the Information Content of Plant Cells, R.
Markham, D. R. Davis, D. A. Hopwood, R. W.
Horne, Eds. (North-Holland/American Else-
vier, Amsterdam, 1975), pp. 229-252; A. Hadidi
and T. O. Diener, Virology 78, 99 (1977).

30. A. Hadidi and T. O. Diener, Virology 86, 57
(1978). It is interesting to note that with brief
periods of 3P incorporation, labeled PSTV con-
sisted almost exclusively of circular molecules
despite exposure, during isolation, to conditions
similar to those that have been reported to lead
to “‘nicking’’ of circular molecules (28), whereas
with increasing times of 2P incorporation, the
ratio of circular to linear PSTV molecules con-
sistently and reproducibly diminished. Because
the isolation procedure was identical with all
preparations, it is difficult to believe that linear
molecules arose in these experiments as an arti-
fact of isolation.

31. T. O. Diener and D. R. Smith, Virology 46, 498
(1971).

32. H. L. Sénger, Adv. Biosci. 8, 103 (1972).

33. T. O. Diener, I. R. Schneider, D. R. Smith,
Virology 57, 577 (1974).

34. J. S. Semancik, T. J. Morris, L. G. Weathers,
ibid. 53, 448 (1973).

35. H. J. Gross, H. Domdey, C. Lossow, P. Jank,
M. Raba, H. Alberty, H. L. Singer, Nature
(London) 273, 203 (1978).

36. T. O. Diener, Adv. Virus Res. 17, 295 (1972).

37. This result contradicts conclusions drawn by
some investigators that PSTV and CEV were in-
dependent isolates of the same pathogen [J. S.
Semancik and L. G. Weathers, Virology 49, 622
(1972); J. S. Semancik, D. S. Magnuson, L. G.
Weathers, ibid. 52, 292 (1973); R. P. Singh and
M. C. Clark, FAO Plant Prot. Bull. 21, 121
(1973)].

38. E. Dickson, thesis, Rockefeller University,
New York (1976).

39. H.J. Gross, H. Domdey, H. L. Singer, Nucleic
Acids Res. 4, 2021 (1977).

40. E. Dickson, H. D. Robertson, C. L. Niblett, R.
K. Horst, M. Zaitlin, Nature (London) 277, 60
(1979).

41. K. Henco, D. Riesner, H. L. Singer, Nucleic
Acids Res. 4, 177 (1977).

42. T. O. Diener, unpublished observations.

43, H. D. Robertson and T. Hunter, J. Biol. Chem.
250, 418 (1975).

44. J. Langowski, K. Henco, D. Riesner, H. L.
Sanger, Nucleic Acids Res. 5, 1589 (1978).

45. H. Domdey, P. Jank, H. L. Sénger, H. J. Gross,
ibid., p. 1221.

46. T. ;akahashi and T. O. Diener, Virology 64, 106
(1975).

47. J. W. Davies, P. Kaesberg, T. O. Diener, ibid.
61, 281 (1974); T. C. Hall, R. K. Wepprich, J.
W. Davies, L. G. Weathers, J. S. Semancik,
ibid., p. 486.

48. J. S. Semancik, V. Conejero, J. Gerhart, ibid.
80, 218 (1977).

49. L. K. Grill and J. S. Semancik, Proc. Natl.
Acad. Sci. U.S.A. 75, 896 (1978).

50. R. E. F. Matthews, Nature (London) 276, 850
(1978).

51. M. Zaitlin and V. Hariharasubramanian, Virolo-
gy 47, 296 (1972).

52. V. Conejero and J. S. Semancik, ibid. 77, 221
(1977).

53. If a preexisting host-specific enzyme transcribes
complementary strands from the infecting viroid
molecules, analogy with the properties of QB
RNA-directed RNA polymerase [L.. Eoyang and
J. T. August, in Comprehensive Virology, H.
Fraenkel-Conrat and R. R. Wagner, Eds. (Ple-
num, New York, 1977), vol. 2, pp. 1-59] would
indicate that the same enzyme should also be ca-
pable of synthesizing progeny strands with the
polarity of the infecting viroid.

54, R. Haselkorn, Science 143, 682 (1964).

55. W. O. Dawson and D. E. Schlegel, Phytopathol-
ogy 66, 177 (1976).

56. T. O. Diener and D. R. Smith, Virology 63, 421
(1975).

57. H.-P. Miihlbach and H. L. Singer, Nature
(London) 278, 185 (1979).

58. J. S. Semancik and J. L. M. C. Geelen, ibid.
256, 753 (1975).

59. Some of the methodological shortcomings were:
(i) hybridization reactions were made with
RNA-DNA mixtures and not with purified
DNA, (ii) the percentage of input CEV hybrid-
ized was small (about 3 percent), and (iii) neither

The Cosmic Microwave
Background Radiation

Radio astronomy has added greatly to
our understanding of the structure and
dynamics of the universe. The cosmic
microwave background radiation, con-
sidered a relic of the explosion at the be-
ginning of the universe some 18 billion
years ago, is one of the most powerful
aids in determining these features of the
universe. This article is about the discov-
ery of the cosmic microwave back-
ground radiation. Tt starts with a section
on radio astronomical measuring tech-
niques. This is followed by the history of
the detection of the background radia-
tion, its identification, and finally by a
summary of our present knowledge of its
properties.

