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The spectrum of the night sky has been measured in the frequency range from 8 to 40
cm using a fully calibrated liquid-helium-cooled balloon-borne spectrophotometer at
an elevation of 89 km. A model based on the known molecular parameters was used to
subtract the atmospheric emission. In the frequency range from 4 to 17 cm ~, the spec-
trum of the background radiation is that of a blackbody with a temperature of 2.99+p.~4 K.

Direct microwave measurements' have estab-
lished the spectrum of the cosmic background
radiation at seven frequencies from 0.02 to 3
cm ', and indirect optical measurements" pro-
vide points at 3.8 and 7.6 cm . Existing direct
measurements from balloon' and rocket" plat-
forms provide limits on the broad-band energy
flux in various bands between 1 and 20 cm '. All
of these measurements are consistent with a
blackbody spectrum with a temperature of =3 K.
These measurements do not, however, establish
the spectral shape of the background radiation
beyond the peak of the blackbody curve at =6
cm '. We report in this Letter a direct measure-
ment of this spectrum over the frequency range
from 4 to 17 cm '.

A description of the apparatus used for this
measurement has been published elsewhere. "
The radiation was collected by a liquid-helium-
cooled conical antenna with an apodizing horn' at
the input to minimize diffraction side lobes. The
geometrical beam had a full width of 7.6' and the
antenna pattern was measured out to 70' off axis.
A liquid-helium-cooled polarizing interferome-
ter' was used as a Fourier spectrometer to mea-
sure the spectrum of the collected radiation. The
detector was a germanium bolometer illuminated
with germanium "immersion optics. ""The cryo-

stat was vented to the atmosphere and reached a
temperature of 1.65 K at float elevation.

The spectral flux responsivity of the apparatus
was calibrated both in the laboratory and during
the flight. The flight calibration obtained from a
movable, ambient-temperature blackbody which
filled 17% of the beam is shown in Fig. 1(a). This
calibration agreed with laboratory calibrations
to within a few percent.

The cryostat containing the antenna and the
spectrometer was mounted in a gondola with the
required telemetry and launched from Palestine,
Texas, by the National Center for Atmospheric
Research (NCAR) at 2008 CDT on 24 July 1974.
The gondola was suspended 0.6 km below the 3.3
&& 10'-m' balloon and was free to rotate about the
vertical axis. 4 h of the data were obtained at a
float altitude of -39 km.

Figure 1(b) shows the night-sky spectrum mea-
sured by observation at a zenith angle of 24' with
no window over the optics. The flow of helium
boil-off gas from the cryostat was vented through
the antenna. This was sufficient to prevent con-
densation of atmospheric gases into the cooled
optics. 23 interferograms with an (unapodized)
resolution of 1.4 cm ' were obtained during 69
min of observing, as well as 2 interferograms
with a resolution of 0.28 cm ' during 24 min of
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FIG. 1. (a) Instrumental flux responsivity as a func-
tion of frequency. (b) Observed instrumental response
to the night sky. (c) The fitted-model spectrum. The
origins of some of the stronger atmospheric emission
lines are shown. (d) The difference between the curves
of (b) and (c).

observing. These data were averaged together,
apodized, and Fourier transformed with linear
phase correction to obtain the spectrum shown
in Fig. 1(b). The spectral power can be obtained
from it by dividing out the instrumental flux re-
sponsivity and adding a correction for the spec-
trometer temperature. The noise level shown is
the rms detector noise for the high-resolution in-
terferograms alone.

These data were analyzed by fitting them with a
model which contained four adjustable parame-
ters. The cosmic background radiation was mod-
eled by a blackbody spectrum with adjustable
temperature. The model used for the atmospher-
ic emission was based on tabulated line parame-
ters for water, ozone, and oxygen. '" The spec-
trum was computed by assuming an isothermal
atmosphere; an exponential pressure profile; al-
titude-dependent, pressure-broadened, Lorentzi-
an line shapes; and a constant mixing ratio for

the three gases. The pressure at float altitude
varied from 3.2 to 3.4 mbar. The ambient tem-
perature measured during the flight was 215+10
K. The column densities of water, ozone, and
oxygen were treated as adjustable parameters.
The measured interf erogram was fitted by the
Fourier transform of the product of the model
spectrum and the responsivity of the apparatus.
In this way, the experimental resolution was in-
cluded correctly and problems with unresolved
lines were avoided. In addition, the more pre-
cise data were automatically weighted more
strongly in the fit.

The small, but finite, side-lobe response of
the antenna meant that some earthshine could
have contributed to the measured signal. An at-
tempt was made to measure this earthshine di-
rectly by comparing spectra obtained at a zenith
angle of 45' with those obtained at 24'. The col-
umn densities of atmospheric emitters computed
from the 24' spectra were scaled as the secant
of the zenith angle and used to subtract the atmo-
spheric contribution from the data obtained at
45'. The residual was assumed to be earthshine
and was scaled back to 24' using the measured
angular dependence of the antenna pattern. ' The
spectrum of the residual thus obtained was less
than the noise and no earthshine correction was
included in the model.

Information about the radiation emitted by the
warm portion of the optical system was obtained
by varying its temperature during the flight. The
junction between the cone and the horn was heat-
ed from 3.4 to 16 K. The emission of the antenna
at the lower temperature was estimated from the
increase in the observed signal to be substantial-
ly less than the detector noise, so no correction
was made. No other warm parts of the apparatus
are expected to contribute significantly to the
collected radiation.

