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ABSTRACT

The monochromatic equivalent temperature of the quiet sun measured
at radio wavelengths varies between the limits of 6700 degrees Kelvin
at 8 millimeters to 10° 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 a8 proper temperature distri-

bution for the corona and chromosphere is assigned.

The opacity of the solar atmosphere for the various radio wave-
the coefficient of absorprion being a function

lengths was computed,
the temperature, and the re-

of the electron density, the wavelength,
fractive index of the gas according to the equation:

_ 2YZ X*nlef lo ( 4k T )z
K= 3yx pucd(mkT)*% el ¥ 2n,

where K is the absorption coefficient, A the wavelength, n, the,
electron density, @ the charge on the electron, € the velocity of
light, M the refractive index, M the mass of electron, Kk Boltzmann's
censtant, 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 used in the corona was that of Alfven., The equivalent
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ABSTRACT (Cont.)

temperature for any rey is shown to be

N
Te'*Zh' (\_Q.K,Ah,) T, e—Z KsAhg .

S=rH
r=1

For the purposes of the computation, the atmosphere is divided into
layers where Kr, £§hr , and T} are the absorption coefficient,

the thickness, and the temperature of the rth Jayer. Equiv-
alent temperatures were computed in this manner for rays emerging at

various posjtions from the center of the limb.

In order to obtaina fit with the experimental data on the 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 exponantially to a ?
maximum temperature of 10% 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 remajinder
was due to th rmal radiation from the corona,.

Aviailability Codes
| Avail and/or
Dist | Spceial

A e
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A STUDY OF THE RADIO-FREQUENCY
RADIATION FROM THE SUN

INTRODUCTION

To detect the raddo 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
projects 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 ‘o our galaxy as a source was made in 1932 and was fol-
1,23

lowed by many investigations, '™ Later when further improvements were
made in the operation of receivers, solar emission was detected, and
it in turn is being intensively investiglted.ﬁae The improvement in
the efficiency sand the directivity of antennas has been schieved
through a process of learning how to put .ogether and how to phase
properly large arrays of dipole antennas st the longer wavelengths,
..d how to properly illuminate psrabolic reflectors at the shorter
wivelengths.

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
held 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.= L2

D

(1)

‘References will appear at the end of this report.
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where BW =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

2
G=0.65 "AD ) = 8. |7A— (2)

AZ

where A and .), are in the same units. Similarly,
G=8.17A

if A is expressed in squere wavelengths. The beamwidth is seen to
increase ilinearly 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 since, 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

2 beamwidth varying between 0.2Y at 8.5 millimeters and approximately
35° at 1.5 meters. The beamwidth of a fifty-foot diameter antenns on
the other hand would vary between 0.04° at 8.5 millimeters and 7° at
1.5 meters., These relations are:- 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-azimith mount has been u.ed, and the pointing his
been du:.2 in both coordinates. The more prectical mounts have, of
course, been equatorial., Figure 2 shows a ten-foot diameter parabrla
mounted on an alt-azimuth mount, where the training in azimuth and

elevation is done by heand.

. . n ) 3 0
* Throughout this report “intensity’’ means"power intensity’’
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Figure 1 - Beamwidth between hal f-power
points as a function of wavelength for
antennas of various diameters

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 isa much smaller and therefore

with 8.5-millimeter feed horn

Figure 3 - Ten-foot diameter parabolic antenna



NAVAL RESEARCH LABORATORY 5

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 sny 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 T®° 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 T° Kelvin.

F): kl1-£§f (3)

where is the available power at the input to the receiver, k is
Boltzmann's constant, 1 is the temperature of the enclosure in degrees
Kelvin, and Af is the bandwidth of the receiver.7 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 the 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 az the ratio of the noise-
to-signal ratio at the output-terminals to the noise-to-signal ratio
at the input terminals. That is:

N
= S 4
s *

where F= noise figure
N=* noise level at output
S= signal level at output
hz noise at input
Se 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= kT, Af FG )

where
l(: Boltzmann's constant
Tb=room temperature
AF = bandwidth
Q= gain of receiver.

This equation effectively defines F .

When the antenna is pointed at a source of red.ation whose
angular diameter is small compared with the beamwidth c<f the antennu
pattern the equivalent temperature at the input terminals of the
receiver will be shown to be

+s=%‘Ts (T;‘)Z ' £

where
+,= equivalent temperature at input to receiver

Ty = temperature of source
F= diameter of source
R=distance of source
G- gain of the antenna over an isotropic

— s —
B

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.

— . ()
s =Ts
Intermediate cases are dealt with later in this report,
In December, 1932, Karl G. Jansky reported t 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 uniferm
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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 cf the signal arrival with the ob-
server's meridian when plotted with time of day as abscissa and day

of the year as ogdinate fell on a straight line, as is seen in Figure 5,
Jansky noted that this could
be explained if the source

of interference were fixed
in a position on the celes-
tial sphere with a right
ascension of eighteen hours,

He was able also to assign
; a declination of approxi-
~ mately -10° to the source.

: B kY 30
240*  270*  300° 330° His measurement of declina-

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

array at 14.6 meters as used by Jansky

curate as right ascension.

The work of Jansky was followed by Rebenﬁo 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
thirty-one foot diameter parabolic reflector so mounted that its
motion corresponded to that of a o
meridian circle,making it possible | }f
to determine the elevation of the Jam 31 —
signal as the source crossed the |

. FER 28
meridian. Reber's data were taken |
in sufficient detail to enable him | S b (M
to construct constant intensity
contour chacrts showing thedistri- Ar-aar _— |
bution of the source of noise on e ff
the celestial sphere. This is E
shown in Figure 6. From Figure 6 L Al 80
it is clear that the direction of f

4 awd

arsival of the noise coincides with

the plane of the galaxy. William- PR
10

son et al nave analyzed the a-

vailable data to show that the co- L e |

ordinates of the galactic pole de- —

termined by this method are, in

equatorial coordinates: Right As- WOV 30 ! .

cension 12h, 3777, Declination i | |
28%1. These figures are the average O OOM 00PN, 8O0PM. IZOOMN 4 0OAM 8O0AM 1200M.
for the data taken at 84 and 188 TIME OF DAY

centimeter wavelength. Both Reber Figure 5 - Time ofpassade of position
and Jansky looked for but did not of maximum intensity of galactic noise
find radiation from the sun. In across meridian
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 .:1:L£?;!:. _w-m

Figure 6 - Constant intensity contours inRight Ascension
and declination for galactic noise at 187 centimeters

1945 Southworth‘ 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 ot 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 obscrved temperature and the
photospheric temperature will be Jleft 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 the receiver, so they referred to the signal as galactic or
solar noise. Johnson11 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 and the bandwidth of the device measuring the signal. In
1941 Burgess7 pointed out that the expression for the so-called
Johnson noise was the one-dimensional equivalent of the Rayleigh-Jeans
formule 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 AT is large compared to =
where ¢sthe velocity of light, h= Planck's constant, and K= Boltzmann's
constant. The characteristics of the signal, even thoug% it appears
as noise in a receiver, are no different from those of the radiation
of a8 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 radistion. The results of




NAVAL RESEARCH LABORATORY

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 108
degrees Kelvin at the longer wavelengths,

¢
10 = T LI l TTH LA ] AR
—
-
8
¥ 0% |
4 - L. =
z - -
z - ¢ -
w b —
[ 4
3 — .
5t .
E‘ Me.P.P. 8. e OBSERVED
a B 0 X COMPUTED ]
3 (Y] Key ~ Namas of observers
- |°‘ [ NRL - Naval Research Laboratory
- 08 - Dicke and Beringer =
- / Sa - Sander -
- NRL Mc. P.P.S. - McCready, Pawsey and -
— Payne-5cott —y
- C - Covington 3
L L.Y.- Lehany sn1 vabsiey
R - Rebsr -
P~ Pawsey
- '.. R.V.- Ryle and Vonbery -1
S0 - Southworih
10% 11 llll“ R D | 1JJ111 L llllHl L 1 Llll“
0. 1.0 10 100 1000

WAVELENGTH 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 Figuie 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 unpredictahle 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 Various Eadio Wavelengths

Wavelength Ef fective
Observer in c¢m Temperature
in DegreesK
Fagen 0.85 6,740
Southworth 1.25 2,000
Dicke and Beringer 1.25 11,000
Naval Research Laboratory 3.15 12,000
Southworth 3.2 16,000
Sander 3.2 22,000
McCready, Pawsey and
Payne-Scott 10 25,000
Southworth 10 18,0C0
Covington 10.6 58,000
Lehany and Yabsley 25 100,000
McCready, Pawsey and
Payne-Scott 25 150, 000
Lehany and Yabsley 50 500,000
McCready, Pawsey and
Payne-Scott 50 500,000
Reber 62.5 590,000
Pawsey 150 600,000
Ryle and Vonberg 172 ca, 106
Ryle and Vonberg 375 ca. 106
solar sctivity 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. k

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 & 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
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[BROKEN LINE IS 08~ |

SERVED FLUX A1 RA-

\\\DIO WAVELENGTHS
&

FLUX WATTS PER SQ cm PER CYCLE PER SECOND
[-]

10 ‘r —
28 ‘\
10 [ N

\\
]
10
10"%e g 1 ) 00 00C

-4 -3 13 ]
10 10 10 10
WAVELENGTH IN cm.

3
<)

Figure 8 - The total monochromatic fluxof
radiation from the sun as a black body
at 6000° K received at the distance of
the earth, with the measured radio flux
shown dotted

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 falls exponentially, returning to the quiet level in from
twenty minutes to two hours. This type of variation is referred to
as an outbur<t and occurs at all wavelengths, although the intensity
is again lower et the shorter wavelengths.1 The occurrence of an
outburst seems always to be coincident with the appearance of a solar
flare and with a consequent s'idden 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 sun in the radio-frequency spectrum is
frequently circularly polarized.1 At longer wavelengths the degree
of polarization may at times be as high as 90%. At the shorter wave-
lengths the degree of polarization is much less, being on the order

14 . . 16
of 3% at 10 centimeters 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,
where a two-antenna s;stem 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 antennss. A similar
experiment was pertormed by Pawsey and nhis co-workers.18 Instead of
using two antennas 8 single anteana was mounted on a cliff overlooking
the sea, where the signal from the antenna interfered with the signal
from jts 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
6°. In order to resolve detail on the surface of the sun, separations
greater than this were required, and the authors made observations
with spacings of 25,90, and 140 wavelengths. The wider separations
result, 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-weast 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 109
degrees Kelvin. The Australian group, using the Lloyd's mirror tech-
nique, 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 parabole 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

17



NAVAL RESEARCH LABORATORY 13

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 moat 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, desc:gbed
later in this report was observeg at 3-centimeter wavelength. At
the scne eclipse a Russian group observed the emissions at a wave-
length of 157 centimeters. The 3-centimeter experiment showed that
there was residual radiation from the corona but that this radiation
origitated 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 .e 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 effecctive 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 gein of the antenna used, the noise
figure or tr o efficiency of the receiver, and the «tability of the

amplifiers. On the assumption that the amnlifiers arc sufficiently
stable to .neasure a 0.3% change in amplifier current (this is easily
realizable) the minimum source temperature, 'Fs , observable for

several waveleng.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 - emperavure is

+s = Tsc'l?%'(_;')z’ «®

where +, is the waveguide temperature, T; is the temperature of the
source, (g is the gain of the antenna, v is the radius of the source,
and R is the distance of the 'curce 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
beamwi4th, then equation (6) becomes

b= Ts -

(7)
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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

Min, Obser-
Wave- Antenna Gain vable T Ty(sun)
length NF Min, t over an Iso- Beam | Calculated | © K from
(cm) (db) oK tropic Radiator | Width® oK Fig. 7
0.85 20 100 8.3 x 10° 0.2 100 7,000
1.25 15 40 3.8 x 10°% 0.28 40 9,000
3.2 12 15 59,000 0.72 47 17,000
10.0 10 10 60,000 2,25 310 50,000
25.0 10 10 960 5.63 1930 100,000
50.0 6 4 240 11.3 3100 250,000
150. 4 2,5 26.6 | 33.8 18,000 700,000
200, 3 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.