R. W. Wilson

Radio Astronomical Methods

A radio telescope pointing at the sky
receives radiation not only from space,
but also from other sources including the
ground, the earth’s atmosphere, and the
components of the radio telescope itself.
The 20-foot (6-meter) horn-reflector an-
tenna at Bell Laboratories (Fig. 1),
which was used to discover the cosmic
microwave background radiation, was
particularly suited to distinguish this
weak, uniform radiation from other,
much stronger sources. In order to un-
derstand this measurement, it is neces-
sary to discuss the design and operation
of a radio telescope, especially its two
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major components, the antenna and the
radiometer (/).

An antenna collects radiation from a
desired direction incident upon an area,
called its collecting area, and focuses it
on areceiver. An antenna is normally de-
signed to maximize its response in the di-
rection in which it is pointed and mini-
mize its response in other directions.

The 20-foot horn-reflector shown in
Fig. 1 was built by A. B. Crawford and
his associates (2) in 1960 to be used with
an ultra low-noise communications re-
ceiver for signals bounced from the Echo
satellite. It consists of a large expanding
waveguide, or horn, with an off-axis sec-
tion of a parabolic reflector at the end.
The focus of the paraboloid is located at
the apex of the horn, so that a plane
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wave traveling along the axis of the pa-
raboloid is focused into the receiver, or
radiometer, at the apex of the horn. Its
design emphasizes the rejection of radia-
tion from the ground. It is easy to see
from the figure that in this configuration
the receiver is well shielded from the
ground by the horn.

A measurement of the sensitivity of a
small horn-reflector antenna to radiation
coming from different directions is
shown in Fig. 2. The circle marked iso-
tropic antenna is the sensitivity of a fic-
titious antenna which receives equally
from all directions. If such an isotropic
lossless antenna were put in an open
field, half the sensitivity would be to ra-
diation from the earth and half from the
sky. In the case of the horn-reflector,
sensitivity in the back or ground direc-
tion is less than 1/3000 of the isotropic
antenna. The isotropic antenna on a per-
fectly radiating earth at 300 K and with a
cold sky at 0 K would pick up 300 K from
the earth over half of its response and
nothing over the other half, resulting in
an equivalent antenna temperature of
150 K. The horn-reflector, in contrast,
would pick up less than 0.05 K from the
ground.

This sensitivity pattern is sufficient to
determine the performance of an ideal,
lossless antenna since such an antenna
would contribute no radiation of its own.
Just as a curved mirror can focus hot
rays from the sun and burn a piece of pa-
per without becoming hot itself, a radio
telescope can focus the cold sky onto a
radio receiver without adding radiation
of its own.

A radiometer is a device for measuring
the intensity of radiation. A microwave
radiometer consists of a filter to select a
desired band of frequencies followed by
a detector that produces an output volt-
age proportional to its input power. Prac-
tical detectors are usually not sensitive
enough for the low power levels received
by radio telescopes, however, so that
amplification is normally used ahead of
the detector to increase the signal level.
The noise from the first stage of this am-
plifier combined with that from the trans-
mission line which connects it to the an-
tenna (input source) produces an output
from the detector even with no input
power from the antenna. A fundamental
limit to the sensitivity of a radiometer is
the inherent fluctuation in the power lev-
el of this noise.

During the late 1950’s, H. E. D. Scovil
and his associates at Bell Laboratories,
Murray Hill, New Jersey, were building
the world’s lowest-noise microwave am-
plifiers, ruby traveling-wave masers (3).
These amplifiers were cooled to 4.2 K or
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Fig. 1. The 20-foot horn-reflector which was used to discover the cosmic microwave back-
ground radiation.

less by liquid helium and contribute cor-
respondingly small amounts of noise to
the system. A radiometer incorporating
these amplifiers can therefore be very
sensitive.

Astronomical radio sources produce
random, thermal noise very much like
that from a hot resistor; therefore, the
calibration of a radiometer is usually ex-
pressed in terms of a thermal system. In-
stead of giving the noise power that the
radiometer receives from the antenna,
we quote the temperature of a resistor
which would deliver the same noise pow-
er to the radiometer. (Radiometers often
contain calibration noise sources con-
sisting of a resistor at a known temper-
ature.) This *‘equivalent noise temper-
ature”’ is proportional to received power
for all except the shorter wavelength
measurements, which will be discussed
below.

To measure the intensity of an extra-
terrestrial radio source with a radio tele-
scope, it is necessary to distinguish the
source from local noise sources, such as
noise from the radiometer, noise from
the ground, noise from the earth’s atmo-
sphere, and noise from the structure of
the antenna itself. This distinction is nor-
mally made by pointing the antenna al-
ternately to the source of interest and
then to a background region nearby. The
difference in response of the radiometer
to these two regions is measured, thus
subtracting out the local noise. To deter-
mine the absolute intensity of an astro-
nomical radio source, it is necessary to

calibrate the antenna and radiometer or,
as is usually done, to observe a calibra-
tion source of known intensity.

