

3.96 h108 

1.70 h108 

.9.07x10-11 2x108 

4.eq 2xxoe 

3.w 2x106 

2.% 5x100 

2.5 5x10* 

2.29 5xd 

2.09 5x1!+ 

1.&J 5x106 

1.70 5X10* 

1.47 5x108 

1.1 5.108 

~.o&~o-‘~ 6.9~~09 

1.22 1.39x101o 

1.38x10’l3 1.m101o 

2.61x10-~5 2.78~10~~ 

1.93~10’~~ 6.95~10~ 

10.0 

3.16 

1.41 

0.7030 

l 3550 

.a.&3 

.I310 

.08&C 

.07920 

.O#l@J 

.O16& 

.oog6eo 

.oo6e20 

.ollgo 

.01275 

.0x* 

.Olo45 

.oogk50 

.~W 

.00735O 

.~300 

-04706 
.OlW 

.00191fJ 

.oooo72% 

.OOO0134l 

1.0 

0.958 

,756 

.5049 

.29ee 

.I927 

.1228 

.0773 

.0761 

-03% 

.Ol& 

.oosSe 

.00682 

.0rlir 

.0127 

.ol13 

.0103 

*OF345 
.o@ w  
.m735 

.OWO 

.okboo 

.0168 

.OO1918 

16.346 

6.M 
3.186 

1.7763 

1.0733 

.7183 

-5043 

-3733 

-2929 

.2137 

.I797 

.1636 

01539 

.I471 

JPJ 

.1195 

.loel 

l 762 

.oe817 

.07967 

.0-h% 

.06h? 

.0x896 

.002004 
.m7256 .OoOO8570 

o.ooo 

.Oo17 

.a3 

01693 

.a9 

.M76 

l 6alp 

.6ee5 

.7461 

.@076 

.a355 

A491 

.3574 

l a@ 
A761 

l 74 

a75 

.9wo 

.9X% 

.92Z& 

09303 

.9361 

.9812 

.95@0 

4999 

.O0CGl3!&l .OOOOl34l 1.m 

1..92& 3.1xlOO 3.1.100 

2&x1& 9.9x102 9.9x102 

2.&x104 4.4blO3 4.4x103 

2.363x104 6.079x103 8.08x103 

1.9pxlde 9&1x103 9&1x103 

1.638~1~ 9.e94x103 9.8W03 

1.474x104 1.015x1ak 1.02x104 

1.198x1 & e.9368x103 8.94x103 

1.910xlo4 r.542d 7.71z103 

1.536x104 1.28rd 6.lrhl03 

1.251x104 1.0&104 5.3lxlO3 

8.131x103 6.972~10~ 3.49~10~ 

5.729~103 4.945~103 2.47~10~ 

1.2y35x104 l.o&xl& 2.lQ103 

l.o67xlo4 9.469x103 1.89slo3 

9.492210’ a.5192103 1.7oxlO3 

tL652xlO3 7.a47xlO3 1.57x103 

7.9382103 7.268~10~ 1.451103 

7.U,cm103 6.593~~10~ 1.32~10~ 

6.17&103 5..74tuao3 1.15~10~ 

5.292x103 4.954103 9.91x102 

3.8&x104 3.791~10’ 2.731~10~ 

1.4llxlO4 1.4Oax104 1 .O2x102 

1.554x103 1.554x103 l.12x101 

5.297xlOl 5.297x101 1.9x10-l 

e.se5x1oo 

& 217,460’ K 



TABLE 17 
Calculation of the Equivalent Temperature at the 

Limb at 50 Centimeters Wavelength 

(h’)* 
h r x ,,lg,$ #ihi lOl6& h' d 

A B C 
01 10 

OK 
Ah' 

r km cm fP Koh' la-KA h’ fKAh' ,-XKOh :‘; wr +l 
OK 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

13 

14 

15 

16 

17 

18 

19 

20 

21 

22 

15ooo 
4.68x104 

16000 
6.46 

17000 
8.9 

18000 
1.20x105 

19000 
1.55 

2.51 
22000 

4.60 

7.82 
26oca 

0.4 
28000 

8.4 

a.4 
8.4 

e-4 
8.4 

7oooo 
a.4 

13N@J 
8.4 

neooo 
8.1 

4l7ooo 
7.3 

eoo0 ,- 
23 ijpooo 6.7 

7.03x10-9 m50 
22240 

3.55 
*j6jo 

1.31 

8.01jx10-'" ia; 

3.96 
Pgeo 

1.70 

8.07x10-11 ;; 

4.84 
9920 

3.4 
w700 

2.96 

2.55 
556ao 

2.8 
62550 

2.09 

1.89 
76450 

1.70 
83Lpo 

l-lb7 
9030 

1.26 

6.82s10-~ 
979 

19410 
1.22 

l.y3xlO'~~ zp 

2.61x10-15 

1.93aKlO'~ 
1932100 

225 

2% 

w 

a+ 

$1 

400 

484 

576 

676 

7% 

900 

1225 

1600 

2025 

2500 

TQ5 

lb00 

21075 145.17xltia 

22496 149.99 

23919 154.66 

253b 159.20 

2667/l 163.62 

28200 167.93 

PO64 176.25 

33936 18422 

36816 lgi.88 

B7d( 199.26 

42600 206.40 

49875 223.33 

57200 23.17 

64575 254.12 

7m 268.33 

79475 281.91 

m- 294.96 

94575 97.53 

102xX) 319.69 

2125% 46l.01 

4mdb 6eo.96 

753519 8643.05 

uw5 lz0.m~ 

1932100 3864200 196.58x10U 

4.82x108 3.3B85 0.9662 

4.67 1.6579 l w5 

4.54 0.9716 A215 

4.42 -5790 0435 

4.31 .3w 2928 

8.9 93295 .2807 

7.97 01355 .1267 

7.6 .06182 l WB 

7.38 J-3572 ,051 

7.14 -435 .0240 

l&Jx109 l 05002 .048e 

1.58 .%w9 -095 

1.495 *ON.& 90336 

1.421 l @m 00293 

1.39 902567 .025i4 

1.93 .02218 .0220 

1.257 .018@ .0183 

1.216 -01532 .0152 

1.432 .weJ 00919 

2.1995 a2683 .0* 

1.8709 .00292 .002582 

3.3575 .ooaoe763 .oooo8763 

7.620 .OoOOl471 .00001471 

7.8922 

4.5037 

2.8458 

1.8742 

1.2952 

.94a7 

.6192 

.ke37 

A219 

.Hl 

.3618 

.3118 

.*715 

-2372 

.2075 

.1819 

.l597 

.l4l2 

.=!59 

.@951 

.002684 

.0001023 

.ooool471 

0.0003737 4.52hlo4 5.006%10* 

.01107 

.WW 

01535 

.*7jB 

.ja7* 

053% 

.6165 

&!a 

.6797 

.@a 

l 7321 

.76a 

07888 

.8126 

.a337 

.W4 

l 9433 

A817 

l 9709 

a973 

-9999 

1.oooo 

5.229~1~ 3.038~10~ 

5.263~1~ 8.109~10~ 

5.27404 :.&&xl& 

4.538x104 1.757x104 

7.046x104 3.79404 

5.828xd 3.593~104 

4.6a4xlo4‘ 3.072xla4 

2.9b8xldc 2.004104 

2.016& 1.404xrO4 

4.093x104 3.OOlxlO4 

3.3l8d 2.529~10~ 

2.8Zd' 2.226~104 

2.46104 2.OoOxlo4 

2.134104 1.779x104 

1.848~~~ 1.575~10~ 

1.537rlO4 l.335x104 

1.277m4 1.126x1& 

7.72w4 7.495x1& 

2.218x104 2.21n104 

2.09kl03 2.091~103 

6.~7~10' 6.j~7xro' 

9.856x10° 

~*437,'330°K a 5.6 
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The equivalent temperature of the sun as a radiator at several 
radio wavelengths was computed assuming a distribution of free 
electrons in the sun’s atmosphere according to the analysis of 
Baumbach and Wildt and using a temperature distribution in the outer 
atmosphere following Alfven. The temperature distribution in the lower 
atmosphere was selected in such a way that the computed equivalent 
temperatures of the sun would agree reasonably well with the radio 
data presently available. The error in assigning the equivalent tem- 
perature of the sun at the various radio wavelengths is rather high. 
This is due to several c.auses. Equation (20) shows that when the 
radio beam is larger in diameter than the sun, the assigned tempera- 
ture of the sun is determined among other things by the gain of the 
antenna. In all cases except the one dealt with in this report this 
condition holds. At the longer wavelengths it is a difficult process 
to measure the antenna gain with precision. None of the reports of the 
measurements on the sun is sufficiently detailed to provide an indi- 
cation of the experimental error in measuring the gain of the antenna, 
but from the experience of others in maki.lg measurements at these 
wavelengths it is not unreasonable to say that the few good measure- 
ments are probably in error by at least flO% and the others are un- 
doubtedly in error by more than this amount. It is also dubious if 
the sensitivity of the receivers was known with any precision. The 
second factor making it difficult to assign the proper equivalent 
temperature is that the radiation from the sun is extremely variable 
at the longer wavelengths, and it is not always clear that the temper-. 
atures published are those for the sun in its most quiet state. One 
further uncertainty in interpreting the published results is that the 
effective diameter of the sun is greater for the longer wavelengths 
and also the illumination across the surface of the sun varies; in 
fact there is considerable limb brightening in the middle wavelength 
range. In assigning an equivalent temperature, it should be made 
clear whether the effective diameter used is the optical diameter or 
the radio diameter and whether limb brightening was taken into account. 
This is not always done. It is important to repeat these experiments 
or to recompute the data if the parameters of the system are suffi- 
ciently well known. 

At 8.5 millimeter wavelength with a ten-foot diameter antenna 
the beamwidth is 0.2O, so that the entire beam of the antenna may be 
made to fall upon the sun. When this is done, equation (22) applies. 
The equivalent temperature of the sun at 8.5 millimeters then will be 
the waveguide temperature 

% 
corrected for the loss in the waveguide 
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between the feed horn and the converter and corrected for the attenu- 
ation of the signal from the sun in our atmosphere. The loss in the 
waveguide has been measured to be 2.05 decibels *0.15 decibels, which 
corresponds to a poweEs;ztio of 1.60 f 0.055 or 1.60 f 3.5%. Using 
the data of Van Vleck 1 on the attenuation due to oxygen and water 
vapor , the loss in the atmosphere may be taken as 0.5 decibels, which 
corresponds to a power ratio of 1.12. Hence the total correction to 
be applied to the waveguide temperature to arrive at the equivalent 
temperature of the sun is the sum of these two, i.e., 2.55 decibels or 
a power ratio of 1.80. As was seen earlier, the error in calibration 
was f5%, so that the uncertainty in the equivalent temperature of the 
sun may be taken as flO%. The data on the temperature of the sun 
covering a period of several months is shown in Table 18. There is 

TABLE 18 
Equivalent Temperature of,the Sun at 8.5 Millimeters Wavelength 

Date Spot Area T, o K 

September 17 
18 
20 
22 

October 15 
17 

;i 
November 1 

3 

ii 

E 

2 
18 
19 

2363 
2762 
3002 
3087 
2743 

2182 
968 

1200 

925 
1077 

895 

1248 
1192 
1996 
2386 

7950 

;:360" 
9470 

12600 
10800 
1%~ 
8650 
8800 
8370 
9580 
9650 
7180 

10500 
8200 

12000 
8270 
8400 

February 4 

: 
6 

: 

3563 
4230 

3282 
3029 

March 

:Ez 
Qm 

i;zi 
6300 
5800 
8030 

Ted%%~e o K 

6740 



NAVAL RCSCARCM LABORATORY 
77 

considcrabl e variation in the equivalent temperature over this period. 
ti. 
WI 

The maximum value is 13,800o and the minimum 5800’ Kelvin. The average 
0. 
ti 

of all the data yields a temperature of 87OOo; whereas the average of 

the recent data yields 6740”. The data taken through November 19 

should not be inc1ude.d in computing the average temperature of the sun, 
since during that period the calibration process for the receiver had 

not been perfected, and this data has little meaning in absolute terms. 