21,22,23,24,262827 , .
rene T " discuss the mechanism for the

Several workers
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 ionized hydrogen atoms , where an absorption coefficient due
to Kramers and later modified by Gaunt29 and Menzel and Pekeris
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 satiszfactory for an explanation of the radiation
from the disturbed 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 10lo degrees Kelvin., It is not
reasonable to presume then that these radiations are thermal in origi.,
since they always occur in conjunction with an active ares near a
sunspct. They must in some way be connected with the clouds of hot
gases and electrons ejected from Jayers 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 tggﬂfggggture of the radiation. Both Reber and Hey and his
co-workers '~ ' ' have published charts of the distribution of
galactic noise in the sky, and these have been discussed in a recent
papecr by Williamson.10 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 frggﬁjggzetransitions of an elec-
tron with an ionized hydrogen atom, ! 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 measuremcents of galactic radiation have been made at wave-
lengths longer than 60 centimeters, but plans are underway to search
for gelactic 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 rediation 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.
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THERMAL RADIATION AND ITS MEASUREMENT
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.
sideration of Planck's radiation law

A con-

-5
g dd=8rch —2 92 ags/amd @

AT —|

where

Px=the monochromatic energy density
Vﬁ&).= the amount of radiant energy per unit volume in

a wavelength range d\ at a wavelength X

C=3 x 1010 cm/sec = the velocity of light

h= 6.624 x 10"27 erg.sec = Planck's constant

A= the wavelength in centimeters

€« the base of the Napierian logarithms

k=1.380 x 10'16 erg/deg = Boltzmann's constant.

shows that the radiation from a black body at a temperature | 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, where T = 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
che 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- é
ture is the same as the equivalent temperature of the sun. The 1
second condition would be that in which the antenna pattern is so ‘
broad that the gain >f the antenna does not vary within the angle
subtended by the sun, In this case, while the effective antenna
temperature will be less than the equivalent temperature of the sun
by an amount determined by the gein of the untenna, nevertheless,

the equivelent 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 integzration involving a detailed knowledge of the pattern
of the antenna must be performed.

h
In equation (8) the exponent in the denominator, f%FF , will
become quite small for large values of ) and T. In this case we
may expand the denominator of equation (8) by means of the series

2
a _ (¢ 6
Co=l+a+ 5 -
2
obtaining:
X I
eﬁ l - C-h + clkz ,
AT 22032 T2
. ch .
I1f )T is large compared to 1: then only the first term to the right
need be kept. When this substitution is made, equation (8) becomes

sTkT
:\4

“LdA= dA ergs/cm? (9

which is the Rayleigh-Jeans formula. Since in the radin-frequency
region XJ')DﬁE , Rayleigh-Jean's formula will be used in this dis-
cussion.

Let ik be the intensity of monochromatic radiation at wavelength
XA in a given direction from an element of surface of a hot body, and
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assume that i)\ is the same in all directions. To determine Qk , the

total rate of monochromatic flux per unit area, refer to Figure 10,
where 45 s an element of area
radiating with an intensity in
any given direction l.'x . To
compute the total radiation
fomdS 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
RdO at an angle O to the normal
around the normal. The circumference

i ?rar' of the ring is 27Rs/»a& and the width
Rd&H, the area 27 R2*s»Od6.
Figure 10 - Construction for com- The rate at which energy flowing
puting the flux p.~ unit area from dS passes through a surface

is proportional to the projected

area of the emi ving surface, dScos®&, the area of the receiving surface
27rR235n 046 and inversely with the square of the distance between the
two surfaces Rz. The total flow of monochromatic radiation through

the ring is

2 .
dS cos @ 2T R" 5in 94 O =] 27('('Ad5 cos O sin @d 8.

lA Rz

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

x
Totel nu"ZriXdS/::osesm@dQﬂfildS- (10)
o

This is the total monochromrtic flux out of the surface 4S. By defi-
uition Cl is the total rate of monochromatic flux per unit area.

_ +otal flux
€A== T35

=7("l)\ zr(qs/scc./-;Tnz. (11)
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Temperature of the Source and Power Density «f the Recelver

Consider a pill box of surface aren dS and thickness Jx placed
within an enclosure having perfectly refiecting walls. The total flux
out of each surface is 7n'lJS. Therefore the total flux out of the pill
box is Z?r[ldS . If the enclosure is in equilibrium, then the total
flux into the box will be 27(ydS . The volume of the box is 4Sdx .
The total energy in the box is ~2qual to the total flux times the time

of transit across the box 2X . Therefore the total energy equals
47’“‘25‘“ . The monochromatic energy density of radiation, y»is
(12)

” total energy 3
y>= = 4»:"‘ therefore VA = 4—25- ergs o3,

volume

From equations (11) and (12) it is seen that within the enclosure
Pl . Using the Rayleigh-Jeans law, equation (9) to eliminate

‘-X :—zsi‘-‘ll- ergs/nec/cmz/ 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 absorbgd fromzthis element by the isotropic radiator,

whose effective area is , is
4
Xl
dP= iy dX . dA, ‘g’; erg/seec. (14)

When this is integrated over the whole enclosure

A
P=iydX . 4yR?. _TR‘E

il).zdk.
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When only one polarization is accepted then

P =i, XdX. (1)

Substituting from equation (13) for iy and remembering that df-~ Sigﬁt

P=kTdf. (16

7
This was first derived by Burgess and is the same expression as that
obtained by Johnson and Nyguist for the available power across a
two-terminal network which is at temperature T.

Analysis of Recetver Operation

To determine the flux per unit area at the earth due to radia-
tion from the sun, aszume 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 ] /2 included to take care of linear polari-
zation then

1?
Vo 4 v
‘3§=:Ef‘)fi)*'77'2 .-—7557—

where r is the radius of the sun. Substituting for i} from equation
(13) and writing df =c dX /X 2:

p$=%kTSAdF-R,% (17)

where T, is the equivalent temperat.re of the sun. Suppose a directive
antenna having a gain G over an isotrupic 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

2
P, = —i’— kT A'Fé,_- e,rgs/scc. (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 ty such that the output from the receiver is equa! to that

obtained when the antenna is pointed at the sun, then

Ry= ki df ergesec. (19)

tg will be referred to as the effective antenna temperature.

Substituting from above,

44
Ts = G—';_E' clcgrus Kelvin. (20)

It should be pointed out that this equation holds when the angular
di ameter of the sun is much less than the beamwidth of the antennsa,

When the angular diameter of the sun is sufficiently greater
than the beamwidth so that the entire antenna pattern falls on the
sun, the preceding analysis must be modi fied.

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

Xz.

4x
Fez.

dP =iydX -dA- ‘G

where G is the gain of the antenrns over an isotropic radiator. Intro-
ducing the factor 1/2 to take care of linear polarization and substi-
tuting from iX as before:

dP=4~‘R‘kTsd£'G'§':3_ ,
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but di\= dw . Make this substitution and integrate over all

space, Since all of the beam falls on the sun, dew = 40
and

Fg = L&Tg(i{: QhE!/ASQCN (21)

and since from equation (19)

P = ktgd+ erg /sc,c..,

then

Tg =% (22)

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

The Noise 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-

pedance connected across the input
R g RECEIVER 2;;3;: terminals of the receiver, and in all
cases it will be assumed that there is
e—
I 2 3 an impedance match. When the receiver

is in its most sensitive condition the
gain control will be advanced until
Figure 11 - Equivalent first-circuit noise appears at the out-
circuit ofreceiver 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 maximum signal-to-
noise ratio. The noise figure, F , of a receiver is defined as the

EQUIVALENT CIRCUIT OF REGEIVER
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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

w|z

F=

' (23)

v|3

where

N = the output noise power when the receiver network

is at ambient temperature, To
S= the output signal power
n= the avajileble noise power at the input terminals

S = the available signal power at the input terminals.

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

NF=10 1%7,0 F decibels . (24)

It has been shown that the available noise power at the input
terminals of the receiver due to thermal noise in the resistor R

will be

n=kT,d4+,

whereT° is the ambient temperature and k and &+ are as previously
defined. Rewriting equation (23) to obtain an expression for N :

N=FG,.kT,df, (25)

where Grf—ss- and is the gain of the receiver. By definition the
portion of the output noise due to thermal noise in R at 'l‘o is

Ni=G‘,‘<T°cH: . (26)




24 NAVAL RESEARCH LABORATORY

Therefore the contribution of the network is

N, =N-N; = (F-DG, 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 KX at

T is from equations (26) and (27)

Ny =N+ Ny =Gy kTdE +(F-D G kT df . (289

Then from (25) and (28)

Ny _ T+(F-DT,
N FT,

Solving for F :

_T-T N T
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This is equivalent to equation (23). 1f 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 N1- is the output power at T , then

T-To = l
To To

=1 (30)

F:-:

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+. (25)

It is well to note that network noise and the 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 channe]; whereas the signal ’
per se should pass through only the signal channel. Contributing to y
N'T , 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) df;

thus

NT =26, k(T-To)dF + G kT, df +(F-1)G,kTod¥ ,

where the first term to the right is the contribution from the resistor
above the temperature T° 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 nolse criginating in the

network, all at T, . Simplifying:

Ny =2G, k(T-To)d¥ + FGQrkTo4f . (31)

The ratio can be expressed as:

N‘T - 2(1ﬂ_1;)_+ ‘

N FTo

(Using (31) and (25))

Therefore

o (T-T) N
N R e

As before if the temperature of the termination is adjusted to

double the noise output then

(T-T) _ [T _ £
Fegoo—=—=gl=-1).

Noise Output of Receiver and Temperature of the Source

In practice it is not always necessary to compute the noise
If the increase in the output of the receiver

figure of the receiver,
the increase

due to the radiation from the sun is measured and then
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):

Ny=2G, k(T—TQ)cH-+N .
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If NT for the sun is measured and called NTs and NT for the hot load
called ka , then

it

Ng =Nt -N = 26 k(t,- T, )df, (34)

and
Nl = NTI -N = ZQPk(TI—To)dF (35)

whereNS is the increment in noise due to the sun and F\z the incre-
ment due to the load. From the two equations above

Ny _ %o

(36)

The retios 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-{s obtained
in this fashion the equivalent temperature of the sun'T; 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 thet 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 signa! generator, then the equivalent
temperature of the source could be computed from the equation for the
noise 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.

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 noi se.

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-
lifier. An amplifier having a bandwidth of 1 megacycle will have.ap-
proximately 100 pulses per second; whereas an amplifier having a band-
width of 10 kilocycles would have approximately 10" 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 isproportional to I//J;T , where nn 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 ji-f
bandwidth as possible should be used. If the i-f bandwidth is"3 mega-
cycles, then the expected fluctuation is -pproxlmlte]y(l/IBXlo‘) % =élo .
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 8 rise in temperature of 120° Kelvin. The statistical fluc-
tuation is, then, 6 parts in 104 or 7° 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 s]luggish and thereby increasing
the time necessary to make a reading. In the present apparatus the
output meter is by-pessed so that the fluctuation temperature is less
than 7° Centigrade. A more exact expression for the stability is
given by Dicke:

3
AT _ TTT N ( L )—li' (equation (27) loc. cit,)
T 8 Aw

where AT = the statistical fluctuation in degrees Kelvin
T = the temperature at which the measurement is made
N = the noise figure of the receiver
g = the bandwidth of the Jow-pass filter on the output
metet
A G=the bandwidth of the i-f amplifier.

Inserting numerical values pertinent to this receiver:

N=100
at0.1 per second
Aw.21r. 3. 106 per second
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and assume [ = 300° Kelvin; then
Q
AT= |,5°C .

A further refinement of the receiver which tends to remove varia-
tions in the output due to fluctuations in the gain of the receiver can
be made. There are two methods of doing this presencly used.”"1 In
the 8.5 millimeter apparatus, gain variation has been minimized by
heavily stabjlizing the input voltages to the apparatus. 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 uF' 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 recejiver.