Plans for Radio Astronomy with the
20-Foot Horn-Reflector

In 1963, when the 20-foot horn-reflec-
tor was no longer needed for satellite
work, Arno Penzias and I started pre-
paring it for use in radio astronomy. One
might ask why we were interested in
starting our radio astronomy careers at
Bell Labs using an antenna with a col-
lecting area of only 25 square meters
when much larger radio telescopes were
available elsewhere. Indeed, we were
delighted to have the 20-foot horn-reflec-
tor because it had special features that
we hoped to exploit. Its sensitivity, or
collecting area, could be accurately cal-
culated and, in addition, it could be mea-
sured with the use of a transmitter lo-
cated less than 1 kilometer away. With
these data, it could be used with a cali-
brated radiometer to make primary mea-
surements of the intensities of several
extraterrestrial radio sources. These
sources could then be used as secondary
standards by other observatories. In ad-
dition, we would be able to understand
all sources of antenna noise—for ex-
ample, the amount of radiation received
from the earth, so that background re-
gions could be measured absolutely.
Traveling-wave maser amplifiers were
available for use with the 20-foot horn-
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Fig. 2. Sensitivity pattern of a small horn-re-
flector antenna. This is a logarithmic plot of
the collecting area of the antenna as a function
of angle from the center of the main beam.
Each circle below the level of the main beam
represents a factor of 10 reduction in sensitivi-
ty. In the back direction around 180°, the sen-
sitivity is consistently within the circle
marked 70, corresponding to a factor of 1077
below the sensitivity at 0°.

reflector, which meant that for large di-
ameter sources (those subtending angles
larger than the antenna beamwidth), this
would be the world’s most sensitive ra-
dio telescope.

My interest in the background measur-
ing ability of the 20-foot horn-reflector
resulted from my doctoral thesis work
with J. G. Bolton at Caltech. We made a
map of the 31-centimeter radiation from
the Milky Way and studied the discrete
sources and the diffuse gas within it. In
mapping the Milky Way we pointed the
antenna to the west side of it and used
the earth’s rotation to scan the antenna
across it. This kept constant all the local
noise, including radiation that the an-
tenna picked up from the earth. I used
the regions on either side of the Milky
Way (where the brightness was constant)
as the zero reference. Since we are in-
side the galaxy, it is impossible to point
completely away from it. Our mapping
plan was adequate for that project, but
the unknown zero level was not very sat-
isfying. Previous low-frequency mea-
surements had indicated that there is a
large, radio-emitting halo around our gal-
axy, which I could not measure by that
technique. The 20-foot horn-reflector,
however, was an ideal instrument for
measuring this weak halo radiation at
shorter wavelengths. One of my in-
tentions when I came to Bell Labs in
1963 was to make such a measurement.
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In 1963, a maser at 7.35-cm wave-
length (4) was installed on the 20-foot
horn-reflector. Before we could begin
doing astronomical measurements, how-
ever, we had to do two things: (i) build a
good radiometer incorporating the 7.35-
cm maser amplifier and (ii) finish the ac-
curate measurement of the collecting
area (sensitivity) of the 20-foot horn-re-
flector, which D. C. Hogg had begun.
Among our 7-cm astronomical projects
were absolute intensity measurements of
séveral traditional astronomical calibra-
tion sources and a series of sweeps of the
Milky Way to extend my thesis work. In
the course of this work we planned to
check out our capability of measuring
the halo radiation of our galaxy away
from the Milky Way. Existing low-fre-
quency measurements indicated that the
brightness temperature of the halo would
be less than 0.1 K at 7 cm. Thus, a back-
ground measurement at 7 cm should pro-
duce a null result and would be a good
check of our measuring ability.

After completing this program of mea-
surements at 7 cm, we planned to build a
similar radiometer at 21 cm. At that
wavelength, the galactic halo should be
bright enough for detection, and we
would also observe the 21-cm line of
neutral hydrdgen atoms. In addition, we
planned a number of hydrogen-line proj-
ects including an extension of the mea-
surements of Arno’s thesis, a search for
hydrogen in clusters of galaxies.

At the time we were building the 7-cm
radiometer, John Bolton visited us and
we related our plans and asked for his
comments. He immediately selected the
most difficult one as the most important:
the 21-cm background measurement.
First, however, we had to complete the
observations at 7 cm.

Radiometer System

We wanted to make accurate measure-
ments of antenna temperatures. To do
this, we planned to use the radiometer to
compare the antenna to a reference
source, in this case, a radiator in liquid
helium. I built a switch which would con-
nect the maser amplifier either to the an-
tenna or to Arno’s helium-cooled refer-
ence noise source (5) (cold load). This
would allow an accurate comparison of
the equivalent temperature of the an-
tenna to that of the cold load, since the
noise from the rest of the radiometer
would be constant during switching. A
diagram of this calibration system (6) is
shown in Fig. 3, and its operation is de-
scribed below.

31-decibel coupler

Second port

switch
(unused)

Polarization

coupler Polarization
rotator
Rotary joint q 4 Polarization
coupler
\ > 7 N
s % 0
~7 ‘9/7,8
Reference 7,
port
(To cold load)

Fig. 3. The switching and calibration system
of our 7.35-cm radiometer, The reference port
was normally connected to the helium-cooled
reference source through a noise-adding atten-
uator.

The switch for comparing the cold
load to the antenna consists of the two
polarization couplers and the polariza-
tion rotator shown in Fig. 3. This type of
switch had been used by D. H. Ring in
several radiometers at Holmdel. It had
the advantage of stability, low loss, and
small reflections. The circular waveguide
coming from the antenna contained the
two orthogonal modes of polarization re-
ceived by the antenna. The first polariza-
tion coupler reflected one mode of linear
polarization back to the antenna and sub-
stituted the signal from the cold load for
it in the waveguide going to the rotator.
The second polarization coupler took
one of the two modes of linear polariza-
tion coming from the polarization rotator
and coupled it to the rectangular (single-
mode) waveguide going to the maser.
The  polarization rotator is the micro-
wave equivalent of a half-wave plate in
optics. It is a piece of circular waveguide
which has been squeezed in the middle
so that the phase shifts for waves travel-
ing through it in its two principal planes
of linear polarization differ by 180°. By
mechanically rotating it, the polarization
of the signals passing through it can be
rotated. Thus either the antenna or cold
load could be connected to the maser.
This type of switch is not inherently
symmetric, but has very low loss and is
stable so that its asymmetry of 0.05 K
was accurately measured and corrected
for. o