During this period contours of the sun were taken and the data are 
usable for that purpose since the receiver parameters do not vary 
during the period of one day’s observations. Using the recent data, 

the temperature of the sun at 8.5 millimeters is 6740° Kelvin flO%. 
The minimum measured tempersture in this period was 5800° and the 
maximum 803OO. Table 8, previously presented, shows that the, computed 

central temperature at S.5 millimeters is 6800° Kelvin and the computed 
temperature at the limb is 8250° Kelvin. The observed temperature fall s  
between these at a value much closer to the central temperature as it 
should, since the computed temperature is based on the temperature dis- 
tribution in the chromosphere chosen to yield a computed result which 
would be consistent with the observed result. The theory reveals that 
there will be a very narrow, bright rim on the sun and that the bright- 
ening in the ring amounts to 20%. The total contribution due to this 
brightening in the very narrow rim is SO small that is is not observed 
experimental ly. 

I f the temperature in the sun’s atmosphere is considered to fall 
uniformly from its high value at the base of the corona to 4830° Kelvin 
at the limb, then the computed equivalent temperature at 8;5 millimeters 
would have a value in excess of 10,OOO” Kelvin. Since this is not so, 
it was necessary to assume the temperature distribution shown earlier 
which yields an equivalent temperature of 6800°, and is more in agree- 
ment with the measured value. This new distribution also gives reason- 
able values for the equivalent temperature at 3 centimeters. The com- 
puted equivalent temperatures at 10: and 50: centimeters are not affected 
so much by the assumed temperature distribution low in the chromosphere 
since large contributions are made to the emission at these two longer 
wavelengths by regions higher in the atmosphere. 

Variation In lhisslon Across the Surface of the Sun 

In additisn to measuring the equivalent temperature of the sun, 
countour diagrams ef the distribution of intensity across the disc of 
the sun were obtained. Previously, it has been pointed out that the 
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guiding telescope is provided with a reticule which permits the 

antenna to be moved in nine equal steps in either right ascension or 
declination across the surface of the sun. Figure 27 illustrates 

how the reticule is used. For example, to scan the sun in right 

ascension where the antenna beam is pointed directly at the sun, the 
first position would be that represented by 4, where the left-handed 
ruling is tangent to the western limb of the sun. The antenna is 

then moved to the east and measurements made as each successive 
ruling of the reticule becomes tangent to the western limb until 

Figure 27 - Cons true tion if lus- 
trating the use of the reticule 

position b is reached; then 

the motion is continued and 
readings taken as successive 

rulings become tangent to the 
eastern limb. In this way 
nine nearly equal steps are 
taken, and the total movement 
in right ascension is two di- 
ameters of the sun. The same 
process is carried out in dec- 
1 ination. The amount of move- 
ment required in scanning the 
sun is dictated by the diameter 
of the sun and by the total di- 
ameter of the antenna beam. 
When the beam is pointed 0. So 
away from the center of the sun, 
the intensity of the received 
signal has fal!en sensibly to 
zero. This can be seen by refer- 
ring to Figure 14 which gives a 
curve of the antenna beam pattern. 

The sun is scanned in order to determine variations in the in- 
tensity of the illumination across the surface of the sun. A 1 ack of 
uniformity might appear in either of two ways. In the first place, 
there may be sensible limb brightening, and secondly there may be “hot 
s,po ts ” associated perhaps with the sunspots or with some other solar 
activity. It is of considerable theoretical interest to determine 
whether either of these conditions prevails. To do this, a series of 
contour maps of the intensity of the radiation from the sun was con- 
structed. Data were taken on the intensity of each of the eighty-one 
points of intersecfion on the reticule grid. These data may be pre- 
sented either as a series of curves representing the variation of in- 
tensity with right ascension for each of the nine positions in dec- 
lination, or a three-dimensional graph. may be constructed, where the 
coordinates are right ascension, declination, and intensity. The 
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three-dimensional graph shows at a glance any major deviation from 
normalcy, and has proved quite helpful in interpreting results. 
Figure 28 is a photograph of such a three-dimensional presentation. 

Figure 28 - Photograph of a three-dimensional graph 
of the variation in in tensi ty across the surface of 
the sun at 8.5 millimeter wavelength 

The interpretation of the response curves for the sun is di’ffi- 
cult since the source and the beam pattern are commensurate in size. 
If the beam were very much smaller than the source or, conversely, 
if the beamwidth were large and the source small, the matter of in- 
terpretation would be quite simple. 

The method used to analyze the data is to construct an <idealized 
pattern assuming that the sun is a uniformly illuminated disc and that 
the antenna pattern has its measured characteristics. It is extremely 
difficult to obtain an antenna beam pattern which is a true figure of 
revolution about the axis of the beam. To do this, it would be neces- 
sary to have the illumination of the parabola independent of angular 
position about the center of the parabola, and this would require a 
very special design of the waveguide feed horn. Since this symmetry 
is not a requirement in the operation of the apparatus, a conventional 
feed horn was used where the illumination was more sharply tapered in 
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the plane of the electric vector. The illumination resulted in a 

beam pattern which was slightly elliptical in cross section. This 

pattern can be seen in Figure 14, where the measured patterns in both 

E vector and H vector planes are given. If there were true symmetry 

in the pattern, a moderately simple analytical expression could be 

written down for the antenna pattern, and then integrations could be 

performed to obtain the resulting response as an extended source, 
whose illumination could also be written as an analytical function, 
is scanned by the antenna pattern. 

An Example of the Kelation of K~dio MeRsllrment to Solar Activity 

For the case in hand, it is much simpler and sufficiently ac- 
curate to perform a numerical integration. To do this, the antenna 
pattern was represented graphically by sixteen concentric circles, 
the smallest of which had a radius of one minute of arc, the next, 
two minutes of arc, and so on out to sixteen minutes of arc. The 
relative intensity in each of these rings can then be assigned for 
three rings can then be assigned for three planes of intersection 
with the antenna beam. The measured intensity pattern for two of 
these planes is shown in Figure 14, and the computed pattern for 
the plane half-way between the two measured planes is given in Figure 

29. It should be noticed that the principal variations between these 

patterns occur near the edges. A disc thirty-two minutes in diameter 
was moved in one-minute steps toward the center of this system of 
circles. See Figure 30. The fractional area of each ring of the 
antenna pattern covered at each successive step in the motion of the 
circle representing the sun was computed with the help of a mechanical 
construction and the results tabulated in Table 19. The weight to be 
assigned to the successive rings is determined by the antenna pattern 
and can be taken from values on the curves shown in Figures 14 and 29. 
The values are also given in Table 19 for the three planes considered. 
The product of the fractional area covered and the weight for each 
successive ring was taken and summed for each of the steps in the 
separation of the centers of the two discs. This calculation is shown 
in Tables 20,. 21, and 22 (see pages 82-85). In Tab1 e 20 the weights 
are assigned for the average antenna pattern, which was assumed to 
apply in the 4S” positions. Table 21 is for the plane of the electric 
vector, which coincides with motion in right ascension. Table 22 is 
for the plane of the magnetic vector, which coincides with motion in 
declination. The last column in Tables 20,21, and 22 are the normal- 
ized functions obtained bs the beam moves uniformly across the surface 
of the sun along a diagonal so that the axis of the beam crosses the 
center of the sun. The functions are for motion across the sun in 
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declination, in right ascen- 
sion, and at the 45O position. 

These functions are shown in 

Figures 31, 32 and 33. The 
position with respect to the 
center of the sun of each of 
the eighty-one intersections 
of the grid lines of Figure 
27 can be computed. From 
Tables 20, 21, and 22 or 
Figures 31, 32 and 33, values 
can be obtained of the normal- 
ized intensity at each of the 
eighty-one positions of the 
antenna beam as it scans the 
sun. The intensity distribu- 
tion is shown in Tab1 e 23. 
When the distribution of 
Table 23 is subtracted from 
the data as observed after 

normalizing, the residual 
should show the regions on the 
sun which are radiating in 
excess of that expected from 
a uniformly illunimated disc 
the size of the sun. 
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TABLE 19 
Are*Wefght Table 

o-1 1-2 2-3 3-4 4-5 5-6 67 74 8-9 9-m lo-11 11-12 12-13 13-13.6 13-4 a-15 15-16 

noight 

179.7 l& 3 Eel4 97 76 58 42.5 9 1.6 
179.7 161, 93.5 70 
179.7 16G l45 123 lab.5 eg 

23 E:: g5 

36:O 

tit 
6 

a:0 
4.0 0.5 

16.8 10.6 6.0 2.2 

0 1.0 
1 1.0 
2 1.0 

1.0 
t 1.0 

1.0 
1 1.0 
7 1.0 

i 
1.0 
1.0 

10 1.0 
11 1.0 

:', 
1.0 
1.0 

14 1.0 
15 1.0 
16 0.50 
17 0.00 
18 
19 
a3 
21 
22 

2 

2 

2 
29 

$ 

::: 
3.0 

::: 

::X 

::"o 
3.0 

::: 

3:: 
3.0 
2.13 
1.495 
0.82 
0.00 

::: 
5:X 
;:: 
55:: 
::: 
5:: 
::: 
::% 
2.40 
1.76 
0.99 
0.00 

;:: 
7.0 
7.0 

;:: 

::: 

;:: 

3:: 

::;o 

$2 . 

::g 
1.99 
1.08 
0.00 

;:: 11.0 11.0 

;:: 11.0 11.0 

;:"o 11.0 11.0 
;:: 11.0 11.0 

;:: 11.0 11.0 

;:", 11.0 9.27 
7.50 7.91 

;:/t2 21 
4.74 5.49 

4.10 3.55 i*;: l 

2.85 
2.10 ::g 
1.235 2.30 
0.00 1.325 

0.00 

13.0 15.0 17.0 
13.0 15.0 17.0 
13.0 15.0 17.0 
13.0 15.0 17.0 
13.0 15.0 17.0 
13.0 15.0 17.0 
13.0 15.0 17.0 
13.0 15.0 17.0 
13.0 15.0 k4.27 
13.0 12.71 12.44 
11.0 10.94 11.33 
9.4l 9.82 10.31 
6.48 9.00 9.40 

5.66 6.9 7.06 

2.u 3.31 4.13 
1.40 
0.00 

0.00 

19.0 
19.0 
19.0 
19.0 
19.0 
19.0 
19.0 
16.0 
13.82 
12.67 
11.08 
10.79 
10.13 
9.48 
8.86 
0.23 
7.67 
z.2 

6:01 
5 -45 
4.90 

';s 
2171 
1.54 
0.00 

21.0 
21.0 
21.0 
21.0 
21.0 
21.0 
17.6 
15.3 
13.8 
12.9 
12.0 
11.2 
10.56 

z: 
8:80 

t :," 

%:26 
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432; . 
2.80 
1.60 
0.00 

23.0 
23.0 
23.0 
23.0 
23.0 
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16.4 
15.0 
13.8 
13.0 
12.3 
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10.4 

;:; 
8.8 

,":i 

i:i! 