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 tront. The cables leading from the contro! 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 radistion of an 8-millimeter
wavelength but also wavelengths in theinfrared. This means of
course that any material which is an absorber at infrared wave-
lengths will become very hert if it is placed on or about the feed.
Thin transparent polystyrene tape seems to work very wel] 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 reflector 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
directly above the i-f strip. The local oscillator and the waveguide
filter are in the center of the box and are connected into the
waveguide leading 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 breasking 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 operation of the re-
ceiver are mounted in the top l'eft 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 y
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 millimeter 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 ratie 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 se inclined thet 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
antenns in right ascension. In the first method a synchronous motor
in the pedestal is so gcared to the axis of rotatien that the antenna
follows a fixed position on the celestial sphere. In the second method
the synchronous motor is disengaged, and & direct-current motor driven
by an amplidyne and servo-control unit keeps the antenna pointed in a
direction determined by the positiun 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 axis,

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 s0 arsanged that the operator can control the position
of the antenna in right ascension and declination through the electso-
mechanical contro]l mechanism while guiding with the telescope, 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 30
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 two 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 1limb tangent to the various lines, to
move the antenna beam across the sun in nine equally spaced sieps 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 measuted in two planes,
(Figure 14 and Table 3). This messurement was accomplished by setting



= 3

NAVAL RESEARCH LABORATORY 33

up a generator of 8.5-millij- |
mete: waves on a hill about

one mile from théposition of

the antenna andmeasuring the
output of the receiver as a

function of antenna position. /
The antenns position was de-
termined by mears of the re-
ticule in the teiescope. It
is seen that the beamwidth at
hatf-power points is 0.2° in
the H plane and 0.18° 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 thanthe 0o} —
diameter of the sun, the gain
of the antennrc over the gain
of an isotropic radiator was
not measured inasmuch as this

L

TY¥-NORMALIZED UNITS

INTEHSI

ANTEMMA PATTCRNS
E-PLANE AND H-PLANE

20t

figure is not needed for the tor i
reduction of the data. If

. i i
needed, the gain may be com- T %) y ° 5 0 5
puted from thepattern and is MINUTES OF ARG
about 8.2x105 times that of
an isotropic radiator,. Figure 14 - Beam pattern for 8.5-

millimeter antenna

The Recelver ’

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 Jocal 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 passbend of the filter is such that
noise components .eparated from the local oscillator frequency by as
much as the i-f ..equency are heavily attenuated. The receiver is
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TABLE 3

Beam Pattern for Ten-Foot Diameter Antenna
at 8.5-Millimeter Wavelength

E Plane H Plane
Angle €rom Angle irom
Arbitrary Zero Arbitrary Zero
in Minutes Intensity in Minutes Intensity
of Arc Relative Power of Arc Relative Power

0 1.0 0 1.5
1 3.0

2 3.0 2.5 4.0
3 4.0

4 6.0 5.0 5.0
5 8.0

6 10.0 7.5 15.0
7 15.0

8 16.5 10.0 19.0
9 19.0

10 20.0 12.58 21.0
11 21.0

12 23.0 15.0 19.0
13 22.0

14 22.0 17.5 14,0
15 21.0
16 18.0 20.0 9.0
17 17.0

18 12,0 22.5 4.5
19 11.0
20 9.0 25.0 1.5
21 5.5
22 3.0
23 0.5

assembled as shown in Figure 15.

the hot load used for
which serves the dusl
the receiver is tuned
local oscillator tube,

In addition to the components named,
calibration purposes and the cavity wavemster,
purpese of determining the wavelength to which
and also filtering out unwanted noise from the
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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the temperature of the source when the antenna is pointed at a hot
body such as the sun.

To calibrate the receiver the hot l1oad is substituted for the
anternna 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.
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TABLE 4

Calibration of Receiver

Ambient Thermo-
Tempera- couple
ture Scale T 4l I al /
Date © Kelvin Divisions ° K e .- 1
2/5/49 278 20,2 508 26 557 0,0467
19.4 489 26 0.0467
18.8 474 2, 0,0431
16,4 413 2.0 0.0377
16,2 409 20,0 0.0359
AVANA 363 20.0 0.0359
14.0 353 19,0 0,031
10,4 264 13,5 0.0242
10.1 257 10,5 0.0188
10.0 8 12 0,0215
Tk 188 9 0.0162
Tobs 188 9 0,0162
4.0 102 3 0.0054
3.9 99 8 0,01
3.7 9% 7 0,0126
2.4 62 6,3 0.0113
23,3 587 31 0.0557
0.5 517 25 0.,0448
19.8 498 27,5 0.0494
19.0 478 U5 0.0440
18.5 467 25 0.0448
2/8/L9 283 2.5 515 2.5 557 | 0.0440
19,03 1,80 22,5 0.0404
18,0 455 23,5 0.0415
2/25/49 283 15,3 387 15.0 569 | 0.0264
15,0 378 18,0 0.0322
ol 363 16,0 0.,0281
14.0 353 14,0 0.0246
13.6 343 14,0 0.0246
13.1 332 13.0 0,Q228
12,8 323 15,0 0,0264
7.6 193 8,0 0.0140
7.5 190 7.C 0,0123
7.3 185 10,0 0.0176
7.2 182 9.0 0.0158
7.2 182 8.0 0,0140
3.2 82 4.0 0.0070
3.2 82 4O 0.,0070
3.2 82 2,0 0.0035
3/12/49 275 2.5 515 19 587 0.,0323
18,0 L55 19 0.0323
17.5 L0 18 0,0307
16.0 405 19 0,032
15.5 390 16 0.0272
13,5 340 16 0.0272
10,0 255 8 0.0136
10.0 255 9 0,0153
7.0 175 3 0,0051
5,0 130 0 0.0000
3/1/49 283 2,5 515 25 647 0.0387
19.8 500 26 0.0402
19,0 480 2,5 0,0348
18,5 465 2 0,0418
17.5 440 22 0.0340
17.1 132 2 0.0325
16.5 417 23 0,0356
16.0 404, 22 0,0340
10,2 260 8 0.0123
9.8 250 10 0,015
946 25 7 0.0208
9.6 2,5 9.5 0.0147
9.5 242 10,5 0.0162
Average of 128 549 0.0091
7 readings
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The fractional change in the output current —5— 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
Figure 17 it is seen that a change in load temperature of 500° Centi-
grade corresponds to a value of AL of 0.0403. To compute the receiver
sensitivity equation (32) is used. The ambient temperature during the
period of these measurements averaged 280° Kelvin.

0.0%0

0.040

0030 ///,
Z'H VYt
0.020 //,

il

0010 g

(o] 100 200 300 400 500 600
AT IN®C

Figure 17 - Calibration of the 8.5-

millimeter receiver using a hot load

Substituting values,

AT 1 2500
= — ] — = 88. 5 Y
F=23 A1 = 7280.0.0403

and
NF = 10 /og,,F =19.5db .

For the 8.5-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 noise figure. The waveguide temperature is
required to obtain the equivalent temperature of the sun from equa-
tions (6) or (7). From Fauation (36) and the definition of the terms

involved

¢ <AL AT
s I Al
IL (37)

where 1= receiver current with antenna pointed at sky,

Als = increase in current when antenna is pointed at sun,
ATL,AIL,IL 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

tg = \.24-\0455—%— '

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 50° 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 11%, 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.

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, watis 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 Boltzmann's constant. A resistive termination
can be made by filling the waveguide with some material thst has
moderately high sbsorptive 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 transition from air to carbon is made
over a range of several wavelengths in the guide, then the termina-
tion will be a good one, and the carbon block will serve as a satis-
factory hot load generating the amount of avajlable power predicted
by radiation theory.

THE THEORY 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 will
be presented. Measurements at 8.5-millimeters wavelength are also
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 date, 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 is neglected since
there is now reasonable doubt as to its magnitude,’ and in any case,
since its estimated maximum value is Jess than 50 gauss, its effect
on these shorter wavelength radiations would be negligible. The
magnitude of the emission from disturbed areas on the sun is such
thet 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 surface 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 sabove
the photosphere sppears quite transparent and the sun appesrs 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
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absorption Jines originating in this narrow region which has in the
past yielded most of the information on the physical nature of the sun.

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 structurs‘of the sun's
sun's lower atmosphere. Many authors, most recently Wildt, have
derived relationships between the pressure, temperature, and abundance
of the various elements with height sbove the photosphere using this
me thod. 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 js considered to be a highly lanized 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 transpsrent at these wave-
lengths. In any discussion of observations at meter wavelengths the
asymmetrical shape of the corona should be considered.

The problem of determining the depth from which radiation which
is generated by a gas of this nature originates has been previously
solved. As Milne has shown, 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.,

h
T -[ Kydhor T, =Kydh,

or
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where K-v is the absorption coefficient and dh an element of length
along the path traversed by the ray. One has to be careful in spplying
these relationships to the radio-frequency case, for here under some
conditions the index of refraction di ffers greatly from unity. It

will be shown however that, under all conditions discussed, the
dielectric constant of the medium never di ffers from unity by more

than a few percent, and thus it will 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
uni ty.

Bnumbach‘e reviewed the observationa]l dats on the brightness of
the corona and arrived at an expression for the variation of electron
density with height. 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 electzon density, taking
into consideration scattering by dust particles, The results of Allen
and van de Hulst 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
corresponding to

~=1.03

where /= ‘;'2';, R being the distance out from the center of the sun and
Re- being the radius of the sun at the photosphere., To obz:in the
electron densities from @ = 1.021 in to / = 1.0007, Wildt is fol-
lowed. Wildt extrapolates from Baumbach to obtain the first point on
his distribution at / = 1,021 where n, the number of electrons per
cubic centimeter, is taken as 3.55 x 108. At the base of the chromo-
sphere a value of RL=1,74 x 101 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

dlogpe _ _ ol
iy =-0.2010 cm

where P, = the electron pressure
h = the height above the photosphere,
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To obtain the final distribution used, these two distributions are
smoothly joined in the region Q= 1.015 to P=1.05. The result is
shown as the heavy line in Figure 18, where the data of Wildt,
Baumbacb, Allen and van de Hulst is also shown. The data are tabu-
lated in Table 5, where the densities chosen for this work are found
in the last column.
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F}'gure 18 - Edectron density, n, elec-
trons per CC, in the sun’'s atmosphere

As the first spproximation :o the temperature of the corona and
chromosphere, the work of Alfven is used. Alfven's cogclulion was
that the tempersture of the cogfona near the base is ™ 10° degrees
Kelvin. The work of Alfven was reviewed by Waldmeier, who gives a
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TABLE 5
Corrected Electron Densities

n, - Electrons per cc x 10°6

e hi,,  Bmmbsch Van deHulst Allen  Wilde "o >moth
1.0 0 458 430 454
1.0007 487 174,000 174,000
1.001 6,950 162,000
1.003 20,850 e 86,000
1.006 41,700 33, 300.
1.01 69,500 9,800
1.02 139,000 615
1.021 355
1.03 208,500 311 290 355
1.06 417,000 229 210 210
1.10 695,000 156 137 154 148
1.20 1,390,000 70.4 58 68.5 65
1.30 2,085,000 38.4 30 36.6 33
1.40 2,780,000 23.8 18 22.0 20
1.60 4,170,000 11.1 7.5 9.3 8.5
1.80 5,560,000 6.13 3.8 4.57 4.0
2.00 6,950,000 3.73 2.0 2.42 2.2
3.00 13,900,000 0.913 0.19 0.213 0.21

somewhat different temperature distribution, but since, as will be
shown Jlater, the tempreratures so derived are to be considered only as
a first approximation to the true temperature distribution and since
also for this work we are principally concerned with the shorter radie
wavelengths where the penetration is deeper, the temperature in the
corona has only #» small bearing on the interpretation of the results,.