A drawing of the liquid-helium cooled
reference noise source is shown in Fig.
4. Tt consists of a 122-cm piece of 90 per-
cent copper-brass waveguide connecting
a carefully matched microwave absorber
in liquid He to a room-temperature
flange at the top. Small holes allow liquid
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helium to fill the bottom section of wave-
guide so that the absorber temperature
could be known, while a mylar window
at a 30° angle keeps the liquid out of the
rest of the waveguide and makes a low-
reflection microwave transition between
the two sections of waveguide. Most of
the remaining parts are for the cryogen-
ics. The gas baffles make a counter-flow
heat exchanger between the waveguide
and the helium gas which has boiled off,
greatly extending the time of operation
on a charge of liquid helium. Twenty li-
ters of liquid helium cooled the cold load
and provided about 20 hours of opera-
tion.

Above the level of the liquid helium,
the waveguide walls were warmer than
4.2 K. Any radiation due to the loss in
this part of the waveguide would raise
the effective temperature of the noise
source above 4.2 K and must be account-
ed for. To do so, we monitored the tem-
perature distribution along the wave-
guide with a series of diode thermome-
ters and calculated the contribution of
each section of the waveguide to the
equivalent temperature of the reference
source. When first cooled down, the cal-
culated total temperature of the refer-
ence noise source was about 5 K. After
several hours when the liquid helium lev-
el was lower, it increased to 6 K. As a
check of this calibration procedure, we
compared the antenna temperature (as-
sumed constant) to our reference noise
source during this period, and found con-
sistency to within 0.1 K.

A variable attenuator normally con-
nected the cold load to the reference port
of the radiometer. This device was at
room temperature so noise could be add-
ed to the cold load port of the switch by
increasing its attenuation. It was cali-
brated over a range of 0.11 decibel which

Nitrogen
Pre-cooler”>
Helium

eli
transfer tube -,

Fig. 4 (left above). The helium-cooled reference noise
Fig. 5 (right). Our 7.35-cm radiometer installed in

source.
the cab of the 20-foot horn-reflector.
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corresponds to 7.4 K of added noise. Al-
so shown in Fig. 3 is a noise lamp (and its
directional coupler) which was used as a
secondary standard for our temperature
scale.

Signals leaving the maser amplifier
needed to be further amplified before de-
tection so that their intensity could be
measured accurately. The remainder of
our radiometer consisted of a down con-
verter to 70 MHz followed by inter-
mediate-frequency amplifiers, a preci-
sion variable attenuator, and a diode de-
tector. The output of the diode detector
was amplified and went to a chart record-
er.

Our radiometer equipment installed in
the cab of the 20-foot horn-reflector is
shown in Fig. 5. The flange at the far
right is part of the antenna and rotates in
elevation angle with it. It was part of a
double-choke joint which allowed the
rest of the equipment to be fixed in the
cab while the antenna rotated. The noise
contribution of the choke joint could be
measured by clamping it shut and was
found to be negligible. We regularly mea-
sured the reflection coefficient of the ma-
jor components of this system and kept it
below 0.03 percent, except for the maser
whose reflection could not be reduced
below 1 percent. Since all ports of our
waveguide system were terminated at a
low temperature, these reflections result-
ed in negligible errors.

Prior Observations

The first horn-reflector-traveling-wave
maser system had been put together
by DeGrasse, Hogg, Ohm, and Scovil
in 1959 (7) to demonstrate the feasibility
of a low-noise, satellite-earth station at
5.31 cm. Even though they achieved the

lowest total system noise temperature to
date, 18.5 K, they had expected to do
better. Figure 6 shows their system with
the noise temperature that they assigned
to each component. As we have seen
above, the 2 K they assigned to antenna
backlobe pickup is too high. In addition,
direct measurements of the noise tem-
perature of the maser gave a value about
a degree colder than shown here. Thus,
their system was about 3 K hotter than
one might expect. The component la-
beled T in Fig. 6 is the radiation of the
earth’s atmosphere when their antenna
was aimed straight up. It was measured
by a method first reported by R. H.
Dicke (8). (It is interesting that Dicke al-
so reports an upper limit of 20 K for the
cosmic microwave background radiation
in his paper—the first such report.) If the
antenna temperature is measured as a
function of the angle above the horizon
at which it is pointing, the radiation of
the atmosphere is at a minimum when
the antenna is directed straight up. It in-
creases as the antenna points toward the
horizon, since the total line of sight
through the atmosphere increases. Fig-
ure 7 is a chart recording that Arno Pen-
zias and I made with the 20-foot horn-
reflector scanning from almost the zenith
down to 10° above the horizon. The cir-
cles and crosses are the expected change
based on a standard model of the earth’s
atmosphere for 2.2 and 2.4 K zenith con-
tribution. The fit between theory and
data is obviously good, leaving little
chance that there might be an error in
our value for atmospheric radiation.
Figure 8 is taken from the paper in
which Ohm (9) described the receiver on
the - 20-foot horn-reflector which was
used to receive signals bounced from the
Echo satellite. Ohm found that its sys-
tem temperature was 3.3 K higher than
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expected from summing the contribu-
tions of the components. As in the pre-
vious S5.3-cm work, this excess temper-
ature was smaller than the experimental
errors, so not much attention was paid to
it. In order to determine the unam-
biguous presence of an excess source of
radiation of about 3 K, a more accurate
measurement technique was required.
This was achieved in the subsequent
measurements by means of a switch and
reference noise source combination which
communications systems do not have.