;:a 

":i 

2:9 
1.6 
0.0 

g :X 25.0 
25.0 
20.6 

:2-Y 
14:9 
13.9 
13.2 
12.6 
12.0 
11.4 
10.9 
10.4 
9.8 
9.4 

i:E 
7.9 

2," 
6.4 
5.8 

2:: 
3.8 
2.9 
1.6 
0.0 

16.0 
16.0 
16.0 
13.6 
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7:6 
7.3 

2:; 

2 
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::; 

tie: 
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::t: 
2.7 
2.2 
1.7 
0.8 
0.0 

27.0 

g :: 
21.2 
18.3 
16.4 
15.4 
14.5 
13.8 
13.2 
12.6 
12.0 
u.7 
11.1 
10.6 
10.2 

i:; 

8:3 
7.8 

2:: 
6.4 

::: 
4.6 
f.9 

2; 
0.0 

22.4 
16.4 
16.9 

25 
a.2 
13.7 
13.2 
12.7 
12.2 
11.8 
11.4 
11.0 
10.5 
10.1 
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g-i 

8:4 

;:E 
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1.7 
0.0 
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11 
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2 
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TABLE 20 
Calculation of NormaHzed Ftrnctlon for Plane at 45O 

to the EZlectrlc and Magnetic Vectors 

Zone 
Normalized 

O-l l-2 2-3 ti 4-5 5-6 6-7 7-8 8-9 g-10 10-n 11-12 w-13 13-13.6 sum SUlll 

Area X Weight 

Seprretian of Center8 
Minutes of arc 

0 
1 
2 

t 

2 
7 
8 
9 

10 
11 
12 
13 

2 
16 
17 
18 
19 20 
21 
22 

:z 

2 
a 
28 
29 

lM.7 
196.7 
198.7 
138.7 
198.7 
198.7 
198.7 
198.7 
198.7 
198.7 
198.7 
198.7 
198.7 
198.7 
198.7 
198.7 
99.4 

;: 

575 

g; 

575 
575 
575 
575 
575 
575 
575 
575 
417 
286 
157 

W8 w 
898 
898 
898 
898 
890 
898 
098 
898 
BY8 
898 
898 
8Y8 

;i; 
432 
317 
178 

1148 
llla 
1148 
148 
1148 
148 
1148 
1148 
llLB 
1148 
1148 
148 
11Lle 

9% 

ii',' 
533 
bb 
326 
177 

1287 
1287 
1287 
1287 
1287 
1287 
1287 
1287 
1287 
1287 
1287 
1287 
1072 
902 
781 
678 
587 
508 
408 

:g 
1320 
lp0 
13= 
1320 
13m 
1320 
19 
1320 
1320 
1112 
949 
836 

8i 
592 
517 
43 
364 
276 
159 

1261 
I%1 
1261 
1261 
1261 
1261 
1261 
1261 
1261 
1261 
1067 
913 
823 
740 

2: 
549 

3 

z 
241 
1% 

Ill&O 
lllp 
140 
1140 
llL0 
1140 
lib 
lll0 
1140 
967 
831 
7L6 

2$ 
579 
526 

2 

2: 
302 
252 
190 
106 

986 

22 
486 

$2 
986 
827 
722 
658 
598 
545 
516 
477 

% 
377 

s 
277 
240 
201 
155 
92 

808 
008 
808 
008 
808 
808 
808 
600 
588 

z 

:; 
402 
376 
%9 

5: 
281 
255 
2Y 
208 
181 
151 
115 
65 

630 gl 
6~0 
528 ::a L 
$f 
317 
298 
281 

+; 

216 
200 
184 
167 
150 
131 
110 
84 
48 

ii? f 
47: 

g; 
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258 
262 
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a-4 
220 
209 
198 
188 
177 
167 
158 
w 
133 
129 
120 
106 
97 
86 
72 
55 
31 

225 
225 
225 
225 
185 
160 

?$+ 
125 
llY 
113 
108 
102 

2 

:; 

;: 

2: 
62 

:; 

$ 

2 
4 

26 
26 
26 
22 
18 
16 

:z 
13 
13 
12 
12 
11 
11 
10 
10 
9 
9 
8 
8 

I: 

z 

: 

f: 
3 1 

10940 
10940 
10940 
1cy$l 
10892 
10789 
10623 
10386 
10057 

Y&l 

98z 
7963 

7z 
5620 

t:;; 
3235 
2542 
1967 
1456 
1029 

E 
266 
141 

61 
17 

1 

1.000 
1 .ooo 
1.000 
1.000 

9993 
.905 
.971 
l 949 
0919 
.883 
.837 
.7i36 

:E 
.588 

:::; 

:E 
.2Y 
,180 
9133 

:E$ 
0042 
.o24 
.013 
.006 
.m2 
.ooo 
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TABLE 21 
Calculation of Normalized Function for Plene of the Electric Vector (a) 

Z0nt 
Normalized 

o-1 1-2 e-3 3-b 4-5 5-6 6-7 7-8 8-g g-10 10-11 11-12 W-13 13-13.6 sum sum 

Stparntion of Centerr 
Yinuttr of Aro 

2 
7 
a 
9 

10 
11 
12 
13 
l.4 
15 
16 
17 
18 
19 
20 
21 

E’3 
24 

2 
27 
28 29 

199 
ig 
199 
199 
199 
199 
199 
199 
199 
199 
199 
199 
199 

:2 
99 

575 
575 
575 
575 
575 
575 
575 
575 
575 
575 
575 
575 
575 
575 
$75 
408 
286 
157 

899 
egg 

z 
899 
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@9 
899 
899 
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899 
899 
899 
899 
713 

g 
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1148 
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1urS 
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1148 
1148 
1148 
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lll8 
1148 
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% 
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26 
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1296 
1296 
1% 
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1296 
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1296 
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786 
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410 
332 
178 
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1% 
1302 
ljo2 
ljo2 
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1332 
1302 
1302 
132 
1% 
1098 

i:: 

ig 
584 
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$2 
157 
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1216 
1216 
1216 
1216 
1216 
1216 
1216 
1028 
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713 
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E 
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232 
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1050 
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g 
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533 
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$2 
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22 

‘$i 
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881 674 
881 674 
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64? 450 

z; z1’ 
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z :E 

% z 
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307 2% 
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55 
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132 
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94 

ii 
?4 

% 
201 
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159 
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fj 
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59 
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30 
17 
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100 
100 
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23 
21 
18 
15 
12 

6 
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8 
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6 
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4 
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3 
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3 
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2 
2 
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TAJ3LE 22 
Calculation of Normalized Function for Plane of the Magnetic Vector (6) 

Zone 
Normalized 

o-1 1-2 2-3 3-ij 4-5 5-6 6-7 7-8 84 9-10 lo-11 11-12 12-13 13-14 14-15 15-16 sum .sum 

Area X bight 

Separation of Center 
Minutes of Arc 
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lb 
11 
12 

:t # 15 
16 
17 
18 
19 
20 
21 
22 

2 
25 
26 
27 
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29 

; 
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198.7 
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198.7 
198.7 
19.7 
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198.7 
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E 
z 
z 
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1148 1305 
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--SEPARATION OF CENTERS - MINUTES OF ARC 

Figure 32 - Normalired function- 
variation in signal with dccfi- 

nation 

Fi#ire 31 - Normelfred function- 
variation in sianal L-sing aver- 
age-pattern 
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SEPARATION OF OENTERS - MINUTE! S OF ARC 
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Figure 33 - Normalized function- 
variation in signal with right 
ascension 

0.6 
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c 

2 
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BEPARATION OF CENTERS - MINUTES OF ARC 

Figure 28 is a photograph of a three-dimensional curve of the 
intensity distribution as measured with this apparatus. Table 24 

shows the data for November 18, 1948 treated in this fashion. It is 

seen that on this day there was an area on the western limb of the 

sun where the intensities were higher than normal. 

An analysis of this sort was carried out for the week of September 

17, when a la.rge and isolated spot group passed across the disc of the 

sun. The presence of the activity associated with the spot caused a 
bulge to appear on the contours. This bulge moved across the sun with 

the spot group. Figure 34 shows the relative position of the spot 

group and of the measured perturbation in the pattern for the five 

days during the transit of the spot when measurements were 

made. The increase in intensity due to the spot was seven parts in 
a hundred. If the radio emission is assumed to come from an area 
equal to the visual area of the spot, then the equivalent temperature 

of the excited area is approximately equal to 100,OOO” Kelvin. This 

increase in temperature near the spot could be due to an increase in 

the electron densities in and about the spot by a factor of 10 to 20; 

c 
2; 
c 
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TABLE 23 
Computed Intensfties for Uniform Sun 

A 

3 

& 4 

i 
ro 
3 

0: 
2 
8” 

i 

3 

3 

ix 

0 

0 

0 

0 

0 

0 

0 

0 

0 

P 

0 0 0 0 0 0 

0 0.25 2.6 5.5 2.6 0.25 

0 0.25 2.6 5.5 2.6 0.25 

0 0 0 0 0 0 

Right Ascension (I 

Ur' 16' 8' 0 8' 16' 

0 

0 

0 

1.65 

3.2 

1.6 

0 

0 

0 

2L' 

0 

0 

0 

0 

0 

0 

0 

0 

0 

32’ 

TABLE 24 
Wfferencebetyeen fJa?qmtd~d Mewwed Intensities for 18 Novarber 1948 

0 1.2 2.l.l 1.2 1.0 0 

0 0 3.4 6.5 5.2 lb.9 1.2 

0 2.2 I 11.3 a.2 8.2 0 

1 1.8 2.L 2:lr 1 
Right Ascension m 
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0 INDICATES MEASURED POSITION QF 
RADIO DISTURBANCE- DATE SHOWN 
IN CENTER 

q POSITION OF SPOT~GROUP, WITH DATE 
IN CENTER 

Figure 34 - Relative po- 
si tion on the sun of radio 
disturbance and spot group 
15 September to 22 Sep - 
tember 1948 

As can be seen from Figure 19.n an in-’ 
crease in electron density of this amount 
would so increase the opacity that the. 

maximum depth of penetration would change 
from 7,000 or 8,000 kilometers to 16,000 
or 18,000 kilometers, and thus cause the 
emission to come from the effectively 
hotter regions nearer the base of the 
corona. A second possibility for the high 
equivalent temperature around the spot is 
that electrons of high velocities react 
with the strong magnetic field associated 
with the spot, and produce increased 
redio emission by the magnetron’ ef feet. 
To determine which of these two effects 
predominates or whether perhaps there ,is 
some other mechanism for the ef feet will 
require a detailed study of the 
“disturbed” sun. 

In eddi tion to the motion of a bulge across the contour coin- 
ciding with the motion of a spot across the sun, one other peculiarity 
in the measurements was noted and es yet is unexplained. On October 
17 the contour map of the sun had a pronounced bulge at the southern 
limb. Attempts to correlate this observation with observed irregular.- 
ities in the sun by other workers have not been successful. The Neval 
Observatory, in spectrohelioscope observations, showed high prominences 
in this region on the 16th and on the 18th. They did not take data on 
the 17th. The High Altitude Observatory et the University of Colorado 
took data on the 17th of October and observed a prominence which was an 
“eruption of extreme violence end very short duration” on this day, but 
unfortunately the location of the prominence they observed was at 310”, 
which is on the other side of the sun from the region containing the 
ef feet observed here. They point out that the life of the prominence 
observed with respect to activity and observable material was certainly 
less then one end one-half hours and was probably less than an hour. 
They give data for no other prominence on that day. 

