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212 W. Seminary Avenus
Wheaton, Illinois

Dear Mr. Reber:

Your letter of July 18th is much appreciated. I
had overlooked the data of Friis and Peldman. This data is
very interesting, although sketehy. Unfortumately Feldman
tells me there 1is little hope of obtaining more data soon
with the array of antennae,

I have fimally finished writing up the bulk of the
theoretical work I've been carrying on in my spare time con-
cerning commic noise. It must be processed by ocut pudblication
department, however, before release. I would like very much
to have your comment oh the couple of persgraphs concerning
your measurelisnts which I have enclosed. My understanding
of your satenna system is not good; but as you will aee
fundsmental considerations lead me to socmewhat lower temper-
atures or average radiation densities than givea in your paper.
I also don't understand how you obtain a beam width 6 to 8
degrees wide with a ratio of mirror diameter to wavelength
of 5.1. Standard formulae assuming uniform amirror illumin-
ation give a total beam width between half-power poimts of -
about 12 degrees. Perhaps there is some simple poimt which
I am overlooking. I hope you can clear this up for =me.

Am very glad to hear that you amd Dr. Greemstein

are engaged in reviewing the cosmic and sun noise work, and
hope you will send me a eopy of your work when it is complete.

Sincerely yours,
julitoh
. N 7T ari—

CHAS. H. TOWNES
Attached.



In discussing some of the other radio results, a
fundemental thermedymamic relationship will be wsed. in \

smplifier receives from a perfectly matohed, lossless antenna Nk N
pewer kTAv if T is the temperature of space surrounding the <Q|®
Y

antenna. This can de shown by examining the noise pmr. trams-
nitted bDetwsen two equal parallel-comnected resistors r) and rp &
at temperature T. r) delivers Johnson noise of power kTAY to
rz and rg delivers an egual amount daek to rj. If r2 is re- g
placed by a matched, losslefs antenns, r; must radiate iato \i
spece power equal kTAY and if the surrounding space is at the Aj
seme temperature it receives imr to maintain thermal equilibrium. \i
If reflections or losses are present in the antenna, the trams- E
mitted or received pewer is decreased ascordingly. %
Reber's results at 160 mogacycles are given doth in i
terms of total power reseived and radiation power per square \i\
centimeter per ciroular degrees pexr frequency iaterval. To obtain i
the latter, he assumes that radiation of only ome plane of a
polarizatien is received by the antenna, and uses a beam width 3
6° by 8°, If we compute the temperature from kTAr wes obtain
1370°k. If we use his figures for power per square ocentimeter 1
per cireular degree per freguenscy imterval smd apply formmls (12),<
the temperature is 5100°K. This latter figure was apparently
used by Henyey and Keenman, and later by Greenstein, Henyey and
qu.n“ However, the inconsistency between 1370° abd 5100° past
de explaimed either by an underestimation of the width of the main

17. Greenstein, Henyey, and Keenan, Nature 157, aos (19¢6).
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satenna lobe, or by the presence of important mimor lobhes.

It appears more correct to the amthor to make no assumptions
about the antenna pattern and to take 1370°K as the average
temperature seen by ‘the antenra. This value should be good

if transmission from the receiver through the antenna to

space is perfect except for the 154 loss in the mirror poimted

out by Reber.
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INTERPRETATION OF RADIO RADIATION
FROM EXTRATERRESTRIAL SOURCES

- by Charles Hard Townes
Bell Telephone Laboratories,
Murray Hill, N. J.

’

Radio frequency radiation originating outside the

1

earth's atmosz?ere was first discovered by Jansky  at a fre-

A'_
quency of I# megacycles per second. Since then Rebera and

otherss’4 have measured the intensity of this radiation or

"noise™ at other frequencies and fixed its direction more ex-

actly. Jansky5 suggested that the radiation he detected may

bave come from ionized gas in the Milky Way. Reber6 made a

rough calculation for such a mechanism and Henyey and Keenan7

first applied & more quantitative theory and showed that the

magnitude of radio radiation from the Milky Way agrees approx-
imately with the ragiation one might expect from free electron
collisions with protpns in interstellar space. They assumed
the accepted values of electron density approximately one per
c.c. and temperature equa§710,000°K.