The procedure empleyed here is to compute the opacity of the
sun's atmesphere for several wavelengths using the electren distri-
bution of Figure 18 and an arbitrary temperature distribution whese
limiting points are 10° degrees in the cerona and 4830 degrees Kelvin,
Since the principal abserption 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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Intensity of Radiation and Coefficient of Absorption

Let the aubsorption coefficient, KV , be defined in this manner

= - Kuh

where I°v = the intensity at the frequency ) of radiation entering
a uniform, absorbent slab of thickness | ;

I1/ = the intensity of the emergent radiation;
@ = the base of Napierian logarithims;
k&,: the monochromatic absorption coefficient;
L‘= the distance along the ray through the medium.

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

‘THJ = k:L,L

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

lv'-‘lovz v "love, v. (39)
The power absorbed in the medium is
‘kl" = 40
I, -1, = L, (1-€ ") = a,l, 40)
where Qq, is the fractional absorption and varies from 0 to 1
-Kyh Lo -1
ay=1-e" =-—°IL—"—- (41)

Ov
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Since the entire analysis deals with monochromatic emission and absorp-
tion, the subscript |0 will be dropped and used only where it is neces-
sary to distinguish between the effects at two different wavelengths,
The variation in W through the sun's atmosphere rannot be described by
a simple analytic expression, 80 it is better to sum the absorptions
rather than to integrate. This approach wil! be used to obtain a
solution for the transfer equation. Equation (38) without the sub-
scripts is written

I _IOQ-KH (42)

Figure 21 represents the path of a ray travelling to the right, The
path is broken up into elezmental units, each AW 1long. The elements
are numbered successively from | through h, starting at the left,

Let I)’S be the intensity of the radiation emitted by the ri» element

rah 4
IEEDENEETEEE
K, —

ahy 1, 1,

T, [

1,

TO PHOTCSPHERE TC SORONA

Sarnr4il,----n

Figure 21 - Construction for
analysing the contributions
to the total intensity

measured at the point where it leaves the 5tb el ement, where S>Vr .
Then using equation (42),

- K. &h,
I,=1e¢ (43)
where K', is the mean absorption in the \P&'element. Hence
-KyAh -KaOh,-K3Ah
= 3 = 28Nz R38N,
I,=1,¢ =1 e ! (44)

I




48 NAVAL RESEARCH LABORATORY

and

=3 Kghh,

I —I 2 s=2 (45)

Therefore

2 Kb, )

I = I C s r+!

If I is written as the sum of the intensities of the emergent radic-
tion of all elements after passing through the htb element, then 1 is

the intensity of the emergent radiation. Then
_ S" Z" —Z’ KsAk
I- I"h = IPC"NI (47)
F= rei

The Equivalent Temperature

Kirchoff's law states that, at a given temperature and wavelength
= e’\ a constant independent of the nature of the body. E=#1
is the rate of radiation emission in the small wavelength region around
A from unit surface of the hot body, where @ is the absorption for
rays of the same wavelength falling on the body and e/\ is the rate of
emission from unit surface of a black body at the given temperatu:e
and wavelength.

le

The flux in a given direction and in the wavelen%th region da
is t,\d/\ %dA . From equation (13).:‘/{0’3 -'—;— J/\
For each of our elements @ has the value /7~ @ rAhr nnd uung
Kirchoff's law, the intensity of the emission from the rth clement is

K,Ah._) 2ckT

I,d\=a lx d2=(i-¢ 4. (48)
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By defining the equivalent temperature,-TQ , so that Tg is the
temperature of the equivalent black body radiating with the intensity
I , then

I - 2ck T,
¥ Ad'

(49)

From (48) and (49)

-K_Ah
Te =(l-e " M)T,. (50)

+

Making the substitution for I}, according to equation (48) in equation

(47) and writing ]‘.—__ZC_"-):‘LL_, then dividing by the common factor 2;\::
>
n
= 1
Te"Z:("Q )T, e s . SR
r=

The equation is used to compute the equivalent temperature,.

Referring to the definition of 4 in equation (41), this may be
written

n n
e i%:-o.,T,,(!-ahm) =Z(Q,T,, ‘CLVCL“MT’)’ dacy

r=|

where dh,*.is the total absorption of the ray after it leaves the pib

element, q""\'+\ could be written as the product of all Q¢ for values
of § taken from ¥r+i to Nh. Equation (52) was written out to clarify
the meaning of equation (51)., 1In equation (52), for any chosen value
of ¥ the first term on the right is the emission of that element, the
second term the absorption in subsequent elements. In the sum, the
first term on the right is due to the emission of the column as e
whole; 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:

n
1 -2, K,BDh, —K.Ah ~ |
T.=Z T (e s g e*-EmKSM’)

F=

: —Z"'zm. -Zf"K Ah
=ZTP(Q : -2 s > s) )
=)

(53)

S=t+|

The two 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

/. KshAhg =1,

This defines approximately the depth of maximum penetration and indi-
cates the region over which the summation is to be performed. 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 cubic wavelength (always
greater than 10 per cubic wavelength in those regions of the corona
where there is significant absorption), a macroscopic rather than
microscopic approach is indicated. The macroscopic apnr~ach follows
a method used in the analysis of our ionosphere where an evxoression
for the dielectric constant of the electron gas is developed. See,
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for example, Mimnos.o 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 the2§ollision.
Krametr's analysis follows classical mechanics. Gaunt , Menzel 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 thac determined by fO%]OWing 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 epbsorption
coefficient differs from his equation (8) only because of an obvious
typographical error in his work. The equation defining optical depth

is
T=/hkdh .

It will be shown that the absorption coefficient K 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’== P(;l&‘w; . (54) y

Refractive Index and Collision Frequency

For an electron gas the refractive index is
2 2

z='_4Fe he z1_47l'e n,

4 244,2 2 !

m(w2+v?) mw

(55)

- :
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7 2
when VK w
and where M= the refractive index at the angular frequency

2 = the electronic charge
h, = the number density of the electrons
m = the mass of electrons

27f=w = the angular frequency

VYV = 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 A are plotted in Figure 22, In
the table both the refractive index M and the quantityf-au’ are tabu-
lated., It should be observed from Tahle 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,

1]
100 "
4
t
aeo — 1 1 +—
|
L sl . L 1 + e
|
080 - 233em + 1_1%_ i B —
1 | 4-B0cm J_
S i S
| { |
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— _‘4, .i — e T —,»_-«.T ——
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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 spproximation 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 jons, it is necessary first to determine the mean-free
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path of the electron and then the collision cross section of the
electron and proton. Fortunately Cowling ! and Chapmann and Cowling62
have considered this problem in a 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.

81
Cowling's expression for the effective collision interval in
a completely jonized binary gas is given in his equation (35). It is

_ mjmr(hvnk) D
%" (P%+/°.,) kT o (56)

whereqrr is the effective collision interval for the molecules of the
*’“'m;:i r“'gases. ThisT ¥ should not be confused with 7T , the

optical depth used elsewhere in this report. T s Will be dropped from
the equations shortly. ms is the mass of o mogecule of the Sg"gas.
Ng is the n.mber density of the molecules of the S*J° gas. f; is the
density of the Stkgla in grams per cubic centimeter. D v is the coef-
ficient of mutual diffusion of the and r‘*“gases in the absence of
other gases; kK and | are the Boltzmann constant and the temperature
in degrees Kelvin,

Chapman and Cow]ing62 evaluated D r 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 6‘ and Cl are the charges on the two molecules and ¥ is the
distance between them. Under these conditions it is shown that the
coefficient of mutual diffusion becomes

3 2k T lz. 2kT V2 4 i
len \ TMMym, ¢ e, A.(Z) '

DIZ
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where [ J refers to a first approximation
-ngz'nsl,: the total number of molecules per cubic centimeter
Kk = as before
T = s3s before
me= m+m, .

where m. and mz have the same meaning as before,

M,= mo
Mz=2‘-

e‘ and e,_- the charge on the individual ions of the two gases,

AdkT ¥

A,(2)=/%7e {+

d= the mean distance between pairs of neighboring molecules.

Hence

d>n ¥

The number of collisions per molecule per second V%r will be

Vgr = T?., (58)

Putting equation (56) in (58) and substituting for D.z from equation
(57), the total expression for the collision frequencyV"r is obtained.
Since the gas is a binary gas, we can now dispense with many of the
subscripts. Set 1_:.] and let it refer to the heavy ion of charge €,

and set r=2  Jetting it refer to the electron of charge Gz . Since
we are assuming an ionirzed hydrogen gas, then € 3 -¢€, , and since the
individua]l charge appears in the equation always in an even power, we
may write € for the charge. Equation (58) then becomes

| (/°+/°)|<T 16n [/ 7rmg M, My ee
e T 15 (2o o
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To simplify, consider a part of equation (59):

/°| +f°2. <

o M M 2
My (h,+hy) h(mo M M) - (598)
|

When the relations
mo = m,+mz_ )

h= h,+n,

T h\lmz
Ml M?._ ™. 2
o M

LPs=MsNs

are considered, (59a8) becomes

m|h|+m2.h2.

1
2 ?-)'i
(m, mz+m\m2 (59b)
but m, << M, ;| therefore (59b) reduces to
nl : i lectricall
— (". 2 N since the gas is electr y (59¢)
Jml neutral). ’

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

| n, 16 r \z e*
V=T kT 3 (ZkT) 2R A, 2.

Collecting terms:

, 2427 n et Ao 50,
v 3mzi.(k-r>3é '
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The Absorption Coefficient
The expression for the classical absorption coefficient is
K = Y, 47 n e?
- 61
cU mw? on
or using equation (55)
2
K= v l/“‘ (62)
Cc /x

The complete expression for K becomes upon substituting in equation
(61) the value of 1) given in equation (60),

K = 8VZ TinZet P |+< 4dkY )2
= 3C(ka>§'/lwz % e? (63)

To further simplify this expression: .
(a) J was defined as being equal to N 3. Since N= Z.n. , then

P -
B 3V.?.h ’

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

2
(e) w2=(2”)z=(27{c.) '

On making these substitutions (63) becomes

(64)

K=

2v2 M*n2e® ) " akT ¥?
VT uc(mkT) 2 %(ez 2n, /.
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Variation in the Absorption Coefficlient with Height and Wavelength

Since the function A\(Z) is slowly varying, then it can be
said that

2 2
K=K’ A%n,
i
Everything in K is sensibly constant. It is sufficient then to

compute K for some one wavelength and then correct it in the follow-
ing manner to obtain the absorption for any other wavelength.

) VA TR
= K,[— Wl §
‘<2_ 1 :\l /‘l s

where Kl and /L' are the absorption coefficient and refractive index
computed for a wavelength A, Kz and/b‘ correspond to the wave-
length Al'

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

From (55)
ATrn, e?
1-ut= —, (67)
mw?
Aln, e%\z
pe( et e
From (57)

4kT (69)
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from (60)
V2T n,e*
=) A (2) - (70)
L 3Vm, (kT 1 (2)
from (62)

K=Y A

°F (71)

C y7= g

The numerical values of the electron density, the temperature, the
refractive index, the factorA,(l), the collision frequency v,