Possibility of DetectiIlg other Ex.tra-Terrestrial Objects 

i., 
*., 
B,~, 

!-I. 

rI 
c:: 

The equivalent temperature of the moon has been measured on 
several days. The average equivalent temperature is 15Oo Kelvin *40%. 
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No variation in intensity across the surface of the moon was observ- 
able nor were the measurements sufficiently inclusive to reveal any 
variation in the intensity of the radiation with phase of the moon. 
A more careful study of the radiation from the moon should be made 
to determine the equivalent temperature of the surface when fully 
illuminated by the sun and when dark. 

Radiation from Venus was looked for but not found, end this is 
of course to be expected when a reasonable surface temperature is 
assumed. If et its closest approach to the earth Venus has a 30 

seconds of arc semi-diameter, then its erea will be one-quarter the 
area of the central circle in Figure 30. Referring to Table 20 and 
assuming that the antenna is pointed directly at Venus, then the 
ratio of the product of the area of Venus times the weight of the 
central zone to the summation of the area and weights for the whole 
pattern will be 0.0046. Even if the surface temperature of Venus 
were the surface temperature of the sun the intensity of the signal 
observed at 8.5 millimeters would be 0.46% of that for the sun. If 

the surface temperature of Venus is 300° Centigrade then the signal 
would be 0.05% of that of the sun. This is smaller than the experi- 
mental error. If the fifty- foot antenna has a surface usable at 
8.5 millimeters, then Venus wiI1 probably be measurable. For then 
at closest approach, Venus will cover the first two end one-half 
zones. It is assumed here that a table similar to Table 19 is made 
for the fifty- foot antenna with the dimensions scaled so that the 
first circle will be 0.2 minutes in radius, the second 0.4, and so 
on. In this case the signal from Venus would be about one percent of 
that from the sun. 

THE OBSERVATIONS ON THE 20 MAY 1047 TOTAL ECLIPSE OF THE SUN 

A total eclipse of the sun offers a unique opportunity to 
measure the variation of the intensity of the radiation across the 
surface of the sun and thereby offers a solution to the problem of 
obtaining higher resolution in those cases where the antenna beam- 
widths cannot be made sufficiently small because of size and wave- 
length limitatiz;s. Some measurementgeon partial eclipses have been 
mede by Sander, Dicke and Beringer, and Covington at wave1 engths 

of 1.25, 3.5, and 10 centimeters. 

On May 20, 1947, there was e total eclipse of the sun of long 

duration, whose path of totality extended from Brazil to Africa. 
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Measurements were made of the intensity of the sun’s radiation during 
this eclipse by a group from the Naval Research Laboratory. At this 

time the only equipment for measuring solar radiation at the Labora- 

tory functioned at a wavelength of 3.2 centimeters. The equipment was 

bulky, required a very well stabilized source of sixty-cycle power, 
and in addition the antenna reflector wes a large aluminum paraboloid 
which would not stand rough handling. Considering these factors and 
the time element involved, it was decided that the eclipse could best 
be observed from shipboard, where the antenna and the rest of the 
apparatus could be installed at the Laboratory and could be ed)usted 
during the trip to the eclipse location. The location chosen for the 
measurements was longitude west 20°; latitude north lo, which was in 
the center of the path of totality, and at this location the duration 
of totality was 5 mindtes, 5.5 seconds. Figure 35 is a chart of the 
path of totality taken from the Supplement To The American Ephemeris 
1947,and on it is shown a chart of the course of the ship for the 
period during which observations were made of the eclipse. 

The location chosen for the observations was one giving nearly 
maximum duration of totality. Records of previous years indicated 
that the chances of having favorable weather for observations were 
better at this location than at any other available. The principal 
difficulty due to operation on shipboard was that of stabilizing the 
antenna during the observation of the eclipse, but this problem was 
more easily solved then any alternative plan which would necessarily 
require extensive modification of equipment. 

The width of the path of toteli ty at the point chosen for ob- 
servations was about 100 miles. The course the ship took and the 
speed it ran during the observation of the eclipse were determined 
by the nature of the surface of the sea and the roll characteristics 
of the ship. In order to make the problem of stabilizing the antenna 
as simple as possible, the ship was maneuvered to minimize motion. 
The navigation of the ship was the responsibility of the ship’s 
officers, and their records show that the maximum distance of the 
ship from the true center of the eclipse during the full course of 
the eclipse was five miles, end that during totality the ship was not 
more than one-half mile off the predicted center line. To arrive at 
this answer the ship’s navigator took extreme care in taking his 
bearings on the day before the eclipse, the eclipse day, and the 
following day. 

I::’ 
:;. 
~, 
i- 
3. 
c., 

The times and positions of the contacts computed for the 
position of the ship at mid-totality are taken from a series of 
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Figure 35 - Chart of the path of the total eclipse of May 20, 1947, 
with an insert showing the course of the ship during the progress 
6f the eclipse 
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calculations by the Navel Observatory staff extending the Supplement 
To The Ephemeris for this location and ere given in Teble 25. The 

magnitude of the eclipse for this position was 1.039. Corrections 

were then made on the times end positions of the contacts due to the 
changing position of the ship. This resulted in the corrected values 

TABLE 26 
Times of Mid-Totality and Semf-Duration of Total Eclipse 

for Po1nt.s on the Central Line in the South Atlantic Ocean 

G.C.T. of Semi-Duration 
Ed-Totality of Total EelApse Latitude Longitude 

13h 

13 

13 

13 

13 

13 

13h 

om ‘P 
1 2 

f 2 2 2 

ii 2 2 
7 2 

; 2 2 

10 2 
11 2 

;; : 
4 2 

15 2 
16 2 
17 2 
18 2 
19 2 

20 2 
21 2 
22 2 
23 2 
24 2 

25 2 

z 2 2 
28 2 
29 2 

3om 2m 
;; 2 

;2 
2" 
2 

$; 
17:5 
18.2 
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19.7 
a.3 
20.9 
21.6 
22.2 

22.8 
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2:; 
25.3 

25.8 
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26.8 
27.4 
27.9 

2:; 
29.4 
29.8 
30.3 

30.7 
31.1 
31.5 
31.9 
32.3 

32:6 
33.0 
33.3 
33.6 
33.9 

5216 
36.5 20.6 
4;:: 

-8 8 
7” 
7 

:38’: . 
3:'; 
33.7 

-7 19.0 

1 5% 
6 36.0 
6 22.0 

-6 

: 
z 

5::: 
40.8 

2:‘; 
-5 

:: 
34 

-3 

i 
3 

-2O 
2 
2 
2 
2 

4;:; 
35.0 
22.2 

9 .6 
57.0 
WC.6 
32.3 
20.2 

8.2 

5633 

+34O 
34 

E 
+33 
32 

;: 
31 

+31 
31 

;; 
30 

*30 
29 
29 

z 
+28 28 
28 

z 
+27 

2 
26 
26 

+26O 
25 
25 
25 24 

4216 
23.4 

41;:; 
26.8 

5::: 
31.8 
13.8 
55.9 

38.1 
20.5 4g . 
Il.1 
54.0 
37.0 
20.1 
3.3 

g-g 
13:3 
56.7 
40.2 

23.8 
7.4 2:; 

18.4 I 4% 
29.7 
13.5 
57.3 
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3 
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c1 
-1 
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TABLE 25 (cont.) 

G.C.T. of Semi-Duration 
Mid-Totauty of Total Eclipse Latitude Longitude 

13 

13 

13 

13 

13 

14 

un 

14 

l-4 

55 
56 
57 

;; 
0 
1 
2 

: 

zm 
7 
8 
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E 
I2 
13 
l4 
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16 
17 
18 
,19 

2 
2 
2 

2" 

2 

22 
2 
2 

2 
2 
2 
2 
2 

2 
2 
2 
2 
2 

2 
2 
2 
2 
2 

2 

i 
2 
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2 
2 
2 
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2 
2 
2 
2 
2 

2 
2 
2 
2 
2 
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34:8 
35.0 
35.3 

35.5 
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36.8 
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37.0 
37.0 
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37.1 
37.0 

;76*; 
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36.8 
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36.6 

;2*: . 
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33.4 
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-1 
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1 
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1 
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0 
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0 
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-0 
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0 
0 
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0 
0 

:: 

+l 

: 

:: 

*2 
2 
2 

I 

0 +2 

3' 

; 

+3 

z 

; 

+3 

i 
4 
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36.4 
25.5 
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54:: 

;2; 
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12.3 
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17.4 
27.1 

36.6 
46.0 
55.3 
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$:Z 
57.1 

5.6 
13.9 
g:: 
37.9 

45:8 
53.5 
1.1 
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15.8 
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43.8 
50.5 

57.0 
3.4 
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u.9 

+24 4I.l 
24 24.9 
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23 36.3 

+23 20.3 
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22 15.5 

+21 59.3 
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21 10:s 
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+20 37.5 
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TARLE 25 (cont.') 

G.C.T, of Semi-Duration 
Mid-Totality of Total Eclipse Latitude Longitude 

16 20 2 31.4 +4 
21 2 31.0 

:: 

tZ fll 48.1 
11 28.5 

z; i: 2:: 
u, 2 29.5 :: 

37’ 
50:o 

8 4::; 
10 28.9 

I.4 25 2 29.0 +4 55.2 +10 8.8 

for the timea and poai tions given in Tab1 e 26. From the data on the 

four contact points it was then possible to determine the position 
of the center of the moon with respect to the center of the sun for 
three positions: that of first and lest contact and that of mid- 

toteli ty. Through these three points a circle was drawn which is 

TABLE 26 
Times of Contact for Posftfons of Ship 

I 

Times of Contact 
for position: 

Contect Long. 20° 33!4 W 
Let. 38!4 N 

I lZh 16m 23’ 

II 13 47 37 

III 13 52 51 

IV 15 25 34 

- -r 

c 

Ship’s Position 

Long. Lat. 

209 3113 ,f+l 45:8 N 

20 33.0 38.4 

20 33.9 38.3 

20 52.5 34.3 

Times of Contact 
corrected for 

ship’s position 

12h 16m 37’ 

13 47 39 

13 52 49 

15 24 38 

used for the path of the moon’s center ecross the soler disc as shown 
in Figure 36. The deviation of this path from the true path is small 
enough to be neglected in this experiment. When this path divided 
into even subdivisions of time, it was a simple matter to determine 
the time of occultation of the sunspots by using e transparent tem- 
plate representing the moon. 
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AXIS 

-- -- 

Figure 36 - Path of moon’ s ten ter across solar disk 

Observed Eclipse Function 

The weather on the day of the eclipse started out overcast with 

high clouds; there had been an extremely heavy rain on the previous 

day. The weather cleared progressively as the day went on, so that it 
was possible to see the sun during breaks in the clouds during the 
entire period of the eclipse, At the time of first contact the sun 
was in the clear so that the time of contact could be determined 
optically. During the first half of the eclipse the sun was covered 
intermittently with light clouds ot least half the time. The sun was 
in the clear during the entire period of totality and remained pretty 
much uncoyered during the latter ha1 f of the eclipse. The clouds did 
not interfere seriously with the radio measurements, but they .did 
make it difficult to keep the sharp radio beam on the sun by optical 
means, and, of course, interfered with the monitoring photographs 
taken to check pointing accuracy. 