This paper purposes to examine'briefly the theory
of production of long-wave radiation by collisions between

electrons and ions, to compare the radio data available with

this theory, and to discuss two conclusions noted earlier.8 'EE

1. Jansky, I.R.E. 20, 1920 (1932)

2, Reber, Astrophys J. 100, 297 (1944)

3, Friis and Feldman, I,R.E. 25, 841 (1937)

4, Hey, Phillips and Parsons, Nature 157, 297 (1946)
5. Jansky, I.R.E, &3, 1158 (1935) _
6.- Reber, I.R.E, 28, 68 (1940) :
7. Henyey and Keenan, Astrophys J. 91, 625 (1940)
8, Townes, Phys, Rov, 69, 695 (1946)
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l. Radio data call: for a temperature for insers-
stellar electrons nearer 100,000° than the usually assumed
10,000°.

2., The gun's corona may radiate enough radio-
frequency wsnergy 1 to increase appreciably the sun's total
radiation and apparent dlameter as measured in this frequency
range,

) ’ Theory

Kram.ersg gave a classical derivation for continuous
X-ray emission produced by bombarding nuclei with electrons.
In doing so he obtained an expression which is also applicable

to the radio frequency radiation produced by collisions between

. electrons and hydrogen ions in interstellar space, His expres-

sion for the amount of radiation per cubic centimeter per fre-

quency interval per second is

dE _ 32x %18 mv°
" 5 5z o8l 5) (1)
- ctm®v 1.78 s v e
where n = density of ions and hence of electrons.

¢,m,Vv = electronic charge, mass, and velocity

respectively.
¢ = velocity of light.
v = the frequency considered,

To obtain the absorption coefficient of the ionized

o8

dg
gas, It must be multiplied by , SO that

9. Kramers, Phil, Mag. 46, 836 (1923).






Equations (3) and (4) agree very well numerically
as one might expect because the electron behavior is essentially
classical under the conditions of interest., There are two some=
what disturbing fegstures of these formulae, however. One 1is
that logarithms in the two expressions show different functional
dependence on the coanstants of the problem. Thus the quantum-A
mechanical expression (4) depends on h and would be divergent
rather than approach the classical expression if h were allowed
to approach zero, In addition, both formulae(3) and (4) require
a divergent expression for the energy emitted per c.c. per
second per frequency interval as v approaches zero, This is
shown by (1)-.

To resolve these difficulties, an attempt was made to
obtain a classical approximetion somewhat more suited to the
problem at hand than that given by Kramers., We first calculate
the amount of radiation produced by collisions with impact
parameters (distance between positive ion and asymptote of

electron path) less than r r. is taken - s® Emell ' that the

o° o)

phase of the radiation does not change appreciably during
collision and the electron trajectory is assumed to be unaffected
by radiation., The contribution to the average energy emitted

per collision per frequency interval by collisions within this

radius is

6 2/3 (
AE = 52«23 3n . log (1 +
3m® oY v ( e )

a® v r 8,1/2
o | (5)



And the energy emitted per c,c. per frequency interval per

second due to these collisions

dE .6 2 o2 v4 roa)l/2

rral S log (1 + -——;z-—"% (6)

1
From radius r_ to radius
o onl/3
the electron path is & straight line and the radiation phase

allowed to change during the duration of the collision, -—%73

an

the approximation is made that

is one-half the distance between ions, hence only the
field of the closest ion is considered., The resulting contri-

bution due to these collisions is

dEz 3% e6n8

(
(v o (%) (2L2)
E;- - 3 m3 03 v %an/s o (vnl 3) ! (vn1 3)
2nvr 2gvr exyr_ )
-0 ( 0) 0
- o v B g - ; i (7)
13