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 N, for the various heights were taken from
Figure 18; the values of T for heights above 50,000 kilometere
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 of12 for several
wavelengths., These computed values did not agree with the observed
equivalent temperatures of Figure 7, being too low for the longer
wavelengths and too high for the shorter., The assumed temperature
distribution low in the atmosphere was then readjusted through
severa)! spproximations 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 S0 centimeters were
computed and are given in Table 8. The coefficient for 8.5 milli-
meters vwins 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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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 end the
Iimb for 8.5 millimeters, 3.14 centimeters, 10.6 centimeters, and 50
centimeters has been computed. Since this report is particulerly con-
cerned with the 8.5 millimeter measuvement, 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 wi)Jl 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. becomes << | rnd the contribution
to the eaquivalent 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 J]imb, the general
derivation will be given. Using the
notation of Figure 24,

|
O

(r+h )+p2= (Reh)* (1

e

Figure 24 - Construction
for computing the ray path

2. I 2 2 73 length in the sun s at-
R =2 +/° . $) mosphere
e
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TABLE 8
The Absorption Coefficlents for 8.5 mm, 3.14 cm, 10.6 em,
and 50 em at Various Heights above the Photosphere
b 2l Kg.5m K314 0m K10.6 am K50 am
km K per cm per om per om per <m
5,000
. 5,92 x 103 6.55 x 10~8
5,500
’ 6.01 x 103 4.2 x 1078
6,000 o
. 6.14 x 103 2,75 x 10”
500
’ 6.2, x 103 1,88 x 1078
7,000
’ 6.38 x 103 1.13 x 1078
7,500
6.51 x 100 6,37 x 109 8,69 x 1078
8,000
6.6 x 100 4.36 x 1070 5.95 x 10-8
8,500
6.2 x 10° 2,63 x 1079 3.59 x 10°8
9,000 -
7.60 x 100 1452 x 1077 2,07 x 108
91500 -10 -8
8,10 x 100 8.66 x 107 1,18 x 10
10,000
’ 9320 x 103 4hi9 X 10-10 6,13 x 10~9 -8
10,500 L 10 -9 5.27x10
1,07 x 10 2,27 x 10™ 3,10 x 10
11,000
1.29 x 10* 1,09 x 10710 1,49 x 1079
11,500 | o 0 1.2 x 108
1.45 x 10 5.49 x 10 7.49 x 10
12,000 n o
1,70 x 10° 3,09 x 107 4,22 x 10710
12,500 L . .10 381x 107 1,00 x 1077
o L X10 LE3x107 2,50 x 10
13,0
. 2,29 x 10  1.09 x 10711 1,49 x 20720 e Py
13,500 A iy 1y 1436 x 10 3,16 x 10
N 2,73 x 10*  6.62x 1072 9,03 x 10
,000
3,16 x 10*  4.28x 10712 5,8, x 20712 " »
14,500 Lo 5,60 x 1070 1,41 x 10
3.70 x 1% 2,93 x 10712 4,00 x 10711
15,000
; 468 x 10 1,89 x 10712 2,58 x 107 2,94 x 1020 7.03 x 1079
16,000
: 6,46 x 10 9,62x10°13 1,31 x 20011 1,50 x 10710 3,55 x 1079
17,000
’ 8.50 x 10*  5.85x10°13 7.98 x 1012 9,10 x 1071 2,14 x 109
18,000
’ 1,20 x 205 3.59x 10713 4.90x 1012 5,58 x 072 1,31 x 1079
19,000
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TABLE 8 (Cont.)
‘:n OTK Kg.5mm Kian K 10.6cm Ksoam
per cm per om per om per om

19,000
0,000 1.55 x 105 2,22 x 1003 3,03 x 10712 3,45 x 107 8,04 x 20710
P 2,51 x 10° 1,10 x 10033 1,50 x 1012 1,71 x 107 3,96 x 10710
200 460 x 10° 4,73 x 107 6,45 x 1013 7,36 x 072 1,70 x 10710
e 7.82 x 10° 2,26 x 107 3.51 x 1072 8,07 x 1071
25,00 8.4 x 105 1,36 x 1074 211 x 1072 4.8 x 102
T 8.4 x10° 9,60 x 10‘15 149 x 1072 3,4 x 2078
oo 10° 8.77 x 10777 1.36 x 1072
e 8.4 x 105 8,17 x 10715 1,27 x 10722 2,96 x 20712
6,000 8. x 105 7,70 x 10715 1.20 x 10712
5,000 8.4 x 105 7.31 x 10715 1.1 x 10712
om0 105 6.98 x 10715 1,08 x 1072
.00 8.4 x 10°
e 8.4 x 105 7,20 x 107V 2,55 x 107
15,000 8.4 x 105 6,50 x 10715 1,01 x 10712 2,29 x 10711
T 8.4 x10° 5,93 x 107V 9.22 x 20713 2,09 x 1071
oo b 10 5,38 x 10715 8,37 x 107183 1,89 x 1071
oo B4 105 4,77 x 1071 7.42 x 20713 1,70 x 1072
sow b 10° 418 x 1070 6,50 x 1078 1,47 x 1071
o000 84105 3,58 x 10715 5,57 x 1003 1,26 x 1071
159,000 8.4, x10° 1,95 x 10715 6.82 x 10712
. 8.4x 205 3,53 x 20726 1.22 x 10712
27,000 8.1 x 10° 3,98 x 10717 1,38 x 10713
= 7.3x10° 7,55 x 1078 2,61 x 10715

67 x10° 5,58 x 10719 1.93 x 10726

1,390,000
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Substituting (73) in (72),

2|-hl+h'2= 2Rh+h* . (74)

'
Solving for h .

h'==r +(r*+2rh+h»7 o)

Thus at the limb where ¥ 2 O

h'=(2Rh+h?)Z -

In Tables 10 through 17 the value of hl for various values of

is calculated and the average absorption coefficient for the
region between two successive values of h is written in, (for the
central ray, hl= h ); then the product A h' is taken. The following
columns carry out the calculation indicated by equation (51) where
finally the sum of the column headed C.Br'o-l yields the equivalent
temperature. An inspection of the columnX KAh shows the depth where
ﬂ‘al . 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'BPH 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 W  used in the tables was computed. The numerical
value for this contribution is given in the column next to the column
heedmiC'Br"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 hagy one at the longer
wavelengths, In addition Table 9 shows that there is little 1imb
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 photosphere, to thes total equivalent
temperature for the four wavelengths 8.5 milli-
meters,3.14dcentimeter, 10.6 centimeters, and

50 centimeters
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Figure 26 - The contribution of the
various layers of the sun’s atmos-
phere, at indicated heights above the
photosphere, to the total equivalent
temperature for the wavelength 8.5
millimeters

EFFECTVE

longer., If the computations had been carried out for even Jonger
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 for which 7 = 1 for Various Wavelengths

Equivalent Height
Temperature for 7 =1

%K km
Wavelength Center Limb Center Limb
8.5 mm 6804 8250 7600 9250
3.14 cm 9980 15560 9900 11200
10.6 em 25950 $3500 12400 13300
50 cm 212000 437000 166 00 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 lie 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 Jittle 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 eand near the photospheric
temperature through most of the chromosphere, then rises rapidly as
the transition from chromosphere to corona is made,
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TABLE 14

Calculation of the Emivalent Temperature for the Ceniral
Ray at 10.6 Centimeters Wavelength
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A B c

F o ok A rean 1R Fpeay  SIFAn O R¥ 3 Eblr';ﬂlm
(2 ¢

1 7 8.0x103 1.18x10°7 52107 6.85 0,999  W.3 8.08x107  4.56x10° 9.12x10°

s 00 9.95 5.27x107° 1x108 5.27 0.99LB  7.i81  5.63Tx10™ 9.898 1.085x10° 1.08x107

3 Hoo0 1.357x10% 1.28 1x108 1.28 7220 2,211 0.1096 9.891 3.897x103 3.90

L 2:0.0; 1.82 6.61x107 108 6670 1868 9L LBl 8.860 6.802x103 6.80

5 11000 2.51 1.3 1x108  .1%0 1272 26U 7677 3.193 2.808x10° 2,81

6 5000 3,43 5.60x10730 12108 .0560  .05L5 Jg28L L8795 1.869 1.738x10° 1.7l

T o L.68 2.9l o Lozl .0290 072l 932 1.357 1.300x10% 1,30

8 17000 6.L6 1.50 " mo: 015  .01L9 OL21 .9579 9.625x102 9.359x10° 9.36x10°

9 8.50 9.10x10° " 1x10°  .00910  .00910 02801 972 17.1% 7.590x10% 7.59

10 % 120m05 558 1x0% L0056  .00556  .01891  .9813  6.696 6.608x10% 6.61

1 ::“;; 1.55 3.5 1% Looxs 01333 L9868 5.A8  5.295x10° 5.3

12 2.51 17 a0 Loom2 .009882  .9901 8.58L 8.528x102 L.26

13 2000 L.60 7.%7110732 20108 Loow,72 00662 .99% 6.1M 6.777x10° 3,37

1L ?::: 7.82 3.51 2x10®  .o00702 004990  .9950 5..90 5.466x102 2,73

5 B.Lx105  2.11 2x10®  .oo0l22 .00L288 .9957  3.545 3.50x102 1.77

16 8.4 1.L9 2x10°  .000298 003866 9961 2.503 2.9Lx107 1.25

17 pooo 8.4 1.% 2x10®  .o00272 00568 994, 2.285 2.217x107 1,14

18 == 8.4 1.27 2x10® L0005y 003296 9967 213, 2.128x102 1,06

19 o 8.4 1.20 20108 000210 003042 9970 2,016 2.010x102 1.00

20 6000 8.l 1.4 2x108  .000228 002802 972 1.915 1.910210% 9.55x10°

21 000 8.4 1.08 22108 000016 00257, 997k 1.814 1.810x102 9.05

22 40000 8.L 1.01 5x108  .000505 002358 ,9976 L.2l2 L.234x10° 8.L7

23 k5000 8.4 9.22x10-13 52108  .oooL61 001853  .9981 3,872 3.867x10° 7.73

o 8.4 8.37 5x108  .000L18 00192  .3986 3.511 3.507x10° 7.0l

26 :::Z: 8.4 7.2 5210 .0003m 00097l .9990 3.116 3.114210° 6,23

2 oo O 6.50 5x10® 000325 000603 .99k 2.7 2.729x10° 5.L6

27 8.4 5.57 5x108  .000278 000278 .9997 2.335
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TABLE 16

Calculation of the Equivalent Temperature for the
Central Ray at 50 Centimeters Wavelength

A ] c
n T X n T ) cs
km °x cm cm K Ah 1-o k80 T gap .-leh °x Ct ;‘.1 ’r;l 1000
°x
T2000™
1.82x10% 1.00x10°7 1x108 10,0 1.0 16. 36 0,000  1.82x10% 3.1x10°  3.1x10°
13000 .
w0 2.51 31621078 13108 3.16 0.958 6. 36 0017 2.0x10%  9.9x10°  9.9x10°
1
3 . 3. 1.L1 1x108 1.0 15 3.186 oW1 2.60x0%  Luoxio®  L.lxiod
0
L = L.68 7.0%107 12108 0.70® 509 1.7763 163 2.36m10° 8.079x107 8.08x10°
1
5 e O 3.55 12108 . 350 2986  1.0733 19 1.9%m0% 9.a1x10% 9uL1x103
17000
6 8.50 2.1 1x108 210 .1927 .7183 L876  1.6Mx104 9.89Lx107 9.89x10°
18000
T 1.20x205 1.3 1108 1310 .1226 .500,3 040 1.47ux104 1,015x10% 1.02x104
9000
8 1.55 8.0Lx10710 15108 08040 0773 .3733 .6085 1.190:10" 8.98x103 8.94x107
29009 8
9 s 25 3.96 2x10 .07520 .0761 .2929 WL 191000 1.542x0%  7.71m100
4.6 1.70 2x108 .03400 033, 2137 8076 1.5%x0" 1,283t 6.L2x103
7.82 8.07x10"1} 2x10° L0161, .0160 1797 B8%5  1.251x04 1.06ex10% 5.:1x10°
8.4 L&, 2x10° 009680  .00968 163% 91 8.131x10° 6.9Tx107 3.L9x100
8.4 3. 2x10® 006820  .00682 159 357%  5.729710% L.9L5x103 2.L7x103
30000 [} 3
8.4 2.96 5x10 080 .07 AT 862 1.2%x04 1.082010% 2.16a10
%000
8. 2.5 5x10% 01275 .0127 aR3 876 1.06M10% 9.L&ox107 1.99x107
) 8.l 2.29 52108 .01L5 L0113 1195 087, 9.92x107 8.519x10° 1.70x107
5000
8.l 2.09 52108 01045 .0103 .10681 0975 8.652x10° 7.84,7x10°  1.57x100
50000
8.l 1.89 52108 00950 L0095  .09762 9070 7.9%x10> 7.260x10% 1.45x103
55000
8.4 1.70 sx10° .008500  .00850  .08817 915  7.0x107 6.59%10° 1.32x103
8.4 1.47 5x10? 007350 00735 071967 924,  6.174x103 5.7Wm0° 1.15x10° k
8.4 1.26 52108 006300  .006%0 0725 9%3  5.292x107 L.95lx107 9.91x10°
70000 »
. 8.l 6.82x1012 6,9x109 0,706 OU00 06602 9% 3.88:10% 3.m1s10% 2,730
8.L 1.22 1.39x101% L0196 .0168 01896 9812 1Lnmod 1.408a10% 1.02x10°
278000 = 10 ]
u 8.1 1.38x10"13 1. 39x10 001918  .001918  .00200L 9980  1.55x107 1.554x10% 1.12x10
7000
7.3 2.61x10715 2.78x101°  .000072%6  .00007256 .00008570 .9999  5.297x10} 5.297x:0t 1.9x10°)
6.7 1.931072€ 6.95210° 0000131 .000013.1 .00001%1 1.000  8.985x10°
1390000

5.6 Z=217,160° x
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THE OBSERVED DATA AT 8.5 MILLIMETERS WAVELENGTH

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 evailable. The error in assigning the equivalent tem-
perature of the sun at the various radio wavelengths is rather high.
This is due to several csuses. 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
condi tion 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.g measurements at these
wavelengths it is not unreasonsble to say that the few good measure-
ments are probably in error by at least $10% 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 meking 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 ublished 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 a]so the illumination across the surface of the sun varies; in
fact there is considerable 1imb 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 knowa.