The receiving arrangement used in the 3.2 centimeter apparatus 
differs from that described earlier for 8.5 millimeters. Figure 37 
is a block diagram of the receiver. The arrangement was originally 
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Figure 37 - Block diagram of 3.14 
centimeter radiometer 

41 
designed by Di eke. It is essentially a superheterodyne receiver 

which looks alternately at the signal through the antenna and at a 
matched load at ambient temperature. The switching is done at a rate 
of thirty t imes a second. The signal applied to the receiver i.s then 
one with a thirty-cycle variation in amplitude. The maximum amp1 i tude 
is that of the incoming signal and the minimum amp1 i tude is that due 
to the Johnson noise in the waveguide termination. The maximum and 
minimum positions are reversed, of course, if the antenna is pointed at 
sanething having lower than ambient temperature; the thirty-cycle output 
will be zero when the antenna is pointed at something which is at the 
same temperature as the waveguide termination. The thirty-cycle out- 
put from the receiver is amplified and later detected and measured 
in a recording mill iammeter. 

The antenna used for the experiment was a parabolic reflector 
eight feet in diameter mounted on a pedestal which allowed the stabi- 
lized antenna to be trained in azimuth and elevation by hand control 
through an electromechanical linkage. The beamwidth of the antenna 
was 0.8’ between half-power points. The degree of stabilization was 
such that the total motion of the ship was not taken out of the an- 
t enna, and it was necessary for the operator to make corrections in 
the pointing using the hand controls with the aid of a telescope. In 
so far as possible the records were checked against photographs of the 
sun taken at five-second intervals through a telescope bolted to the 
antenna mount. 
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The signal received from the sun caused a deflection in the out- 
put meter of the receiver of about 1.5 milliamperes. This deflection 

was shown earlier in the report to be proportional to the antenna tem- 
perature. The output of the receiver was connected to an Esterline- 

Angus recording milliammeter to record the variations in intensity 
during the progress of the eclipse. To calibrate the deflection of 
the recording milliammeter in terms of intensity of the incident 
radiation, the receiver was connected to a matched termination whose 
temperature could be varied in a known fashion. The deflection of the 
output instrument could be accurately calibrated with a thermocouple 
in terms of antenna temperature. 

To convert from antenna temperature to the true temperature of 
the sun, a knowledge of the pattern and gain of the antenna is re- 
qui red. See equation (20). At periodic intervals during the series 
of measurements the antenna was pointed at the sky some distance from 
the sun and the equivalent temperature of the sky recorded. The cons- 
tancy of the sky reading gives a measure of the stability of the re- 
ceiving arrangement, for since the sky temperature is less than the 
temperature of the termination against which it is compared, then any 
variation in gain of the receiver will be revealed by a lack of cons- 
tancy of the sky reading. 

The antenna arrangement was mounted on an existing tripod mast 
in such a way that the center of the antenna was seventy-five feet 
above water level. The antenna had an unobstructed view in all di- 
rections except for dead ahead at zero elevation, where the foremast 
and rigging of the ship interfered. 

An Interpretation of the Observed Function 

During the observation of the eclipse, the sun was in such a 
position relative to the ship that the antenna had an unobstructed 
view of the sun. The results of the observation during the eclipse 
are given in Figure 38. Here the rectified current at the output of 
the receiver, which is proportional to the intensity of the received 
radiation, is plotted as a function of time. Each point shown is the 
mean of many observed points except for the expanded region for the 
time of totality, where all points are shown, The times of the four 
eclipse contacts are indicated on the curve. It can be seen that the 
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Figure 38 - Variation of 
received signal at 3.2 
ten time ters during the 
May 20,1947 eclipse. The 
fu.21 line passes through 
the average of the ob- 
served points; the dot- 
ted fine represents a 
symmetrical curve. The 
individual points are 
shown to an expanded scaf e 
near to tal i ty 

radio- frequency radiation from the sun at 3.2 centimeters wavelength 

was not totally eclipsed. The intensity fell to only 4% of the total 
radiation. An inspection of the figure will show that the eclipse 
curve is not symmetrical about the time of midtotality. The data was 
analyzed to evaluate the relative effect of the variation in bright- 
ness across the surface of the sun, the excess radiation associated 
with sunspot activity, and, finally, the radiation due to the corona. 
For purposes of analysis the observed points are plotted in Figure 39 
with relative intensity as ordinate and apparent separation of the 
the centers of the sun and moon as abscissa. 

Consider first the residual radiation at the time of totality. 
This signal can be accounted for in three possible ways: (1) radiation 
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Figure 39 - The observed relative in tensi ty during 
the eclipse of May 20, 1947 plotted against ap- 

parent separation of the ten ters of the sun and the 
moon in units of solar radii 

from that part of the corona which is unobscured; (2) radiation from 
the near side of the moon: (3) diffraction around the edge of the moon, 

Calculations show that the radiation diffracted around the moon from 
an extended source such as the sun at this frequency can be neglected. 
The radiation from the back or cold side of the moon has been in- 
dependently measured as somewhat less than 1% of the radiation from 
the sun at this wavelength. The conclusion that must be drawn then is 
that the part of the corona which is visible during totality radiates 
an amount of energy at this wavelength which is 3% to 4% of that of 
the uneclipsed sun. 

A calculation has been made of the expected radiation from the 
corona during the period of totality using the data and methods pre- 
sented in this report. This analysis indicates that the residual 
radiation should be 4% of that of the uneclipsed sun. Table 27 
gives the calculation for the effective temperature of the corona 
at distances f= 1.04, 1.05, 1.06, 1.07, and 1.10 from the center of 
the sun. The construction used is similar to that previously used 
for the analysis of the equivalent temperature at the limb, where in 
this instance the limb is replaced by the sphere of radius R . The 
absorption for each layer is now 2 K A h , since the ray penetrates 
the entire corona. Table 28 provides a series of values for the 
summation of zr(A ), . From these data the value at 1.055, 1.065, 
etc., were obtained by interpolation, and the curve was extrapolated 
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TABLE 27 
Calculation of the Absorption forP= 1.04 

hs x P ax b’2 h' Ah' 
10% K&n ld6cm2 lS6cm2 1c%m2 dcm 108cm 

x 
per cm 2K*Ah' 

28 0 0 0 

29 1 1 1456 

30 2 4 2912 
31 3 9 4368 
32 4 16 5824 
33 5 25 7280 
34 6 36 87% 
35 7 49 10192 
36 8 64 IS@ 

37 9 81 Ulok. 

38 10 loo US60 
39 ll la. 16016 
40 12 IA4 17472 
4l 13 169 18928 
42 u 196 20384 
43 15 225 2l840 
44 16 256 23296 
45 17 289 24752 
46 18 324 26208 

47 19 361 27664 

48 20 400 29120 
49 21 441 30576 
50 22 484 32032 
55 27 729 39312 
60 32 1024 46592 
65 37 1369 53872 
70 42 1764 6ll52 

139 Ill 12321 161616 
278 250 62500 364000 
w7 389 151321 566384 

0 0 

1457 38.171 

2916 54.000 
4377 66.159 

5840 76.420 
7305 85.469 
8772 93.659 

low 101.20 
ll7l.2 108.22 
13185 lJ.4.83 
I.4660 ~~.oe 
16137 127.03 
17616 132.73 
19097 w.19 
20580 143.46 

22065 148.54 
23552 153.47 
2504l 158.24 
26532 162.8g 

a025 167.W 
29520 171.81 
31017 176.12 
32516 180.32 
4Ow 2oo.lO 
47616 218.21 
55uiL 235.03 
62916 250.83 

173937 w7.06 
4265cn 6s3.q 
717705 847.18 

38.171 1,39~lO-~~ 1.061x10-3 

15.829 1.33 f+.21WO-kL;. 

12.159 1.28 3.ll.3 
10.261 1.23 2.524 
9.049 1.18 2.136 
8.190 1.13 1.851 
7.54 1.09 1.644 
7.02 1.06 1.488 
6.61 1.02 1.348 
6.25 9.8x10-u 1.225 
5.95 9.55 1.136 
5.70 9.21 1.049 
5.46 8.98 ' 9.828~lO-~ 
5.27 8.70 9.170 
5.08 8.42 8,534 
4.93 8.10 7.997 
4.77 8.00 7.632 
4.65 7.80 7.254 
4.52 7.60 6.870 
4.40 7‘40 6.512 
4.31 7.22 6.206 
4.20 7.03 5.922 

19.78 6.60 2.61.Ix.10-~ 
18.I.I 5.90 2.137 
16.82 5.30 1.783 
15.80 4.80 1.517 

166.23 2.70 8.976 
236.01 4.9O~lo'~5 2.312 
194.U 5.501dO'~~ 2.136x10-5 

se 5.947x10-3 

r 
5 
cm 
cm 
* 
m 
h 
PI 
t:: 
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35 

36 

37 

38 

39 

40 

41 

42 

43 

44 

45 

46 

47 

48 

49 

50 

55 

60 

65 

70 

139 

278 

w7 

TABLE 87 
Calculation of the Absorption forp= 1.05 
- 

OL 
0 
1 
2 

3 

4 

5 

6 

7 

8 

9 

10 
ll 
12 

13 

I.4 

15 

20 

25 

30 

35 

104 

243 

382 

2 
LG%l12 

0 

1 

4 

9 

16 

25 

36 

49 

64 

81 

100 
121 

a4 

169 

196 

225 

400 

625 

900 

1225 

10816 

59049 

3.45924 

4 
2Xx 
oGl? 