Our Observations

Figure 9 is a reproduction of the first
record we have of the operation of our
system. At the bottom is a list of diode
thermometer voltages from which we
could determine the cold load’s equiva-
lent temperature. The recorder trace has
power (or temperature) increasing to the
right. The middle part of this trace is
with the maser switched to the cold load,
with various settings of the noise-adding
attenuator. A change of 0.1 decibel cor-
responds to a temperature change of 6.6
K, so that the peak-to-peak noise on the
trace amounts to less than 0.2 K. At the
top of the chart, the maser is switched to
the antenna and has about the same tem-
perature as the cold load plus 0.04 deci-
bel, corresponding to a total of about 7.5
K. This was a troublesome result. The
antenna temperature should have been
only the sum of the atmospheric contri-
bution (2.3 K) and the radiation from the
walls of the antenna and ground (1 K).
The excess system temperature found in
the previous experiments had, contrary
to our expectations, all been in the an-
tenna or beyond. We now had a direct
comparison of the antenna with the cold
load and had to assign our excess tem-
perature to the antenna, whereas in the
previous cases only the total system
temperature was measured. If we had
missed some loss, the cold load might
have been warmer than calculated, but it
could not be colder than 4.2 K—the tem-
perature of the liquid helium. The an-
tenna was at least 2 K hotter than that.
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| TouT = 58,500 K

0.5 K
GM = 35 decibels

Fig. 6. A diagram of the low
noise receiver used by De-
Grasse, Hogg, Ohm, and
Scovil to show that very low
noise earth stations are pos-
sible. Each component is
labeled with its contribution
to the system noise.

Unless we could understand our ‘‘an-
tenna problem,”’ our 21-cm galactic halo
experiment would not be possible. We
considered a number of possible reasons
for this excess and, where warranted,
tested for them. These were:

1) At the time some radio astronomers
thought that the microwave absorption
of the earth’s atmosphere was about
twice the value we were using; in other
words the ‘‘sky temperature’’ of Figs. 6
and 8 was about 5 K instead of 2.5 K. We
knew from our measurement of sky tem-
perature such as shown in Fig. 7 that this
could not be the case.

2) We considered the possibility of
man-made noise being picked up by our
antenna. However, when we pointed our
antenna to New York City, or to any oth-
er direction on the horizon, the antenna
temperature never went significantly
above the thermal temperature of the
earth.

3) We considered radiation from our
galaxy. Our measurements of the emis-
sion from the plane of the Milky Way

Fig. 7. A measurement of atmospheric noise
at 7.35-cm wavelength with theoretical fits to
the data for 2.2 and 2.4 K zenith atmospheric
radiation.

were a reasonable fit to the intensities
expected from extrapolations of low-fre-
quency measurements. Similar extrapo-
lations for the coldest part of the sky
(away from the Milky Way) predicted
about 0.02 K at our wavelength. Further-
more, any galactic contribution should
also vary with position, and we saw
changes only near the Milky Way that
were consistent with the measurements
at lower frequencies.

4) We ruled out discrete extraterres-
trial radio sources as the source of our
radiation as they have spectra similar to
that of the galaxy. The same extrapola-
tion from low-frequency measurements
applies to them. The strongest discrete
source in the sky had a maximum an-
tenna temperature of 7 K.

Thus, we seemed to be left with the
antenna as the source of our extra noise.
We calculated a contribution of 0.9 K
from its resistive loss using standard
waveguide theory. The part of the an-
tenna where most loss occurred was its
small diameter throat, which was made
of electroformed copper. We had mea-
sured similar waveguides in the laborato-
ry and corrected the loss calculations for
the imperfect surface conditions that we
had found in those waveguides. The re-
mainder of the antenna was made of riv-
eted aluminum sheets, and, although we
did not expect any trouble there, we had
no way to evaluate the loss in the riveted
joints. A pair of pigeons was roosting up
in the small part of the horn where it en-
ters the warm cab. They had covered the
inside with a white material familiar to all
city dwellers. We evicted the pigeons
and cleaned up their mess, but obtained
only a small reduction in antenna tem-
perature.

For some time we lived with the an-
tenna temperature problem and concen-
trated on measurements in which it was
not critical. Dave Hogg and I had made a
very accurate measurement of the an-
tenna’s gain (/0), and Arno [Penzias] and
I wanted to complete our absolute flux
measurements before disturbing the an-
tenna further.

In the spring of 1965 with our flux mea-
surements finished (5), we thoroughly
cleaned out the 20-foot horn-refiector
and put aluminum tape over the riveted
joints. This resulted in only a minor re-
duction in antenna temperature. We also
took apart the throat section of the an-
tenna, and checked it, but found it to be
in order.

By this time almost a year had passed.
Since the excess antenna temperature
had not changed during this time, we
could rule out two additional sources: (i)
Any source in the solar system should
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have gone through a large change in
angle, and we should have seen a change
in antenna temperature. (ii) In 1962, a
high-altitude nuclear explosion had filled
up the Van Allen belts with ionized parti-
cles. Since they were at a large distance
from the surface of the earth, any radia-
tion from them would not show the same
elevation-angle dependence as the atmo-
sphere, and we might not have identified
it. But after a year, any radiation from
this source should have reduced consid-
erably.