At 8.5 millimeter wavelength with a ten-foot diameter antenna
the beamwidth is 0.2°, 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 s 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 Joss in the
waveguide has been measured to be 2.05 decibels 10.15 decibels, which
corresponds to a power ratio of 1.60 + 0.055 or 1.60 t 3.5%. Using
the data of Van Vleck o4 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 15%, so that the uncertainty in the equivalent temperature of the
sun may be taken as 110%. The data on the temperature of the sun
covering a period of several months is shown in Table 18. There is

TABLE 18
Equivalent Tempereture of ,the Sun at 8.5 Millimeters Wavelength
Average
Date Spot. Area To © K Temperature © K
September 17 2363 7950
18 2762 9430
20 3002 8560
2 3087 9470
October 15 2743 12600 o
17 10800 LR
21 2182 13300 o
30 968 8650 o g
November 1 1200 8800 dre
3 1 8370 2 g
7 925 9580 “
8 1077 9650 £y
1 895 7180 o) 5
1 10500 93
15 1248 8200
16 1192 12000
18 1996 8270
19 2386 8400
February 4 3563 6500
5 4230 7180
5 6500
6 6900
8 3282 6720
2 3029 6300
24 5800
March TR 8030 6740
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considerable variation in the equivalent temperature over this period.
The maximum value is 13,800° and the minimum 5800° Kelvin. The average
of all the data yields a temperature of 8700°; whereas the average of
the recent data yields 6740°. The data taken through November 19
should not be included 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 110%.
The minimum measured tempersture in this périod was 5800° and the
maximum 8030°. Table 8, previously presented, shows that the computed
central temperature at 8.5 millimeters is 6800° Kelvin and the computed
temperature at the limb is 8250° Kelvin. The observed temperature falls
between thase 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
experimentally.

If the temperature in the sun’s atmosphere is considered to fall
uni formly from its high value at the base of the corona to 4830° Kelvin
at the limb, then the computed equivalent tempersture at 8.5 millimeters
would have a value in excess of 10,000° 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 Bmnission Across the Surface of the Sun

In additien te measuring the equivalent temperature of the aan.
countour diagrams eof the distribution of intensity across the disc of
the sun were obtained. Previously, it has been pointed out that the



78 NAVAL RESEARCH LABORATORY

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 @ where the teft-handed
ruling is tangent to the western Jlimb of the mun. 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
position b is reached; then
the motion is continued and
readings taken as successive
rulings become tangent to the

e OO

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-
lination. 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
When the beam

antenna beam.
is pointed 0.5°

/
\\\ 4 away from the center of the sun,
\\___/// the intensity of the received
signal has fallen sensibly to
Figure 27 - Construction illus- zero. This can be seen by refer-

ring to Figure 14 which gives a
curve of the antenna beam pattern.

trating the use of the reticule

The sun is scanned in order to determine variations in the in-
tensity of the illumination across the surface of the sun. A lack of
uni formity might appear in either of two ways. 1In the first place,
there may be sensible limb brightening, and secondly there may be “hot
spots’' 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 msy 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-
lingtion, or a three-dimensional graph. may be constructed, where the
coordinates are right ascensjon, declination, and intensity. The
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three-dimentional graph shows at a glence 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 thevariation in intensity across the sur face c¢f
the sun at 8.5 millimeter wavelength

The interpretation of the response curves for the sun is diffi-
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 uni formly illuminated disc and that
the antenna pattern has its measured characteristics. It is extremely
di fficult 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 tae 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 cen 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 Relation of Radio Measurement 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 antennsa
pattern was represented graphically by sixteen concentric circles,
the smallest of which had 2 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 hal f-way between the twe measured planes is given in Figure
29, It should be noticed tnat 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 afso 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 Table 20 the weights
are assigned for the average antenna pattern, which was assumed to
apply in the 45° 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 as the beam moves uniformly across the surface
of the sun along & diagonal so that the axis of the beam crosses the
center of the sun. The functions are for motion across the sun in




-

NAVAL RESEAR

declination, in right ascen-
sion, and at the 45° 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 Table 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 uni formly illunimated disc
the size of the sun.

Figure 30 - Construction for obtainin
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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 or the western limb of the ’
sun where the intensities were higher than normal. y

An snslysis of this sort was carried out for the week of September
17, when a large 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 t¢ransit of the spot when messureuments were
made. The increase in intensity due to the spot was seven parts in
s 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 i3 approximately equal to 100.000° Kelvin. This
increase in temperature near the upot could be due to an increase in
the electron densities in and about the spot by a factor of 10 to 20.
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TABLE 23

Computed Intensities for Uniform Sun

[+]
Declsnsion (5

32

R

0 0.25 2.6 5.5 2.6 0.25 0 [}
1] 7.6 2.5 ;..\\__30.5 7.6 0 0

1.65 29.9 TE.2 o0 ThE 9 1.65 0

/

Il H.l.l] 5.8 100 33.8 I.L}) Y. 0

']

1.65 a.g\\rb.z Bg.0  1h.2 9 16 o

s

S e
0 7.6 .5 %Y 3.5 7.6 [}
1] 0.25 2.6 5.5 2.6 0.25 0
0 0 [ [ 0 0 0 0

Right Ascension o
a‘l 160 8! [} ar 16* a‘v 2-

TABLE 24

D fference between Computed anl Measired Intensities for 18 Novirber 1948

Declension 6

’ ‘
0 1.2 2.4 1.2 1.0 ] y

(1] 0 3.4 6.5 5.2 4.0 1.2 [+]
1.2 3.6 ]
2 9.1 0
1.6 13.4 0
2.6 13.4 (/]
1 9.6 ]
0 2.2 7 11.3 W2 8.2 0

1 1.8 2.4 2. 1

Right Ascension o
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O INDICATES MEASURED POSITION QF
RADIO DISTURBANCE - DATE SHOWN
IN CENTER

[ POSITION OF SPOT GROUP, WITH DATE
IN CENTER

Figure 34 - Relative po-
sition on the sun ofradio
disturbance and spot group
15 September to 22 Sep-
tember 1948

As can be seen from Figure 19, 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 %o 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 spoat, and produce increased
radio emission by the magnetron effect.
To determine which of these two effects
predominates or whether perhaps there is
some other mechanism for the effect will
require a detailed study of the
“disturbed'’ sun.

In addition to the motion of a bulge across the contour coin-
ciding with the motion of a spot across the sun, one other peculjarity

in the measurements was noted

and as yet is unexplained. On October

17 the contour map of the sun had a pronounced bulge at the southern
1imb. Attempts to correlate this observation with observed irreguler-
ities in the sun by other workers have not been successful. The iNaval
Observatory, in spectrohelioscope observations, shewed high prominences
in this region on the 16th and on the 18th, Theydid not take data on
the 17th. The High Altitude Observatory at the University of Colorado
took data on the 17th of October and observed & prominence which was an
“eruption of extreme violence and very short durstion’’ on this day, but
unfortunately the locaticn of the prominence they obscrved was at 310°,
which is on the other side of the sun from the region containing the
effect observed here. They point out that the life of the prominence
observed with respect to activity and observable material was certainly
less than one and one-half hours and was probably less thsn an hour.
They give data for no other prominence on that day,

Possibility of Dz2tecting other Extra-Terrestrial Objects

The equivalent temperature of the moon has been messured on
several days. The average equivalent temperature is 150° Kelvin :40%.
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No variation in intensity across the surface of *‘he 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 fror 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, and this is
of course to be expected when a reasonable surface temperature is
assumed. If at its closest approach to the earth Venus has a 30
seconds of arc semi-diameter, then its area 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 areo and weights for the whole
pattern wil]l 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 will probably be measurable. For then
at closest approach, Venus will cover the first two and 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 1947 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 smel]l because of size and wave-
fength ]imitntiggs. Some measurements on partial eclg ses have been
made by Sander, Dicke and Beringer, and Covington at wavelengths
of 1.25, 3.5, and 10 centimeters.

On May 20, 1947, there was a total eclipse of the sun of long
duration, whose path of totality extended from Brazil to Africa.




NAVAL RESEARCH LABORATORY 91

Measurements were made of the intensity of the sun's radiation during
this eclipse by a group from the Nava] 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 was & 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 Laboretory and could be adjusted
during the trip to the eclipse location. The location chosen for the
measurements was longitude west 20°; latitude north 19, 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 observutions 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 than any alternative plan which would necessarily

require extensive modification of equipment.

The width of the path of totality 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, and 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.

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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calculations by the Naval Observatory staff extending the Supplement
To The Ephemeris for this location and are given in Table 25. The
magni tude of the eclipse for this position was 1.039, Corrections
were then made on the times and positions of the contacts duz to the
changing position of the ship. This resulted in the corrected values

TABLE 25

Times of Mid-Totality and Semi-Duration of Total Eclipse
for Points on the Central Line in the South Atlantic Ocean
—_— e ]