0 

l470 

2940 

44lO 

5880 

7350 

8820 

10290 

1.1760 

13230 

I.4700 

16170 

17640 

19llo 

20580 

22050 

29400 

36750 

w;loo 

51450 

L52.880 

357210 

561540 

- 

h12 
to%l12 

h’ 
108clo 

0 0 

l471 38.354 

2944 54.255 

44l9 66.4776 

5896 76.78L 

7375 85.87( 

8856 94.lU 

10339 -01.68 

I-I.824 Lo8.74 

133ll us.37 

U800 tu.66 

16291 ~27.64 

17784 ~33.36 

19279 138.85 

20776 u4.14 

22275 149.25 

29800 172.63 

37375 193.33 

45000 212.13 
52675 229.51 

163696 P4.59 

W6259 ;45a 

707464 &Ml 

- 

Ah’ 
108cm 

K 
per cm 

18.354 ..06XlO'l3 

.5.905 1.02 

.2.237 ,.8XlO'~ 

LO.310 9.55 

9.092 3.21 

8.229 3.98 

7.57 3.70 

7.06 8.42 

6.63 8.10 

6.29 8.00 

5.98 7m 

5.72 7.60 

5.49 7.40 

5.29 7.22 

5J.l 7.03 

23.38 6.60 

20.07 5.90 

18.80 5.30 

17.38 4.80 

75.o8 2.70 

bO.59 4.9x10-15 

35.93 saxlo-16 

2K*P h’ 

8.13l~lO'~ 

3.245 

2.395 

1.969 

1.673 

1.481 

1.317 

1.186 

1.074 

1.006 

9.32wo" 

8.694 

8.125 

7.618 

7.205 

3.086x10-~ 

2.368 

1.993 

1.668 

9.454 

2.358 

2,15tiO-5 

F;4.872xl.o-3 
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TARLE 27 
Calculation of the Absorption forp= 1.06 

h3 X x2 mx h12 h' Ph’ K 
108cm 108cJn 10%112 1016cn2 d6cn? loscm 108cm per cm W*Ah' 

42 0 0 

43 1 1 
44 2 4 
45 3 9 
46 4 16 
47 5 25 
48 6 36 
49 7 49 
50 8 64 
55 13 169 
60 18 324 
65 23 529 
70 28 784 

139 97 9409 
278 236 55696 
417 389 151321 

0 

2968 

4452 
5936 
7420 
8904 

10388 
llw2 

19292 
26712 
34132 
41552 

143948 
350224 
577276 

0 

1485 
2972 
4461 

5952 
7445 
8940 

10437 
u936 
19461 
27036 
34661 
42336 

153357 
405920 
728597 

0 
38.536 8.42~I0-~ 6.47wc+ 

38.536 
15.980 8.10 

54.516 2.589 
12.275 8.00 66.791 1.964 
10.358 7.80 1.616 

77.l49 
9.135 7.60 86.284 1.369 
8.268 7.40 1.224 

94.552 
7.61 7.22 I.096 

102.16 
7.09 7.03 

109.25 
9.997x10-5 

30.25 6.60 139.50 3.993x10-4 

164.43 
24.93 5.90 2.942 

186.18 21.75 5.30 2.306 
_~ 

19.58 4.80 1.880 
205.76 

185.85 
391.61 

2.70 1.ax+xlo-2 
245.51 

637.12 
4&o-15 2.406xlo-4 

216.46 5.5x10-16 
853.58 

2.382x10-5 

i.4.llwo-3 
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TABLE 27 
Calculation of the Absorptfon forp= 1.07 

P 23~ h12 
lok mtm m%,2 &'cn? 1o%m2 

h' dh' K 
lO%l 108C, per cm ZK*A II' 

49 0 0 0 0 0 

50 1 1 U98 1499 38.717x109 
38.717 7.03x10-14 5.444x-x0-4 

56.273 6.60 7.429x10-4 
55 6 36 8988 gouC 94.995x109 

16599 128.84xd" 
33.845 5.90 3.99wo-4 

60 11 121 16478 

24% 155.64xlOl' :;'r; t"; 
2.84l~lO-~ 

65 16 256 23968 

3lw9 178.60iLOl" l ’ l ” 

2.204xlO'4 
70 21 44l 31458 

lL,2$X 378.05x1OlO 
197.5 2.7 1.077x10-3 

139 90 8100 134e20 
250.8 4.9xTLO-l5 2.458x~O-~ 

278 229 52441 343042 395483 628 8Cx101' 
199.8 5.5xlO-l6 2.19t?x10-5 

W7 368 135424 551264 686688 323:67x101' 

s= 3.536x1O-3 

TABLE 27 
Calculation of the Absorption for PS 1.10 

h.g x x2 28x ht2 h' Ah' K 
lO%Il 10% 10%? lo%m2 10%m2 lo8cm 108cm per cm 2K*Ah' 

70 0 0 0 0 0 
3.33XLol" 2.7x1O-u l.799x1O-3 

139 69 4761 106260 llJ.021 333.20 
2,698x101° 4 . WO-~~ 2 * 644x10~ 

278 208 43264 320320 363584 602.9e 
2.062xlo1o 5.5x10-16 2.268x10-5 

417 347 =&oq 534380 654789 m9.19 

x l height of the top of the layer above the reference circle 

h, = height of the top of the layer a?xve the BLUI~S surface, 

h,-(%gtx 

h12 =25x +x2 

R =7.2&d" cm 

Rb= 7x lOlo cm 
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TABLE 28 
Calculation of Residual Radiation at Time of 

Tot,allty and the Equivalent Temperature of 
the Coronfl at3.14 Centimeters Wavelennth 

A B c 
Aring f2Wh A 2L 

I( Equivalent 
T A*B*C Temperature 

mln s ?.lL of Rim o I< 
1.04 9 5.35x10-3 0.0209 70 0.00'784 4.5xd 
1.05 

4.48 
1.06 

3.81 
1.07 

3.28 
1.08 

2.78 
1.09 

2.30 
1.10 

1.85 
1.l.l. 

1.38 
1.12 

0.92 
1.13 

0.45 
1.14 

.02ll 

r0213 

,021s 

.0217 

.02l9 

.0221 

.0223 

.0225 

.0227 

70 .00662 

70 .00568 

70 .00516 

70 .00&22 

70 .00352 

70 .00285 

70 .oou6 

70 .00145 

70 .00071 

Lf= 0.04ou 

3.76 

3.19 

275 

2.33 
1.92 

1.55 

1.16 

0.77 

0.377 

105 

to obtain the probable values beyond 1.1. Since the absorption had 
fallen to a quite low value at 1.1, any error in the extrapolation 
will make only a small error in the final result. Successive rings 
from 1.04 to 1.05, 1.05 to 1.06, etc., out to 1.13 are computed for 
area and shown as a ratio to the area of the sun (see column 3). The 
temperature of the corona over this region is taken to be uniform at 
8.4 x 105 degrees Kelvin. The contribution due to the exposed corona 
may be calculated in the fof lowing manner: fc c /J.-T,- x2KAh 

I, = A& 
(77) 

where A, = the area of the individual ring 

Th = 8.4 x lo5 degrees Kelvin, the equivalent temperature 
of the material in the ring 

22bh tthe absorption of a ray passing through the ring 

A,= area of the sun 

c 
2. 
< 
r 
5 
c, 
<.I 
“.. 
-I 
“~. 
I- 
t:: 



106 NAVAL RESEARCH LABORATORY 

T = equivalent temperature of the sun 

I,= emission from the exposed corona 

IS’ emission from the entire sun. 

The contribution from each ring is tabulated in column 5 of Table 28, 
and the sum is the ratio of the total emission from the uneclipsed 
corona to the emission of the entire sun. It is seen that there is 
excellent agreement between the computed and observed values. 

The earlier analysis also yields the temperature distribution 

across the solar disc. The distribution computed on this basis is 
shown in Figure 40. The computation yielding the data for Figure 42 

20,000 20’ooo 11111 
16,000 16,000 

F 

z 

F 

12,000 

z 
2 
k! 8,000 

4,000 

01 ’ ’ ’ ’ ’ ’ ’ ’ ’ 
0 0.2 0.4 0.6 0.0 

F 

z 

F 

12,000 

z 
2 
k! 8,000 

4,000 

0 
0 0.2 0.4 0.6 0.0 I 

\ 

7 

) 1.2 

Figure 40 - Calculated temperature distribution 
across the surface of the sun at a wavelength 

of 3.14 centimeters 

is given in Tables 12, 13, 27, 29, 30 and 31. These tables give the 
equivalent temperature for rays emerging at the center and at /*0.791, 
0.935, 1.0, 1.015, 1.04, and out top= 1.10. It is seen that limb 
brightening becomes appreciable at 3.14 centimeters and that the ef- 
fective diameter of the sun is some 15,000 to 20,000 kilometers greater 
that the optical diameter. 



TABLE 29 
Calculation of the Equivalent Temperature at p = 0.791 at 3.14 Centimeters Wavelength 

h T K -1 ' r KM OK CM 
;,%a: (R+hj2 

lO2%.U? (R$$~;$2 T $6, ",;ti,, KAh, ,_-;A,* irmh, ' e-~K.Ah’ I 4 C$+*l I 

7500 
1 

8wo 
2 

WJO 
3 

9ooo 
4 

9500 
5 

loo00 
6 

loso 
7 

llow 
9 

wm 
9 

12OOO 
10 

12500 
11 

ljooo 
12 

13500 
13 -- 

14WO 
Ilr 

14500 
15 

15m 
16 

l&O 
17 

17ooo 
18 

1OOCG 
19 

19OOO 
20 . 

2oooo 
21 

c?-aoo 
22 

24om 
23 

26aoo 
ur 

2e#m 
25 

j3ooo 

6.51~103 

6.644 
6.92 
7.60 

8.1J 

9.20 

1.07xloJ4 

1.29 

1.45 

1.70 

1.95 

2.29 
2.73 

3.16 

3.71 

4.60 

6.46 

8.50 

1 .mx105 

1.55 

2.51 

4.60 

7.82 

8.40 

8.ko 

8.69x10-~ 

5.95 

3.59 

2.07 

1.18 

6.1310~ 

3.10 

1.49 

7.49x10-lo 

4.22 

2.50 
1.49 

9.o3xlo-1l 

5.84 

4.00 

2.58 
1.31 

7.98x10-12 

k.go 

3.03 

1.50 

6.45~10-'~ 

3.08 
1.86 

1.P5 

702.5 

703.0 

703.5 

7o4.0 

704.5 

705.0 

705.5 

706.0 

706.5 

707.0 

707.5 

708.0 

708.5 

709.0 

709.5 

710.0 

711.0 

712.0 

713.0 

714.0 

715.0 

717.0 

719.0 

721.0 

723.0 

725.0 

49.351 

49.GJl 

49.491 

49.562 

49.632 

49.702 

49.773 

49.844 

49.9l4 

49.985 

50.0% 

5O.126 

50.197 

50.26e 

so.33 

5o.wo 

50.552 

5o.a 

50.937 

50.980 

5l.122 

51.4o9 

51.696 

51.984 

52.273 

52.562 

19.101 L37.05 
19.171 437.85 

19.w Ljo.65 

19.312 439.45 

19.9 Lb.25 

19.452 W-OS 

19.523 dbl.85 

19.594 LU.sS 

19.664 44b3.44 

19.735 4L4.u, 

19.806 445.04 
19.876 445.83 

19.947 446.62 

2o.oia 447.42 

2Oo.W 448.21 

20.160 449.00 

2o.92 450.58 

~.kw, 452.15 

20.587 453.73 

20.730 455.30 
20.872 456.86 

21.159 459.99 

21.446 463.10 

21.7% 466.x, 

22.023 469.29 

22.3ln 472.36 

12.17 
0.80 

12.97 
0.80 

13.77 
0.30 

14.57 
0.80 

15.37 
0.80 

16.17 
0.30 

16.97 
0.80 

i7.n 
0.79 

18.56 
0.80 

19.w 
0.90 

20.16 
0.79 

a.95 
0.79 

21.74 
0.80 

n-54 
0.79 

23.33 
0.79 

24.12 
1.58 

25.70 
1.57 

27.27 
1.58 

28.85 
1.57 

P.L2 
1.56 

31.98 
3.13 

35.11 
3.11 

3-Z 
3.10 

U.P 
lJ&.lll 3-W 

3.07 
47.48 

6.952 

4.760 

2.072 

1.656 

0.W 

.L9& 

.uueO 

.I177 

.e992 

.o3376 

.o1975 

.oiin 

.w7nk 

.wMllr 

.oo3160 

.OO4O76 

.oo2Q57 

.OO1261 

.ooo7693 

.ooo4727 

.ooo4695 

.ooo2006 

.W50 

.oooo5747 

.~Loo6 

0.9990 

.9911, 

.9434 

.eo91 

.6109 

.b76 

.ZW 

.lllO 

.O!Bl 

.o332 

.0196 

.0117 

.OO72& 

18.189e 

11.2378 

6.k-170 
3.m 

1.9m 

1.0058 

.Y54 

.a74 

.l497 

.&78 

.056o2 

.om 

.OWO 

.o1727 

.01266 

.009493 

.oQ5423 

.oQ3% 

.002105 

.ool3j6 

.om3631 

.CQW9% 

.~l9jo 

o.l.423 

0.3m 

.5973 

.7654 

A610 

.9&l 

.9455 

.W 

.975fJ 

.9020 

.9874 

.99o5 

.9%6 

.9966 

.9979 

.9987 

.99x 

.9& 

.99% 

.oooo9753 .9999 

.~oYJ~OQ~~.O~K, 

4.948x103 1.810x103 

3.566x103 2.lj0~103 

2.350~103' 1.793x103 

1.432x103 1.233110~ 

e.424x102 7.7oox102 

5.644x102 5.336x102 

3.922x102 3.686x102 ‘ 

2.679~10~ 2.61L,x102 

1.97zxl32 1 .93ax102 

1 .458x102 1 .440x102 

1.172~10~ 1.161~10~ 

1.908x102 1 .898x102 

1.329x132 l.324x102 

1.072~10~ 1.070& 

9.232~10~ 9220x101 

7.327xlOl 7.320x101 

1.178x102 1.179x132 

9.228~10~ 3.226~10~ 

7.467~10 1 7.46&10 1 

h.827x101 4.827~10~ 

3.3fwo1 
L=11,350°K 

R’ E -7 + c’ + xrL + 4’ 