Here K1 and Ko are Bessel functioans,

An approximation appropriate to the radiation observed from

intersteller gas (v = lO8 sec';, vz 108 cm/sec, n x 1 cm’s)

gives

- @ G B G B e eE GW @B en G W eGB G5 s en B N en M O W W e =@ e @ = == = -

13, Whittaker and Watson, Modern Analysis p. 373 (Cambridge
Press 1935),



so that
dE, dE 2 ave
@___}_*_E-M log =3 (8)
at  at at 3 R v o 2xve
since
mav4r02
Z >>1
(<]

This is essentially the same as Kramers% expression (1). For
t %V

very small v or large n, however, such tha ;;T73'G<1
o _sam et
at 5 8 o3 ¢ an/3r
and
dE - 38 eé_&i log av® (9)
at 3 p2 Py 2 e2 nl;3

Thus the apparent divergence of g% for small ¥ in Kramerst
expression is due to considering collisions with only one ion
at a time and 2llowing an infinite radius of interaction between
each electron and each ion. ZExpression ($) removes this dif-
ficulty. . The approximation given by Kramersdoes not, however,
introduce appreciable error for cases of interest to this paper,
Although the work of Menzel and Pekeris is more recent
and comprehensive than that of Gaunt, the latter's paper was
examined in an attempt to explain the apparent discrepancy

between the quantum-mechanical and classical expressions



because his exposition is more detailed., Gaunt gives an
expression (5.38) for the absorption coefficient involving a

summation

k=1 +%n

where
axe
o =%

2xmpv
k = n

P = impact parameter or the distance between
positive ion and asymptote of the electron
path,

A= Xu or the ratio of the initial electron
velocity to the final velocity after

emission of quantué ny. —

This series Gaunt approximates by 2 k which
: nk=l k8+n2
he evaluates &s log L = log EX: » This is the term responsi-
A1 2hy
bie for the logarithmic part of (4)., In evaluating the sum,

Gaunt has evidently assumed that n ~ o. A more accurate value

1
-1 1 3

for 2 zk = 1is log 775 = log 2_ . This
k=1 k“+n (M=1) (1+n%) 4x ey

expression now has the form of the classical result, and is not
divergent as h - o. Actually Gaunt's approximation n ~ o is
not a very bad one for the conditions of present interest, If

v is very small, or n large so that __£§_ <<l, the sum should
1/3
va



1
net be from k = 1 to k = iTET’ but its upper limit should be
determined by the distance between ions, or k = -2&Y « The
mv
b ; h
sum then becomes 19? ;;T?E:ﬁ which agrees with the logarithm

of the classical expression (9) for small ¥ and does not diverge

as ¥ — 0, It would appear that Maue,and Menzel and Pekeris mAy

2
2287 ) and —2Y¥

ha ade s ar a ati - .
ve made similar approximations (n v ;;373

>>1)

which give their expressions for the long wavelength limit the
form (4).

Having satisfied ourselves concerning the apparent
inconsistencies of (3) and (4), we may use either formula for
cases of interest to this paper., Actually (3) will be used

"below as it appears to be more accurate, though differences
between the two are less than 10% and quite insignificant. From
(3) the apparent temperature of the Milky way Jjudged by the
intensity of radistion of frequency v is

( " n®

)
- 19.7 - 1 X
T, =T (1-e"") = 1 El-e 107" (2 gz | o8 (T)373)S; (10)
| )

where S is the extent of ionized gas in the direction of obser-~
vation,
n is the density of positive ions, assumed uniform and

composed largely of hydrogen,

T is the "temperature™ of free electrons or T = Eﬂz,
3k

For reasonable values n = 1 and T = 10,000°, and S = 60,000 L.Y.



in the long direction of the Milky Way, yS =1 for v = 108
cycles/sec, The Milky Way should then give maximum temperatures
approximately 16,000° for v <<108. For frequencies so great
that the gS5<<1, we have