G.C.T. of Semi-Duration
liid-Totality of Total Eclipse latitude Longitude
13" o m 16 90 5216 B 4216
1l 2 16.8 9 36.5 34 23.4
2 2 17.5 9 2.6 34 Loy
3 2 18.2 9 L.3 33 L5.5
4 2 19.0 8 49.2 33 26.8
13 5 2 19.7 -8 33.7 +33 8.3
6 2 2.3 8 18.5 32 50.0
7 2 20.9 8 3.4 32 31,8
8 2 21,6 7 48.5 2 13.8
13 lo 2 22.8 "7 19.0 +31 38.1
11 2 23.4 7 4.5 31 0.5
12 2 24,0 6 50.2 31 3.0
13 2 4.7 6 36.0 30 45,6
1 2 25.3 6 22.0 30 28,3
13 15 2 25.8 -6 8.1 +30 11.1
16 2 26.3 5 S5L.4 29  54.0
17 2 26.8 5 40,8 29 37.0
18 2 27.4 5 27.4 29 20.1
19 2 27.9 5 1.1 29 3.3
13 20 2 28,4 -5 0.9 28 46,6
21 2 28.9 I 47.9 2 29.9
22 2 29.4 L 35.0 28 13.3
23 2 29.8 I 22,2 27 56.7
A 2 30.3 3 9.6 27 0.2
13 25 2 30.7 -3 57.0 +27 23.8
26 2 31.1 3 L6 27 Tl
27 2 31,5 3 32.3 26 51.0
28 2 31.9 3 20,2 26 3,7
29 2 32,3 3 8.2 26 18.4
13 3om & 3% -2° 56,3 +26°  2h
3 2 33.0 2 LL,.5 25  45.9
32 2 33.3 2 32,8 25 29,7
3 2 33,6 2 2.3 25 13,5
34 2 33.9 2 9.9 A, 57.3
mpper—
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TABLE 25 (cont.)
Mid-Totality of Total Eclipse Latitude Longitude
13 35 2 34.2 -1 58,6 +24 41,1
36 2 3id5 1 N 2 24,9
37 2 34.8 1 36.4 2l 8.7
28 2 35.0 1 25,5 23 52,5
39 2 35.3 1 .7 23  36.3
13 Lo 2 35.5 - 4.0 +23 2.3
A 2 35.7 0 53.4 23 4l
42 2 35.9 0 43,0 22 47,9
43 2 36,1 0 327 22 1.7
INA 2 36.2 0 22,5 22 15,5
13 L5 2 36.4 -0 12,3 *21 59,3
L6 2 36.6 -0 2,3 2 43,0
% 2 36.7 ) 7.6 21 26,7
48 2 36,8 o] 17.4 2. 10.3
L9 2 36.8 0 27.1 2 53,9
13 50 2 36.9 +0 36,6 +20 37.5
51 2 37.0 0 46,0 2 2,0
52 2 37.0 0 55.3 2 45
53 2 37.0 1l L5 19 47.9
54 2 37, 1 13.6 19 31.3
13 55 2 37.1 11 22,5 +19 14,6
56 2 37.0 1 31,3 18  57.9
57 2 37.0 1l 0,0 18 41,1
58 2 36,9 1 48,6 18 24,2
59 2 36.8 1 57.1 8 7.2
1 0 2 36.8 +2 5.6 *17 50,2
1l 2 36,7 2 13.9 17 331
3 2 36,4 2 30,0 16 58,6
Iy 2 36.2 2 37.9 16 41,2
u" 5o 2 363 +2°  45.8 A6° 238
6 2 35.8 2 53,5 16 6.2
7 2 35.6 3 1.1 15 48.5
8 2 35.4 3 8.5 15 30,7
9 2 35.2 3 15,8 15 12.8
1 10 2 35.0 +3 23,0 +1 55,0
1n 2 4.7 3 30.1 u,  36.9
12 2 IR 3 37.0 U, 18,7
13 2 34.1 3 43.8 1 VA 0.4
u 2 33.8 3 50.5 13 1.9
1 15 2 33.4 +3 57.0 +13 23,3
16 2 33.0 4 3.4 13 beb
17 2 32,6 L 9.7 12 45.7
18 2 32,2 4 15.9 12 26,7
19 2 31,8 4 2.9 L 1.5

S




- r—

NAVAL RESEARCH LABORATORY 95

TABLE 25 (cont.)

G.C.T. of Semi-Duration
Mid-Totality of Total Eclipse latitude Longitude
u, 20 2 31.4 + 27.8 11 48,1
21 2 31.0 L 33.6 11 28,5
22 2 30.5 4 39.2 1 8.8
23 2 30.0 4 Lhe7 20 48.9
2 2 29,5 4 50,0 10 28,9
14 25 2 29.0 +, 55.2 +10 8.8

for the times and positions given in Table 26. From the dstes on the
four contact points it was then possible to determine the position
of the cent:r of the moon with respect to the center of the sun for
three positions: that of first and last contact and that of mid-
totality, Through these three points a circle was drawn which is

TABLE 26
Times of Contact for Positions of Ship
Times of Contact
for position: Times of Contact
Contact Long. 20° 33'4 W Ship's Position corrected for
Lat. 38!4 N ship's position
Long. Lat,.
1 h m s 0 ! L h m s
1 2" 16" 23 20° 31,3 N 45.8 N 127 16" 37
1I 13 47 37 20 33.0 38.4 13 47 39
IIX 13 52 51 20 33.9 38.3 13 52 49
1v 15 25 34 20 S2.5 34.3 15 24 38

used for the path of the moon’'s center across the solar 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 a transparent tem-
plate representing the moon.
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Figure 36 - Path of moon's center 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 at least half the time. The sun was
in the clear during the entire period of totality and remained pretty
much uncovered during the latter half of the eclipse. The clouds did
not interfere seriously with the radio messurements, but they .did
make it difficult to keep the sharp radio beam on the sun by optical
means, end, of course, interfered with the monitering 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

It is essentially a superheterodyne receiver
which looks slternately at the signal through the antennas ead at a
matched load at ambient temperature, The switching is done at a rate
of thirty times a second. The signal applied to the receiver is then
one with a thirty-cycle variation in arplitude. The maximum ampli tude
is that of the incoming signal and the minimum amplitude is that due

to the Johnson noise in the waveguide termination. The maximum and
of course, if the antenna is pointed at

the thirty-cycle output

41
designed by Dicke.

minimum positions are reversed,
something having lower than ambient temperature;
will be zero when the antenna is pointed et something which is at the

same temperature as the waveguide termination. The tairty-cycle out-

put from the ‘'eceiver is emplified and later detected and measured

in a recordin; milliammeter.

The antenna used for the experiment wes a parsbolic reflector
eight feet in diameter mounted on a pedesta] which sllowed the stabij-

lized antenna to be trained in szimuth and elevation by hand contro!
The beamwidth of the antenna

through an electromechanical linkage.
The degree of stabilization was

was 0.8° between half-power points.
such that the total motion of the ship was not taken out of the an-

tenna, and it was necessary for tlie operator to make corrections in
the pointing using the hand controls with the aid of a telescope. 1In
so far as possible the records were checked against photographs of the
sun taken at five-second intervala through a telescope bolted to the

antenna mount.
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The signal reccived from the sun caused a deflection in the out-
put meter of the receiver of sbout 1.5 milliemperes. This deflection
was shown earlier in the report to be propo-tional to the antenna tem-
perature. The output of the receiver was connected to an Esterline-
Angus recording milliammeter to record the veriations in intensity
during the progress of the eclipse, To calibrate the deflection of
the recording millismmeter in terms of intensity of the incident
radiation, the receiver was connected to a matched termination whose
tempernture 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 sntenna temperature to the true temperature of
the sun, 8 knowlecge of the pattern and gain of the antenna is re-
quired. 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 statility 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 wil] 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 dj.
rections except for dead ahead at zero elevation, where the foremast
and rigging of the ship interfered.

An Interpretation of the Observed Funetion

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
arr: given in Figure 38. Here the rectified current at the output of
tise receiver, which is proportional to the intensity o1 the received
cadiation, is plocted as a function of time. Each point shown is the
mean of meny observed points except for the expanded region for the
time of totality, where al] 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
centimeters during the
Hay 20,1947 eclipse. The
full line passes through

the average of the ob-
served points; the dot-
ted line represents a
symmetrical curve. The
individual points are E } - |
shown toan expandedscale 1 ’ [
near totality o |0 !mT -t —i i i
1 ooanT . | ~t-3m conmact
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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 associsted
with sunspot activity, and, finally, the radiation due to the corona.
For purposes of analysis the observed points are plotted in Figure 39
wi th relative intensity as ordinate and apparent separation of the
the centers of the sun and moon as abscissa.

Consider first the residual radietion at the time of totaelity.
This signal can be accounted for in three possible ways: (1) radiation
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Figure 39 - The observed relative intensity during
the eclipse of May 20, 1947 plotted against ap-
parent separation of the centers of the sun and tFr
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) d ffraction around the edge of the moon.
Calculations show that the 1adiation diffrarted 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 /% 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 radintes
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
cororia during the period of totality using the 'ats 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 ,°= 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 1imb, where in
this instance the Jimb is replaced by the sphere of radius R . The
absorption for each layer is now ZKAh , since the ray penetrates
the entire corona, Table 28 provides a series of values for the
summation of ZKAh . From these data the value at 1.055, 1.065,
etc., were obtained by interpolation, and the curve was extrapolated



TABLE 27
Calculation of the Absorption forLo=1.04

101

hy x x 2Rx ht2 Rt  ah .
168cn 10%m ].016‘31112 10%cn? 1016cn2 168cn 108cm per cm 2KsA h!
28 0 0 0 0 0
38,171 1.3910713 1,061x1073
29 2 1 1456 157 3817
15.829 1.33 4,221x107%
30 2 4 2912 2916  54.00C
12,159 1,28 3.113
31 3 9 4368 LT 66.159
10,261 1,23 2,524
32 4 16 582, 58L0 76.420
9,049 1.18 2,136
33 5 25 7280 7305 85.469
8.190 1,13 1.851
1A 6 36 8736 8772 93.659
7.5,  1.09 1,644
35 7 49 10192 10241 101,20
7,02 1.06 1.488
36 8 64, 11648 11712 108.22
6.61 1,02 1.348
37 9 81 13104 13185 114.8)3
6.25 9.8x10°1% 1,225
38 10 100 14560 1,660 121,08
5.95 9,55 1.136
39 n 121 16016 16137 127.03
5,70 9.21 1.049
40 12 Uk 17472 17616 132,73
5.6 8,98 9.828x10™°
AL 13 169 10928 19097 138.19
5,27 8.70 9.170
L2 u, 196 20384, 20580 143.46
5,08 8.42 8.534
43 15 25 28,0 22065 148,54
4,93 8.10 7.937
INN 16 256 2326 23552  153.47
4.77 8.00 7.632
45 17 289 24752 25041 158,24
4L.65 17.80 7.254
L6 18 32, 26208 26532 162.89
4,52 7.60 6.870
X 19 361 27664 28025 167.41
44O 7.0 6.512
48 20 L0 29120 29520 171.81
LA 7.22 6,206
49 2 LY 30876 31017  176.12
LD 17.03 5.922
50 22 L8, 32032 32516 180,32
19.78  6.60 2,611x1074
55 27 729 39312 LOO4L 200,10
18,11 5,90 2,137
60 32 102, 46592 47616 228,21
16.82 5,30 1.783
65 7 1369 53872 55241 235,03
15.80 4.80 1.517
70 42 1764 61152 62916 250,83
166.23 2,70 8.976
139 11 12321 161616 173937  417.06 1
236.01  4.90x1071% 2,312
278 250 62500 364000 426500  653.07 16
194.11  5,50)1072 2,136x107°
417 389 151321 566384,  T17705  AL7.18

£ 5.9470°2
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TABLE 27
Calculation of the Absorption for s 1.05
ne | x | =2 2R x nt2 ht | ah X
108en 108ca :I.Ol6<:m2 :I.Olbcm2 1016<:m2 108¢a| 108cm per cm ZK-ah!
35 (o] 0 0 0 0
38,354 [1.06x10713] 8,13107%
36 1 1 470 W71 | 38,354
15.905 |1.02 3.245
37 2 I 2940 2944 | 54,259 "
12,217 [9.8x10° 2,
8 3 9 4420 119 | 66.476 2%
10,310 |9, 1.96
391 4| 16 seo | sees [76.786 923 o
9,092 (9,21 1.6
L0 5 25 7350 7375 | 85.878 ’ 2
8.229 | 8.98 1,481
IAY é 36 8820 8856 | 94.107 ’ '
7.57 |8.70 1,31
@ | 7| | om0 | w039 pouss| 3
7.06 |8.42 184
L3 8 64 | 11760 1824 (108,74 b !
6.63 |8.10 1,
L, 9 8l | 13230 13311 [115.37 on
6.2 | 8,00 1,006
45 10 100 | 14700 14800 |12.66 g
: .80 . -
wl ul 12!l iam | w0 ol *® |7 9:329x30
5.72 | 7.60 8.6
47 12 WY | 17660 17784 [133.36 7
5.49 | 7.40 8,12
@l 13| 169 | 1910 | 19275 |138.85 ) :
- 5,29 | 7.22 .618
wl w| se | 2580 | 2076 |uu.ws 7
5.1 | 7.03 «20
50 15 225 | 22050 22275 |w9.25 (g "
23,38 | 6.60 08610
55 20 400 | 29400 29800 [172,63 2
20,07 | 5.90 2,368
IS 25 625 | 36750 37375 (193,33 2
18,80 | 5,30 1,
65 0 90G | 44100 45000 [212.13 > e
17,38 | 4.80 1.668
70 35 1225 | 51450 52675 1229,51
175,08 | 2. 5
139 | 104 10816 | 152880 | 163696 |404.59 ’ I 9.b5
240,59 | 4.9x10715 [ 2,358
z18 | 243 59049 | 357200 | 416259 |&45.18 i % 2 5
195,93 | 5.5x10™ 2,156x10~
7| 382| 145924 | 561540 | 707464 |al.ll ’
Ze 4,.872x1073
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TABLE 27
Calculation of the Absorption forZ= i.08
hg X x2 ZRx ht? h AR K
108cn 108em 1016cm2 1046ca? 1016¢I2 108:a  10%ca per ca 2K-Ah!
42 o 0 0 0 0 U
38,53 8.42x20°% 6,470a07
43 1 1 73N 1485 38,536
15,980 8.10 2,589
L4 2 N 2968 2972 54,516
12,275 8.00 1.964
L5 3 9 4452 4461 66.791
10.358 7.80 1.616
L6 L 16 5936 5952 77.149
9,135 7.60 1,389
L7 5 25 7420 ThiS5 86,284
8.268 7.40 1.22
48 6 36 8904, 8940 94,552
7,61 7.22 1.096
49 7 49 10388 10437 102,16
7.09 7.03 9.997x107°
50 8 6l 11872 11936 109.25
30,25 6.60 3.993x1074
55 13 169 19292 19461 139,50
2,.93 5.90 2,942
60 18 32 26712 27036  164.43
21.75 5.30 2,306
65 23 529 34132 34661 186,18
19.58 4.80 1.880
70 28 784 41552 L2336 205,76 n
185.85 2.70 1.004x107~
139 97 9409 14,3948 153357 391.61 '
25,51 4,907 2,400a0™