Identification

The sequence of events that led to the
unraveling of our mystery began one day
when Arno was talking to Bernard Burke
of M.L.T. about other matters and men-
tioned our unexplained noise. Bernie re-
called hearing about theoretical work of
P. J. E. Peebles in R. H. Dicke’s group in
Princeton on radiation in the universe.
Arno called Dicke who sent a copy of
Peebles’ preprint. The Princeton group
was investigating the implications of an
oscillating universe with an extremely
hot condensed phase. This hot bounce
was necessary to destroy the heavy ele-
ments from the previous cycle so that
each cycle could start fresh. Although
this was not a new idea (//), Dicke had
the important idea that, if the radiation
from this hot phase were large enough, it
would be observable. In the preprint,
Peebles, following Dicke’s suggestion,
calculated that the universe should be
filled with a relic blackbody radiation at a
minimum temperature of 10 K. Peebles
was aware of the measurement of atmo-
spheric radiation at 6 cm by Hogg and
Semplak (1961) (/2) who used the system
of DeGrasse et al., and concluded that
the present radiation temperature of the
universe must be less than their system
temperature of 15 K. He also said that
Dicke, Roll, and Wilkinson were setting
up an experiment to measure it.

Shortly after sending the preprint,
Dicke and his co-workers visited us in
order to discuss our measurements and
see our equipment. They were quickly
convinced of the accuracy of our mea-
surements. We agreed to a side-by-side
publication of two letters in the As-
trophysical Journal—a letter on the the-
ory from Princeton (/3) and one on our
measurement of excess antenna temper-
ature from Bell Laboratories (/4). Arno
and I were careful to exclude any dis-
cussion of the cosmological theory of the
origin of background radiation from our
letter because we had not been involved
in any of that work. We thought, further-
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more, that our measurement was inde-
pendent of the theory and might outlive
it. We were pleased that the mysterious
noise appearing in our antenna had an
explanation of any kind, especially one
with such significant cosmological impli-
cations. Our mood, however, remained
one of cautious optimism for some time.

Results

While preparing our letter for pub-
lication we made one final check on the
antenna to make sure we were not pick-
ing up a uniform 3 K from the earth. We
measured its response to radiation from
the earth by using a transmitter located

TaBLE II — SouRcEs OF SYSTEM TEMPERATURE

Source ‘Temperature

Sky (at zenith) 2.30 & 0.20°K

Horn antenna 2.00 & 1.00°K

Waveguide (counter-clockwise channel) 7.00 £ 0.65°K

Maser assembly 7.00 & 1.00°K

Converter 0.60 & 0.15°K
Fig. 8. An excerpt from Predicted total system temperature 18.90 & 3.00°K
Ohm’s article on the

Echo receiver, showing
that his system temper-
ature was 3.3K high-
er than predicted.

the temperature was found to vary a few degrees from day to day, but
the lowest temperature was consistently 22.2 &= 2.2°K. By realistically
assuming that all sources were then contributing their fair share (as.is
also tacitly assumed in Table II) it is possible to improve the over-all

accuracy. The actual system .emperature must be in the overlap region
of the measured results and the total results of Table II, namely between
20 and 21.9°K. The most likely minimum system temperature was there-

fore

Tsystem =21+ loK..

The inference from this result is that the “+” temperature possibilities
of Table II must predominate.
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Fig. 9. The first measurement which clearly showed the presence of the microwave background.
Noise temperature is plotted increasing to the right. At the top, the antenna pointed at 90°
elevation is seen to have the same noise temperature as the cold load with 0.04 dB attenuation
(about 7.5 K). This is considerably above the expected value of 3.3 K.
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Fig. 10. Results of the large-scale isotropy ex-
periment of Smoot, Gorenstein, and Muller
showing the clear cosine dependence of
brightness expected from the relative velocity
of the earth in the background radiation. The
shaded area and arrows show the values al-
lowed by the data of Woody and Richards.
[This figure is reproduced with permission of
Scientific American]

in various places on the ground. The
transmitter artifically increased the
ground’s brightness at the wavelength of
our receiver to a level high enough for
the backlobe response of the antenna to
be measurable. Although not a perfect
measure of the structure of the back-
lobes of an antenna, it was a good
enough method of determining their av-
erage level. The backlobe level we found
in this test was as low as we had ex-
pected and indicated a negligible contri-
bution to the antenna temperature from
the earth.

The right-hand column of Table 1
shows the final results of our measure-
ment. The numbers on the left were ob-
tained later in 1965 with a new throat on
the 20-foot horn-reflector. From the total
antenna temperature we subtracted the
known sources with a result of 3.4 +
1 K. Since the errors in this measure-
ment are not statistical, we have
summed the maximum error from each
source. The maximum measurement er-
ror of 1 K was considerably smaller than
the measured value, giving us confidence
in the reality of the result. We stated in
the original paper that **This excess tem-
perature is, within the limits of our ob-
servations, isotropic, unpolarized, and
free of seasonal variations.”” Although
not stated explicitly, our limits on an
isotropy and polarization were not af-
fected by most of the errors listed in
Table 1 and were about 10 percent or
0.3 K.

At that time the limit we could place
on the shape of the spectrum of the back-
ground radiation was obtained by com-
paring our value of 3.5 K with a 74-cm
survey of the northern sky done at Cam-
bridge by Pauliny-Toth and Shakeshaft
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in 1962 (/5). The minimum temperature
on their map was 16 K. Thus the spec-
trum was no steeper than A%7 over a
range of wavelengths that varied by a
factor of 10. This clearly ruled out any
type of radio source known at that time,
as they all had spectra with variation in
the range A\*° to A*°., The previous Bell
Laboratories measurement at 6 cm ruled
out a spectrum which rose rapidly to-
ward shorter wavelengths.