Y LQZE;EE (19.7 - log —¥_)s (11)
a v2 TJ,/:-z T‘ 372 '

so that the apparent temperature is approximately inversely

proportional to vz. Thus for high frequencies the radiation

per unit area per unit solid angle per unit time per frequency
interval is approximately independent of frequency since the

radiation power is

2
= 2Kv Ta Ay per cm® per steradian (12)

P
c

Radio Data and Its Analysis

Actual radio measurements agree with the expectation
that the radiation power is independent of frequency at high
frequencies, They also agree with the expected variation with
S, or the path length through the Milky Way as shown well by
the intensity contours of Reber and of Hey, Phillips, and
Parsons, Maximum temperatures at low frequencies are, however,

considerably higher than expectations,
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Table 1 gives radio measurements from a number of
sources expressed in terms of apparent temperature., These
values have been reduced from the reportéd results which are
usually expressed 1n other terms, A discussion of their re-
duction is given below.

Table 1 also compares the measurements with two
attempts to fit the results by formula (4). In each case a
temperature T is assumed and n is determined to fit Reber's
measunement at 160 megacycles., The value of n so determined
is consistent with other estimatesl4 ana probably more accurate
than they if the radio radiation is produced by the mechanism
discussed here,

Dicke measured the temperature of interstellar space
at microwave frequencies with a microwave radiometer described

15

recently. He has informed the writer that since no detectable

radiation was found, he concludes the temperature must be less

16 also looked for radiation from the

than 30°K. Southworth
Milky Way at microwave frequencies and found none., His sensi-

tivity was somewhat less than that of Dicke,

14. Dunham, Proc. Am. Phil, Soc. 81,277 (1939), also see ref. 7.
15. Dicke, Rev. Sc. Instr. 17,268 (1946)
16. Southworth, Jl. Franklin Inst. 23%,285 (1945)



Max. Apparent

TABLE 1

Max. Theoretical Apparent

‘Max. Theoretical Apﬁarent

Freyuency Temperature Temp. Assuming n Temp. Assuming n =
Observer Cycles/Sec. Degrees K 0.6%/c.c. T = 10,000°K 1.1/c.c. T = 150,000°K
‘ , 10 .
Dicke 4 x 10 <30 <5 <5
Reber 480 x 10° 100-200 140 140
160 x 10° 1370 1370 1370
ey, Phillips 6 L
& Parsons 64 x 10 10,600 .6000 . 9000 -
' 1
Jansky 18 x 10° 100,000 10,000 84,000
Friis and 6 .
Feldmen 9.5 x 10 120,000 10,000 140,000
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fundamsntal thermodymsnie relationshiy will be used. 4An
anplifier rescsives frem a perfoctily matehed, lossiess sntenae
powar XEAY i 7 is ts tmperature of spase surreunding the
axtenns. This eem be shewn by emsmining She nelss pewer trans-
aitted botwosn we oqual parallsi-connseted resisters vy and ¥y
at Seperature T. r) 4elivers Johansen noise of power kTAY S0
zy aad 73 dclivers en oqual smowns daek S0 ). IF my A8 re-
Piesed by & mateheld, 1sssless antemne, 7y INst rediats inte
mmoﬂ&vmumm"muum
pwnmmmrummmu-
wimm. If refiestions or lesses are preseant in the sntemma,

Rebers yesulte ot 100 magaspeles are siven both ia
tain the laster, ke ssswmis that redistion of enly one phanscof
6* by 8°. If ws congute the Sempereturs frem MEAY, we sbtain
INTOK. If we une kis fignres for powar per sqguare seatimster
{18}, the Sempareture is S100°E. This latter figure was appavently
used by Greeastein, Nmyey sad Keenaal? in their conparison of re- %
oent raiio data with the theoretical surve given by Nenyoy and Kesman;

17. Greenstein, Nenpey ent Kesnsn, Nature 18%; 008 (1948).
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