278 236 55696 350224, 405920 637.12

26,46 5.5x10728  2,382010°5
417 389 151321 STI76 128597  853.58

e 4,.115x1073
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TABLE 27
Calculation of the Absorption forpe = 1.07

hg x x2 2Rx he? ht 4! K
10%m  108em 1016cm2 lolé’cm2 1046¢n? 108¢cm 108cm per cm 2K+ 4 h!
49 0 0 0 0 o U "
g I0TAT 7.03x107 5.444x10
50 1 1 W98 1499  38.717x10 ¥
56.278 6,60 7.429x107
55 6 36 8988 9024  94.995x107 o
33,845 5.90 3.994x10
60 1 121 16478 16599  128.84x10'°
26,80 5,30 2,841x107%
65 16 256 23968 2422,  155.64x1010
10 22:96 L.70 2,204x1074
0 2 L1 31458 31899  178.60x10
199.5 2.7 1.077x1073

139 90 8100 134820 14,2920  378.05x10°°
1o 250:8 L9075 2,u58107

278 229 52441 343042 395483  628,88x10 "

10 199.8  5.5x1071¢ 2,198x1075

K17 368 13542l 551264 666688  G28,67x10

S 3.536x107

TABLE 27
Calculation of the Absorption for A= 1.10

he  x x2 28x  n? h Ah X
108cm  10%a 1016em2 10]'6‘31112 101L6 a-2 1o°m 108ca per cm ZKedh!
70 0 0 0 0

3.332a010 2,707 1,799x107
2,6980%0 4,9x10715  2,644x107%
2,0621010 5,5x10~16 2,268x1075

139 69 4761 106260 111021  333.20
278 208 43264, 320320 36358, 602,96

K17 W7 120409 534380 654789  HD9,.19
e 2,086x2073

X ® height of the top of the layer above the reference circle

hg = height of the top of the layer atove the sun's surface,
hy = (R -B¢x

h'2 s 2Rx rxz

R = 7.2800%0 ca

Ry*7x 1010 em

s B
Fez
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TABLE 28

Calculetion of HResidual Radiation at Time of
Totality and the Equivalent Temperature of
the Corona atJ3.14 Centimeters Wavelength

I,
~ 2 X —JT‘ Equivalent
A u en
L 2kah —ring T_Tr_. A*BeC Temperature
Asun 3.0 of Ring ° X
T.0%
5.35x10  0,0209 70 0.00784  h45x103
1.05
L.48 .0211 70 .00662 3.76
1,06
3.61 40213 70 .00568 3.19
1.07
3.28 .0215 70 00516 2.75
1.08
2.78 .0217 70 .004,22 2,33
1.09
2.30 .0219 70 .00352 1,92
1.10
1.85 0221 70 .00285 1,55
l.u
1.38 .0223 70 .00216 1.16
1,12
0.92 ,0225 70 00145 0.77
1.13
0.45 ,0227 70 00071 0.377
L1
Z = 0.04021

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 10° degrees Kelvin. The contribution due to the exposed corona
may be calculated in the following manner:

(77)

I, AT, Z2Kah
I Z AT,

where A' = the area of the individual ring

T'_ = 8.4 x 10° degrees Kelvin, the equivalent temperature
of the material in the ring

ZZKAh: the absorption of a ray passing through the ring

As=area of the sun
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T; = equivalent temperature of the sun

e

Is.-. emi ssion from the entire sun,

emission from the exposed corona

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 J'
- 1
16,000 ——+ I e T T s B (S
.x —+ + o 4 4 . ] .
x
o 12,000 - e A
1 4
=]
= ey = L
<
«
% 8000} 44— 1| S| | B E— 1
2
w 1
Lo - I S — B R S
so00}b—+— 4+ 4+—+ 44+ L 1
o]
(o] 0.2 04 0.6 o8
P
Ro
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 /9'0.791,
0.935, 1.0, 1.015, 1.04, and out tof = 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.
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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 purpoase here was to use a curve-fiiting technique to
establish 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 tria]l are: a uniform distribution across
the disc; ¢ distribution similar to that of Figure 40; and e distri-
bution half of which is due to a uniform center and the cther 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 /?:1.16. It is only near totality
that the distribution in the corons 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 numerlgll 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
circulnr transparent template on the path of the moon’'s center
across the solur 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 templa:.e was measured in units of the solar radius.
The sunspot areas a%g magnetic fields for that day were obtained
from other sources. A curve showing the percentage of total sun-
spot area and squere root of sunspot area times magnetic field of
the spots uncovered as a function of ihe separation of the centers
was Adrawn, This is shown in Figure 42, Combining the distribution
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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

Squere root of area times the
magnetic field

_____ Area of spots

function , the sunspot function, and the corone function in different
proportions, severa]l eclipse curves were obtesined which were combined
into two sets. The first set emphasizes the effect of giving varying
emphssis to the sunspot contribution. The second set assumes a

constant sunspot contribution but {]llustrates 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 d-.

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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Figure 43 - Trial pclipse functions using thedistributions
of Figure 41 with no sunspot contribution
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— distribution of Figur« 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 distributiosn
of Figure 40 yields the kind of eclipse 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 this does not constitute a
precise determination of the true distributions, it does show, as antjc-
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 smount of radiation from the corona may be associated
with this limb brightening.
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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 y
rort 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 doesg 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

FPenetration for Reys 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 seen 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 incresased 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 che electron
densities and temperature, and in general the penetration is less for
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Figuro 45 - The effective depthof penetration for
’ radiation in the wavelength range 8 millimeters
to 50 centimeters y

a ray entering at the Iimb 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 lines. 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 Jdistribution of
electrons necessitates the choicc of & peculiar temperature distri-
bution in the chromosphere in order to reconcile the observed tem-
perature of the sun with the assumed conditions in the chrumosphere.

—
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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 equivelent 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 vhotospheric 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 temp.rature indi-
cated as nearly uniform over a large part of the chromosphere it is
implied that tu bulent conditions prevail and that the situation

there is very similar to that in our own atmosphere, where the Jower
strata are maintained at a reasonably uniform temperature becsuse

thete are extensive mass motions of gas.

Use of Results for Determining Conditions in the Sun's Atmosphere

With the exception of the eclipse deota at 3.14 centimeters, the
only radio data which gives detailed information on the temperature
distribution for the sun is the work rep>rted here. In order to ob-
tain a more complete solution to the problem of the distribution of
elnctrons through the sun's atmosphere and the equivalent temperature
through the atmosphere, it will be necessary to taske data over & wide
range of wavelengths with high resolution. The curve showing that
temperature distribution in the corona and chromosphere which best
fits the present observational deata is drawn in curve B in Figure 23,
It seems more probable that the actual tempersture 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 tempersture 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 skows 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 relevant to
a height as low as 4000 kilometers would requive 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
troublesome. It is known from theoretical considerations thet 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 will soon be made. At this wavelength the
crowding of the absorption lines is not so severe, but again the at-
tenuation to bLe expected is known only theoretically. With this com-
mer.* 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 temperati re 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 .he outer atmosphere of the sun and
rises very abruptly in the region where the optical depth approaches
unity, the stmosphere can be probed with fair accuracy-perhaps ss close
as one kilometer. The exact location of this atmosphere with respect to
the visua! 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 Jower chromosphere has been neglected here since the collision
across section of the neutra]l atom is very much less than that of the
proton, and even though neutral hydrogen exists in an abundance of say
400 to 1, its effect onV and K would be negligible. The question of
the negative hydrogen ion is different. Here we are dealing with_the
collision of two charged particles, ¢ and H  , and so the collision
cross section will be large. Where H is abundant, then its presence
will Le felt,

The importance of the eclipse data in determining the electron
density and temperature of the corons was pointed out, Observations
of the intensity of the radio signal received at totality for total
eclipses of various megni tudes would help to determine the physical
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condi tions of the corona, This is perhaps the only method which will
be feasible for exploring in detail the sun's atmosphere at wavel ngths
above 10 centimeters, since the size of antenna required to provide a
beamwidth less than 0.2° at these wavelengths is prohibitive.

The effect of the general magnetic field of the sun has been
omitted 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 appreciable, and if the disturbing
effects of the fields due to sunspots could be eliminated, 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 ‘‘ierefore the antenna size required to obtain the necessary
resolution would be quite large. An interferometer-type technique
similar to those proposed earlier could be used, but this provides
resolution in only one plane and, in addition, makes absoJute cali-
bration difficult,

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 di ameter 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 millimeteis 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 100,000° 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 will 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 well] be the explanation of the
increase in th~ equivalent temperature of the sun at the shorter
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wavelengths. On the other hand, when the Jlonger wavelengths are
considered, the equivalent temperature of the sun et 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 radistion across the su.face 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 nossible 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]l in-
crease the temperature only slightly unless the increase is greater
than several thousand kilometers, which could correspond to a
change in electron concentration of about a factor of 10.
Since in the case cited earlier the equivalent temperature near
the spot was approximately 100,000° 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 atmosphere. The wave-
length of oscillation is a well known function of the magnetic field
and is /\110.600/" . 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 bacomes 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 specific intensity of the enhanced radiation. A cor-
relation with the known circumstences, such as the parameters of the
spot, will help to describe the conditions under which this enhanced
radiation occurs, 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 signel is high due to the nature of galactic
noise and the characteristics of receivers, With the advent of
larger antennas, it should be possible to extend towerd shorter wave-
length the range over which the measurements of galactic noise have
been made, and if this is done, then the consequent higher resolu-
tion will tell much about the structure of the source of the radia-
tien. A furthcr 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 gsin a better
understanding of the effect., It has been shown that the radiation

from the quiet sun is thermal in origin ani may be explesined by as-
signing proper electron and temperature distributions in the sun's
atmosphere. On the other hand the radiation from the disturbed sun
does riot appes~ 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 ceused by large gradients of density, tempera-
ture, or electric field in the vicinity of a disturbed region. Plasma
oscillations of this sort were suggested by Schkloosky 7 as the source
of enhagfed radio emisliog and have g:cently been di scussed by Bliley?
Pierce, Bohm and Gross, Nergaard and Haeff. The latter
papers discuss the amplification of radio signals along beams of
electrons and show that the magnitude of this effect is such that jt
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 larger
than the sun's diameter so that it is impossible directly
to associate variations in the radio signal] with specific
activities on the surface of the sun., The use of higher resolving
power, especially at 3 and 10 centimeters, will materially aid in
anslyzing this problem for then variations in the sun's emission
will be correlated directly with specific arees on the sun where
information on solar conditions derived from visual observation will
be avajilable.
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