Confirmation

After our meeting, the Princeton ex-
perimental group returned to complete
their apparatus and make their measure-
ment, with the expectation that the back-
ground temperature would be about 3 K.

The first confirmation of the micro-
wave cosmic background that we knew
of, however, came from a totally dif-
ferent, indirect measurement. This mea-
surement had, in fact, been made 30
years earlier by Adams (/6) and Dunham
(/7). Adams and Dunham had discovered
several faint optical interstellar absorp-
tion lines which were later identified with
the molecules CH, CH", and CN. In the
case of CN, in addition to the ground
state, absorption was seen from the first
rotationally excited state. McKellar (/8)
using Adams’ data on the populations of
these two states calculated that the ex-
citation temperature of CN was 2.3 K.
This rotational transition occurs at 2.64-
millimeter wavelength, near the peak of
a 3 K blackbody spectrum. Shortly after
the discovery of the background radia-
tion, G. B. Field et al. (19), 1. S. Shklov-
sky (20), and P. Thaddeus (27) (following
a suggestion by N. J. Woolf) indepen-
dently realized that the CN is in equilibri-
um with the background radiation.
(There is no other significant source of
excitation where these molecules are lo-
cated.) In addition to confirming that the
background was not zero, this idea im-
mediately confirmed that the spectrum of
the background radiation was close to
that of a blackbody source for wave-
lengths larger than the peak. It also gave
a hint that, at short wavelengths, the in-
tensity was departing from the 1/A% de-
pendence expected in the long wave-
length (Raleigh-Jeans) region of the spec-
trum and following the true blackbody
(Planck) distribution. In 1966, Field and
Hitchcock (/9) reported new measure-
ments, using Herbig’s plates of { Oph
(Ophiuchi) and ¢ Per (Persei) obtaining
3.22 = 0.15 K and 3.0 = 0.6 K for the
excitation temperature. Thaddeus and
Clauser (2/) also obtained new plates
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Fig. 11. Measurements of the spectrum of the
cosmic microwave background radiation.

and measured 3.75 = 9.5 K in { Oph.
Both groups argued that the main source
of excitation in CN is the background ra-
diation. This type of observation, taken
alone, is most convincing as an upper
limit, since it is easier to imagine addi-
tional sources of excitation than refrig-
eration.

In December 1965 Roll and Wilkinson
(22) completed their measurement of 3.0
+ 0.5 K at 3.2 cm, the first confirming
microwave measurement. This was fol-
lowed shortly by Howell and Shake-
shaft’s (23) value of 2.8 = 0.6 K at 20.7
cm (/8) and then by our measurement of
3.2 =1 K at 21.1 cm (24). (Half of the
difference between these two results
comes from a difference in the correc-
tions used for the galactic halo and in-
tegrated discrete sources.) By mid-1966,
the intensity of the microwave back-
ground radiation had been shown to be
close to 3 K between 21 cm and 2.6 mm,
almost two orders of magnitude in wave-
length.

Earlier Theory

I have mentioned that the first experi-
mental evidence for cosmic microwave
background radiation was obtained (but
unrecognized) long before 1965. We
soon learned that the theoretical predic-
tion of it had been made at least 16 years
before our detection. George Gamow
had made calculations of the conditions
in the early universe in an attempt to un-
derstand galaxy formation (25). Al-
though these calculations were not
strictly correct, he understood that the
early stages of the universe had to be
very hot or else all of the hydrogen
would combine, becoming heavier ele-
ments. Furthermore, Gamow and his
collaborators calculated that the density
of radiation in the hot early universe was
much higher than the density of matter.
In this early work, the present remnants
of this radiation were not considered.
However, in 1949, Alpher and Herman
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(26) followed the evolution of the tem-
perature of the hot radiation in the early
universe up to the present epoch and
predicted a value of 5 K. They noted that
the present density of radiation was not
well known experimentally. In 1953 Al-
pher, Follin, and Herman (27) reported
what has been called the first thoroughly
modern analysis of the early history of
the universe, but failed to recalculate or
mention the present radiation temper-
ature of the universe.

In 1964, Doroshkevich and Novikov
(28) had also calculated the relic radia-
tion and realized that it would have a
blackbody spectrum. They quoted E. A.
Ohm’s article on the Echo receiver, but
misunderstood it and concluded that the
present radiation temperature of the uni-
verse is near zero.

A more complete discussion of these
calculations is given in Arno’s lecture
29).

Isotropy

In assigning a single temperature to
the radiation in space, these theories as-
sume that it will be the same in all direc-
tions. According to contemporary theo-
ry, the last scattering of the cosmic mi-
crowave background radiation occurred
when the universe was a million years
old, just before the electrons and nucleii
combined to form neutral atoms (‘‘re-
combination’’). The isotropy of the
background radiation thus measures the
isotropy of the universe at that time and
the isotropy of its expansion since then.
Prior to recombination, radiation domi-
nated the universe and the Jeans mass,
or mass of the smallest gravitationally
stable clumps was larger than a cluster of
galaxies. It is only in the period following
recombination that galaxies could have
formed.