but r’: R’- XL 

thersr ore 

= &W - Y.x4rPrJo'-c9b 



TABLE 30 
Calculation of the Equivdent Temperature at p = 0.935 at 3.14 Centimeters Wavelength 

tR+hJ2-x2 &zs h(, 
A B C co 

h 
4 I-1 $ 

Oh' 
r II CM lOwm2 10 cm 10 c. lee, K.&h' l,e--"' z I(.A ,,' .-ZKAh' ;'f; Wg,l 

I\ 

75m 702.5 49.351 
1 6.51~10~ 8.&x104 

f3ooo _~~ .~ 703.0 49.421 
2 6.64. 5.95 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

13 

I.4 

15 

16 

17 

18 

19 

20 

21 

22 

23 

2L 

25 

26 

w+J 
6.92 

9ooo 
7.60 

9500 
8.10 

10000 
9.m 

1aQ 
1.0711 04 

11ooo 
1.29 

11500 
u5 

1.70 
w= 

1.S 
lpoo 

2.6 
13500 

2.73 
moo 

3.16 
agO0 

3.71 
15ooo 

l&1004~68 
6.U 

l7ooo 
8.9 

18OOO 
1.20x105 

19ooo 
1.55 

a3ooo 
2.51 

2xxT 
4.60 

ucooo 
7.82 

26ooo 
a0 

28ooo 
8.lo 

%a 
WJ 

3.59 

2.07 

1.18 

6.13~109 

3.10 

1949 

7.49xlO"O 

4.22 

2.50 
1.49 

9.0*10-11 

5.a 

h.oo 

2.58 
1.3 

7.9&10-12 

4.90 

3.03 

1.50 

6.45~~3 

3.@3 

1.86 

l.?JS 

1.195 

703.5 49.491 

704.0 49.562 

704.5 49.632 

705.0 49.702 

705.5 49.n3 

706.0 &9.W 

706.5 49.911, 

707.0 49m5 

707.5 50.0% 

70d<7 p.126 

708.5 so.197 

709.0 50.268 

709.5 40.3?s 

710.0 sa410 

7ll.O 50.552 

712.0 SO.696 

713.0 50.837 

71k.o 50.9ao 

715.0 51.122 

717.0 5l.409 

719.0 51.696 

721.0 51.9a 

723.0 52.273 

725.0 52.562 

7.101 266.40 XLlrb 
7.171 267.79 21.77 

7.w 2kJ9 23.07 

7.312 27O.W 24.39 

7.3@ 271.70 4.U 

7Jb52 272.90 26.96 

7.523 274.28 28.26 

7.594 275.57 29.55 

7.w 276.84 PO.82 

7.735 278.12 32.10 

7.806 279.39 33.37 

7.876 28o& 3L.e 

7.947 281.90 35.88 

8.018 283.16 37.a 

WW 2u4.l 9.39 

1.160 285.66 394 

8.jo2 288.13 I42.11 

U44 m.59 ub.57 

W@l 293.64 47.02 

0.750 295.47 49.45 

8.072 297.86 51.a 

9.159 3fJ2.4 56.62 

9.446 307.a 61.2 

9.7% 31.59 65.97 

10.023 36.59 70.57 

10.32 321.13 75.11 

1.31 ll.Bj9 

1.30 7.735o 

1.Y 4.7% 

1.29 2.6703 

1.28 l.51o4 

1.30 0.79@ 

1.29 .3999 

1.27 .1@32 
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Calculation of the Equivalent Temperature at p = 1.012 at 3.14 Centimeters Wavelength 
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In the analysis of the. observed eclipse curve, three temperature 
distribution curves were chosen to give an idea as to the effect of 
the different temperature distributions upon the resulting eclipse 
curves. The purpose here was to use a curve-fitting technique to 
estabfish the fact that only a sun with a bright limb could produce 
the variation observed during the eclipse. The temperature distri- 
bution curves chosen for trial are: a uniform distribution across 
the disc: a distribution similar to that of Figure 40; and a distri- 
bution ha1 f of which is due to a uniform center and the other half 
to a bright periphery. These distributions are shown in Figure 41. 
The distribution assumed for the corona is exponential and drops 
to a vanishingly small number at 

P= 1.16. It is only near totality 
that the distribution in the corona has a measurable effect on the 
shape of the eclipse curve. From these temperature distribution 
curves it was possible to calculate the resulting eclipse functions 
by using a numer$;al integration technique based upon previously 
reported values. 
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Figure 41 - Distributions used in computing the 
data for Figure 43 
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The reduction of the times of occultation of each independent 

sunspot was determined graphically by placing the center of a 
circular transparent template on the path of the moon’s center 

across the solar disc as shown in Figure 36 in such a manner that 
the edge of the template just covered the sunspot in question. Then 

the distance between the center of the photograph of the sun and the 
center of the template was measured in units of the solar radius. 
The sunspot areas a%$ magnetic fields for that day were obtained 
from other sources. A curve showing the percentage of total sun- 
spot area and square root of sunspot area times magnetic field of 
the spots uncovered as a function of the separation of the centers 
was drawn. This is shown in Figure 42. Combining the distribution 
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APPARENT SEPARATION OF CENTERS OF SUN AND MOON IN SOLAR RADII 

Figure 42 - Percentage of spots uncovered as a function of 
the apparent separation of the centers of the sun and the 

moon in units of solar radii 

----- Area of spots - Square root of area times the 
magnetic field 
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function , the sunspot function, and the corona function in different 
proportions, several eclipse curves were obtained which were combined 
into two sets. The first set emphasizes the effect of giving varying 
emphasis to the sunspot contribution. The second set assumes a 
constant sunspot contribution but illustrates the effect of different 
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temperature distributions. The contribution from the corona and the 
moon were assumed the same throughout, since these effects were de- 
termined by the residual radiation at totality. Comparing the curves 
where the various parameters are emphasized in Figures 43 and 44 with 
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APPARENT SEPARATION OF CENTERS OF SUN AN0 MOON IN SOLAR RADII 

Figure 43 - Trial eclipse functions using thedistributions 
of Figure 41 with no sunspot contribution 

L____ uniform distribution ---uni form plus narrow bright 
- distribution of Figure 40 ring at limb 
---- corna and upper chromosphere alone 

the observed data given in Figure 39 and plotted on Figure 44, it is 
seen from the shapes of the curves in Figure 43 that the distribution 
of Figure 40 yields the kind of ccl ipse curve necessary to fit the ob- 
served points. In Figure 44 varying emphasis on spot contribution is 
shown, and from this it is clear that the full line corresponding to a 
30% spot contribution gives the best fit. The various contributions 
to the total emission now are: sunspot, 30%; quiet sun background, 67%; 
corona, 3%. It can be seen that although thia does not constitute a 
precise determination of the true distributions, it does show, as antic- 
ipated from the theoretical work, that there is asymmetry in the eclipse 
curve due to enhanced radiation from sunspots, and it shows also that it 
is necessary to postulate limb brightening to fit the curve and that the 
definite but small amount of radiation from the corona may be associated 
with this limb brightening. 
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Figure 44 - Trial eclipse functions using the distribution ofFigure 40 

wi th : -------- no spots, ------ 20% ,- 30% and 
--- 40% spot contribution. 

The measurement of the residual radiation at the time of totality 

offers an excellent opportunity to evaluate the equivalent temperature 
and electron concentration in the chromosphere and corona, especially 
if the measurement is made on a few selected wavelengths. Data of this 
sort for several eclipses of different magnitude would yield valuable 
information, and it is important to bear this in mind and arrange if 
possible to conduct such experiments at future eclipses. While the 
analysis of the form of the eclipse curve does not lead to a precise 
determination of the temperatures and concentrations of the various 
layers of the atmosphere, it can, nevertheless, yield data which would 
serve to corroborate an analysis based upon data such as that presented 
in this report. 

CONCLUSION 

Fenetrdion for Hays of Different Wavelengths 

The rate of emission of radio-frequency radiation from the sun 
has been shown to be dependent entirely upon the physical conditions in 
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the atmosphere of the sun. The effective depth of penetration for 

various wavelengths is shown in Figure 45. It is aeen from the 

figure that very much shorter wavelengths must be used in order to 
apply this method to the really deep layers of the atmosphere. If 
this is done then the disturbing effects of the increased concentration 
of the elements, other than hydrogen, must be taken into consideration. 

The data used to obtain Figure 45 are taken from Tables 10 to 17, 
where the equivalent temperature at the several wavelengths is com- 
puted on the basis of the assumed temperatures and electron distri- 
butions. The depth of penetration is determined by the electron 

densities and temperature, and in general the pen.etration is less for 

Figure 45 - The effective depthof penetration for 
radiation in the wavelength range 8 millimeters 

to 50 ten timeters 

a ray entering at the limb than for the central ray. The data shown 
in Figure 45 are computed for the central ray. The calculations of 
the opacity of the sun’s atmosphere in this report are based upon 
electron densities obtained by two quite different means for the 
corona and for the chromosphere. Those for the corona are based 
upon the intensity of scattered light; whereas those for the chromo- 
sphere are based upon the relative intensity of spectral I ines. Both 
sets of data arise from the analysis of eclipse observations. An 
inspection of Figure 18, where the electron density is plotted as a 
function of the height above the photosphere, reveals that there is 

\ a marked discontinuity at the junction of these two sets of data. 
Whether this discontinuity exists in fact is a fit subject for 
further investigation. The adoption of this density distribution of 
electrons necessitates the choice of a peculiar temperature distri- 
bution in the chromosphere in order to reconcile the observed tem- 
perature of the sun with the assumed conditions in the chromosphere. 
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The results of the present work reveal that there is sensibly no limb 

brightening at 8.5 millimeters and that the equivalent temperature of 

the sun at this wavelength is 6740° Kelvin. As was shown earlier, the 

temperature distribution in the sun’s atmosphere that is consistent 

with the observed data is one in which the temperature remains close 

to the photospheric temperature out to about 8,000 or 10,000 kilo- 

meters and then rises abruptly and rapidly to the elevated temperature 
of the corona at about 25,000 kilometers. With the temperature indi- 

cated as nearly uniform over a large part of the chromosphere it is 

implied that turbulent conditions prevail and that the situation 
there is very similar to that in our own atmosphere, where the lower 
strata are maintained at a reasonably uniform temperature because 
there are extensive mass motions of gas. 