In 1967, Rees and Sciama (30) sug-
gested looking for large-scale aniso-
tropies in the background radiation
which might have been left over from an-
isotropies of the universe prior to recom-
bination. In the same year Partridge and
Wilkinson (3/) completed an experiment
which was specifically designed to look
for anisotropy within the equatorial
plane. They reported a limit of 0.1 per-
cent for a 24-hour asymmetry and a pos-
sible 12-hour asymmetry of 0.2 percent.
Meanwhile we had reanalyzed an old
record covering most of the sky which
was visible to us and put a limit of 0.1 K
on any large-scale fluctuations (32).
Since then the measurements of Conklin
(33), Henry (34), and Corey and Wil-
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Table 1. Results of 1965 measurements of microwave background. *‘Old throat™ and ‘‘new
throat’” refer to the original and a replacement throat section for the 20-foot horn-reflector.

Item New throat Old throat
He temperature 4.22 4.22
Calculated contribution from cold 0.38 0.70 = 0.2

load waveguide

Attenuator setting for balance 2.73 2.40 = 0.1
Total cold load 7.33 7.32 £ 0.3 6.7 £ 0.3
Atmosphere 2303 23 =03
Waveguide and antenna loss 1.8 = 0.3 0.9 = 0.3
Back lobes 0.1 £ 0.1 0.1 £ 0.1
Total antenna 4.2 0.7 3.3 +0.7
Background 3.1 +1 34+ 1

kinson (35) have shown a 24-hour ani-
sotropy due to the earth’s velocity with
respect to the background radiation.
Data from the most sensitive measure-
ment to date (36) are shown in Fig. 10.
They show a striking cosine anisotropy
with an amplitude of about 0.003 K, in-
dicating that the background radiation
has a maximum temperature in-one di-
rection and a minimum in the opposite
direction. The generally accepted ex-
planation of this effect is that the earth is
moving toward the direction where the
radiation is hottest and it is the blue shift
of the radiation that increases its mea-
sured temperature in that direction. The
motion of the sun with respect to the
background radiation from the data of
Smoot er al. is 390 + 60 km/sec in the
direction 10.8 hours right ascension, 5°
declination. The magnitude of this veloc-
ity is not a surprise since 300 km/sec is
the orbital velocity of the sun around our
galaxy. The direction is different, how-
ever, yielding a peculiar velocity of our
galaxy of about 600 km/sec. Since other
nearby galaxies, including the Virgo
cluster, have a small velocity with re-
spect to our galaxy, they have a similar
velocity with respect to the matter which
last scattered the background radiation.
After subtracting the 24-hour anisotropy,
one can search the data for more com-
plicated anisotropies to put observation-
al limits on such things as rotation of the
universe (36). Within the noise of 0.001

K, these anisotropies are all zero.

To date, no fine-scale anisotropy has
been found. Several early investigations
were carried out to discredit discrete
source models of the background radia-
tion. In the most sensitive experiment to
date, Boynton and Partridge (37) report a
relative intensity variation of less than
3.7 X 107% in an 80" arc beam. A discrete
source model would require orders of
magnitude more sources than the known
number of galaxies to show this degree
of smoothness.

It has also been suggested by Sunyaev
and Zel’dovich (38) that there will be a
reduction of the intensity of the back-
ground radiation from the direction of
clusters of galaxies due to inverse Comp-
ton scattering by the electrons in the in-
tergalactic gas. This effect, which has
been found by Birkinshaw and Gull (39),
provides a measure of the intergalactic
gas density in the clusters and may give
an alternate measurement of Hubble’s
constant.

Spectrum

Since 1966, a large number of mea-
surements of the intensity of the back-
ground radiation have been made. at
wavelengths from 74 cm to 0.5 mm. Mea-
surements have been made from the
ground, mountain tops, airplanes, bal-
loons, and rockets. In addition, the opti-
cal measurements of the interstellar
molecules have been repeated, and we
have observed their millimeter line. radia-
tion directly to establish the equilibrium
of the excitation of their levels with the
background radiation (40). Figure 11 is a
plot of most of these measurements (4/).
An early set of measurements from
Princeton covered the range 3.2 to 0.33
cm, showing tight consistency with a 2.7
K blackbody (#2). A series of rocket and
balloon measurements in the millimeter
and submillimeter part of the spectrum
have converged on about 3 K. The data
of Robson et al. (43) and Woody and
Richards (44) extend to 0.8 mm, well
beyond the spectral peak. The most re-
cent experiment, that of Woody and
Richards, gives a close fit to a 3.0 K
spectrum out to 0.8 mm wavelength,
with upper limits at atmospheric win-
dows out to 0.4 mm. This establishes
that the background radiation has a
blackbody spectrum which would be
quite hard to reproduce with any other
type of cosmic source. The source must
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have been optically thick and therefore
must have existed earlier than any of the
other radio sources which can be ob-
served.

The spectral data are now almost ac-
curate enough for one to test for system-
atic deviations from a single-temperature
blackbody spectrum which could be
caused by minor deviations from the
simplest cosmology. Danese and De Zot-
ti (45) report that except for the data of
Woody and Richards, the spectral data
of Fig. 11 do not show any statistically
significant deviation of this type.

Conclusion

Cosmology is a science which has only
a few observable facts to work with. The
discovery of the cosmic microwave
background radiation added one—the
present radiation temperature of the uni-
verse. This, however, was a significant
increase in our knowledge since it re-
quires a cosmology with a source for the
radiation at an early epoch and is a new
probe of that epoch. More sensitive mea-
surements of the background radiation in
the future will allow us to discover addi-
tional facts about the universe.

The work which I have described was
done with Arno A. Penzias. In our 15
years of partnership he has been a con-
stant source of help and encouragement.
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