Use of Results for Determining Conclitions in the Sun’s Atmosphere 

With the exception of the eclipse data at 3.14 centimeters, the 
only radio data which gives detailed information on the temperature 
distribution for the sun is the work reported here. In order to ob- 
tain a more complete solution to the problem of the distribution of 
electrons through the sun’s atmosphere and the equivalent temperature 
through the atmosphere, it will be necessary to take data over a wide 
range of wavelengths with high resolution. The curve showing that 
temperature distribution in the corona and chromosphere which best 
fits the present observationaf data is drawn in curve B in Figure 23. 
It seems more probable that the actual temperature distribution in 
the chromosphere might be more closely represented by the dotted 
curve since no sharp discontinuity is postulated at the limb or at 
the top of the chromosphere. This seems reasonable since there exists 
no sharp discontinuity in any of the other factors. A definitive 
answer to the question of the temperature distribution in the sun’s 
atmosphere can be obtained by repeating the work done at 8.5 milli- 
meters at two or three longer wavelengths such as 3, 10, and 50 
centimeters. This will be possible only with large antennas. A 
consideration of Figure 1 shows that,at a wavelength of 3 centimeters, 
the fifty-foot reflector will provide a beamwidth .of about 0.15 
degrees and about 0.45 degrees at 10 centimeters. It will thus be 
possible to measure the central temperature independent of limb 
brightening at 3 centimeters but not at 10 centimeters. The 3- 
centimeter measurement will serve to determine the slope of the 
temperature curve in the chromosphere. To obtain data reIevant to 
a height as low as 4000 kilometers would require the use of a wave- 
length of 1 millimeter. This may be technically feasible soon, but. 
even then absorption in the earth’s atmosphere will be extremely 
troubfesome. It is known from theoretical considerations that in this 
region there are many closely spaced atmospheric absorption lines 
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caused principally by water vapor and oxygen. There are no laboratory 

measurements to ascertain the frequencies of the lines nor the magni- 
tude of the attenuation to be expected. It is possible that measure- 

ments at 2.5 millimeters nil.1 soon be made. At this wave1 ength the 

crowding of the absorption lines is not so severe, but again the at- 
tenuation to be expected is known only theoretically. With this corn-. 
ment on limitations it is recommended that a study be made. 

It is entirely possible that out of this entire investigation a 

further benefit may be derived. Not only will there be a measure of 

equivalent temperature across the disc through the taking of radio 

data, but computations can be made on effective depth of penetration 

and equivalent temperature across the disc based on the assumed 
distribution of temperature and electron density. In order to make 
the observed equivalent temperature and its distribution across the 
disc agree with the calculated values for several wavelengths, it 
will be necessary to adjust both the temperature and the electron 
density distribution for the best fit. This procedure will then lead 
to a distribution in electron density and temperature which is compat- 
ible with the radio measurements. Since for the shorter wavelengths 
the absorption is negligible in the outer atmosphere of the sun and 
rises very abruptly in the region where the optical depth approaches 
unity, the atmosphere can be probed with fair accuracy-perhaps as close 
as one kilometer. The exact location of this atmosphere with respect to 
the visual surface of the sun will still depend on the correlation of 
the radio work with visual eclipse data and with further radio data 
taken at future solar eclipses. 

The presence of the large concentration of neutral hydrogen in 
the lower chromosphere has been neglected here since the collision 
across section of the neutral atom is very much less than that of the 

pro ton, and even though neutral hydrogen exists in an abundance of say 
400 to 1, its effect onV andK would be negligible. The question of 
the negative hydrogen ion is different. Here we are dealing with- the 
collision of two charged particles, c and H- and so the collision 
cross section will be 1 arge. Where H’ is abund’ant, then its presence 
will be felt. 

The importance of the eclipse data in determining the electron 
density and temperature of the corona was pointed out. Observations 
of the intensity of the radio signal received at totality for total 
eclipses of various magnitudes would help to determine the physical 
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conditions of the corona. This is perhaps the only method which will 
be feasible for exploring in detail the sun’s atmosphere at wavelengths 
above 10 centimeters, since the size of antenna required to provide a 
beamwidth less than 0. 2O at these wavelengths is prohibitive. 

h, 
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c  
rl 
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The effect of the general magnetic field of the sun has been 
omit ted here, since the magnitude of the field is so low that it 
would have negligible effect on the refractive index and the absorp- 
tion in the sun’s atmosphere at a wavelength of 8.5 millimeters. For 
very much longer wavelengths, though, the effect of the general 
magnetic field could become appreciabfe, and if the disturbing 
effects of the fields due to sunspots could be e!iminated, then 
the‘magnitude of the general magnetic field might well be determined 
by radio means. To do so, however, would be a very difficult ex- 
perimental problem inasmuch as the indicated wavelength is quite 
long, and :’ lerefore the antenna size required to obtain the necessary 
resolution would be quite 1 arge. An interferometer- type technique 
similar to those proposed earlier could be used, but this provides 
resolution in only one plane and, in addition, makes absolute cali- 
bration di fficul t. 

Earlier some of the effects of the disturbed sun were pointed 
out. At radio wavelengths the sun is a variable star, the vari- 
ability increasing markedly with wavelength, with the possible ex- 
ception of the disturbance due to flares. At 8.5 millimeters the 
intensity of the sun varies by only a few percent: whereas at a wave- 
length of 5 meters the variation in intensity can be a hundred or a 
thousand fold. This indicates that to study the nature of the sun 
as a variable star one should use as long a wavelength as is compat- 
ible with good resolution. The present indication is that with the 
fifty-foot diameter antenna an investigation at a wavelength of 3 or 
perhaps 10 centimeters should lead to interesting information con- 
cerning the variability of the emission of the sun. At a wavelength 
of 8.5 millimeters the equivalent temperature of a disturbed area, 
when the area of the disturbance is taken to be commensurate with 
the area of the associate spot, is found to be about 100,OOO” Kelvin. 
This is a value that is not difficult to explain away if one postulates 
that during times of solar activity large clouds of electrons rise 
from the lower chromosphere or photosphere to heights of at least 
20,000 or 30,000 km. Then the region nil 1 have a prevailing condition 
in which the opacity increases to the point where the optical depth 
becomes unity in the presence of a temperature which is in the 
hundreds of thousands. This may we1 1 be the explanation of the 
increase in th,s equivalent temperature of the sun at the shorter. 
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wave1 eng ths. On the other hand, when the longer wavelengths are 
considered, the equivalent temperature of the sun at times of great 
activity rises to millions of degrees and the temperature of se- 
lected regions rises to billions of degrees. These effects are 
decidedly not thermal in origin, and some different mechanism must 
be found for their explanation. 

Suggested Study of the Disturbed Sun 

When the distribution of radiation across the surface of the 
sun can be determined for the longer wavelengths as it has been 
for the 8.5 millimeters, a much better understanding of the emission 
from the disturbed sun will be had, for then it will be possible to 
correlate directly the enhanced emission with the characteristics 
of the responsible individual spot or spot group. There are two 
approaches to the analysis of the effect of the spot on the radio 
emission. Firstly suppose that in the region of an active spot, 
the electron concentration is markedly increased. If this occurs 
then the opacity is increased and the depth of penetration will be 
decreased. Referring to the temperature curve it is seen that for 
the shorter wavelengths the increase in height of emission will in- 
crease the temperature only slightly unless the increase is greater 
than several thousand kilometers, which could correspond to a 
change in eT ectron concentration of about a factor of 10. 

Since in the case cited earlier the equivalent temperature near 
the spot was approximately 100,OOO” Kelvin at 8.5 millimeters, 
then the electron density would have to increase almost a hundred 
fold. The second approach is to consider the effect of the magnetic 
field associated with a spot on an electron moving with the thermal 
velocity corresponding to its position in the atmosphe#e. The wave- 
length of oscillation is a well known function of the magnetic field 
and is &10,600/ )1 . Thus for 8.5 millimeters a field of greater 
than 11,000 gauss is required. If a field of this magnitude exists 
it is deep in the sun, and a glance at Table 10 will show that any 
8.5 millimeter radiation generated there cannot escape. As the 
wavelength becomes longer the required field falls until, for 
example, at 10 centimeters a 1000 gauss field is required. Such a 
field might well exist near the top of the chromosphere, where the 
radiation will escape. Denisse has made an analysis of this effect, 
but results have not as yet been published. 

Another possibility that suggests itself is that highly radio- 
active clouds may be ejected from the sun’s interior. The effect of 
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such a cloud would be to exchange energy with the ambient electrons 
and thereby enhance their emission. 

Observations of the active sun with very high resolution will 
serve to locate these effects and help to assign quantitative 
values to the speci fit intensity of the enhanced radiation. A cor- 
relation with the known circumstances, such as the parameters of the 

spot, will help to describe the conditions under which this enhanced 
radi a tion occu rs , and then speculation will be more fitting. 

The observations on galactic noise have all been made at long 
wavelengths where the resolution of the antenna is poor but where 
the intensity of the signal is high due to the nature of galactic 
noi se and the characteri sties of receivers. With the advent of 
1 arger antennas, it should be possible to extend toward shorter wave- 
length the range over which the measurements of gafactic noise have 
been made, and i f this is done, then the consequent higher resolu- 
tion will tell much about the structure of the source of the radia- 
tion. A further point of interest is that a careful measurement of 
the variation in the intensity of the noise with wavelength combined 
with information on the spatial distribution of noise would reveal 
the mechanism with which the noise is generated. 

The solution to the problem of the disturbed sun will have a 
greater bearing upon the relation between solar activity and 
variations in the earth’s upper atmosphere and magnetic field. Since 
this is one of the important reasons for continuing work on the radio 
emission of the sun, it is important to attempt to gain a better 
understanding of the effect. It has been shown that the radiation 
from the quiet sun is thermal in origin and may be explained by as- 
signing proper electron and temperature distributions in the sun’s 
atmosphere. On the other hand the radiation from the disturbed sun 
does not appear to be thermal in origin since the energy involved is 
too high for any reasonable assumed temperature. An explanation for 
these strong emissions must arise in some mechanism which depends not 
on the completely disordered thermal motion of particles but on an 
ordered movement of ions caused by large gradients of density, tempera- 
ture, or electric field in the vicinity of a disturbeds;egion. Plasma 
oscillations of this sort were suggested by Schkloosky as the source 

80 
of enha:Fed radio emissio;sand have ircently beengddi;ussed by Bailey, 
Pierce, Bohm and Gross, Nergaard and Haeff. ’ The latter 
papers discuss thz amplification o.f radio signals along beams of 
electrons and show that the magnitude of this effect is such that it 
must be considered in the analysis of the disturbed sun. 
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Today most of the information about the disturbed sun is 
obtained by means of radio receivers having beamwidths 1 arger 

than the sun’s diameter so that it is impossible directly 
to associate variations in the radio signal with speci fit 

activities on the surface of the sun. The use of higher resolving 
power, especially at 3 and 10 centimeters, will materially aid in 
analyzing this problem for then veriations in the sun’s emission 
will be correlated directly with specific areas on the sun where 
information on solar conditions derived from visual observation will 
be avai 1 abl e. 
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