The calculated spectrum which gave the best
fit to the observed data is shown in Fig. 1(c).
The spectrum of a blackbody at the best-fit tem-
perature of 2.99 K is shown as a dashed line. The
values for the free parameters obtained from the
fit are given in Table I. The fitted value for the
column density of oxygen agrees with the value
1.54&&10" molecules/cm' computed from a mix-
ing ratio of 21% and an altitude of 39 km. The
values for all three gases are in good agreement
with the results of other measurements at the
same elevation. ' To estimate the errors in our
determination of the cosmic blackbody tempera-
ture the derivatives of the fitted blackbody tem-
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TABLE I. Model parameters and errors.

Value with 90%
confidence limits

Error in blackbody
temperature ~

(K)

Fixed parameters
Atmospheric temperature
Calibration factor "
Earthshine

Fitted parameters
H20 vertical column density
03 vertical column density
0& vertical column density
Blackbody temperature '

83.2+33 3 K
0+06x 10 i3vii2 W/cm sr cm

8.g2+ ' x 10 ' molecules/cm'
8.50+00IIx 10 ' molecules/cm
&.s7+I I7x 1p molecules/cm

2 99+0.07 K

+ 0.05, -0.02
+ 0.05, -0.06
-0.18, + 0.00

-0.001, + 0.001
-0.02, + 0.02
-0.01, + 0.01

Error induced in fitted blackbody temperature by parameter errors quoted in
column 2.

b Product of calibrator temperature and filling factor.
Error determined. by the rms sum of the detector noise plus the errors shown

in column 3.
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FIG. 2. The present measurement of the cosmic
background radiation compared with a 2.99-K blackbody
curve. Both curves are plotted with a constant frac-
tional resolution of 201.

perature with respect to the most sensitive fixed
and free parameters were calculated. The un-
certainty in these parameters and the implied
errors in the blackbody temperature are shown
in Table I.

Figure 1(d) shows the difference between the
observed spectrum in Fig. 1(b) and the calculated
spectrum in Fig. 1(c). The magnitude of the noise

can be estimated from the residual above 40 cm '
where there is no optical signal. Since this re-
sidual is comparable in regions with and without
optical signal it is dominated by random detector
noise. No significant deviations between the mod-
el and the observed night-sky spectrum are ap-
parent.

The spectrum of the cosmic background radia-
tion is obtained by subtracting the atmospheric
contribution from the measured night-sky spec-
trum. Figure 2 shows the measured spectrum of
the cosmic background radiation compared with
that of a 2.99-K blackbody. Both curves are plot-
ted with a constant fractional resolution of 20%%uo.

The & error limits were computed by assuming
that the residual in Fig. 1(d) was entirely ran-
dom noise. The dramatic reduction of the noise
compared with Fig. 1 is due to the large amount
of low-resolution data. This measurement es-
tablishes that the cosmic background radiation
has a thermal spectrum from 4 to -Iv cm ',
where the curve has fallen to =10%%uo of its peak

We have plotted our data for the thermodynamic
temperature as a function of frequency in Fig. 3
along with selected narrow-band results of other
exper iments. A standard statistical analysis
(y' test) suggests that all the referenced mea-
surements (plus ours) are consistent with the
value 2.90+ 0.08 K (2o'). The results from our ex-
periment alone are 2.99+0

P~ K (90%%uo confidence).
The authors are greatly indebted to many per-

sons for assistance with this experiment. Pro-
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FIG. 3. The present measurement (+20) of the thermodynamic temperature of the cosmic background radiation
compared with selected results of other experiments. The data for frequencies ~3 cm were obtained using
ground-based microwave radiometers (see Ref. 1). The data at 3.8 and 7.6 cm were obtained from optical mea-
surements of cyanogen (see Refs. 2 and 12).

fessor C. S. Bowyer suggested the project and
provided a balloon for the first flight. Professor
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in the art of ballooning. Mr. B. W. Andrews
helped with design calculations, and the NCAR
staff at Palestine, Texas, provided us with two
successful balloon flights.

*This work was supported in part by the U. S. Energy
Research and Development Administration, and in part
by the Space Sciences Laboratory, University of Cal-
ifornia, Berkeley, under National Aeronautical and
Space Administration Grant No. NGL05-003-497.

)Present address: Goddard Institute for- Space Stud-
ies, 2880 Broadway, New York, N. Y. 10025.

P. J.E. Peebles, Physical Cosmology (Princeton
Univ. Press, Princeton, N. J., 1971).

D. J. Hegyi, W. A. Traub, and N. P. Carleton, As-
trophys. J. 190, 549 (1974}.

D. J. Muehlner and R. Weiss, Phys. Rev. D 7, 326
(1973), and Phys. Rev. Lett. 30, 757 (1973).

K. D. Williamson et al. , Nature (London}, Phys.
Sci. 241, 79 (1973}.

~J. R. Houck, B. T. Soifer, and M. Harwit, Astro-
phys. J. 178, L29 (1972).

6J. C. Mather, P. L. Hichards, and D. P. Woody,
IREE Trans. Microwave Theory Tech. 22, 1046 (1974).

J. C. Mather, Ph.D. thesis, University of California,
Berkeley, 1974 (unpublished) .

D. H. Martin and F. Puplett, Infrared Phys. 10, 105
(1969).

9R. A. McClatchey et al. , Air Force Cambridge Re-
search Laboratory Atmospheric Absorption Line Pa-
rameters Compilation, AFCRL- TR-73-0096, Environ-
mental Research Papers No. 434, 1973 (unpublished).

II. A. Gebbie et a/. , Proc. Roy. Soc., Ser. A 810,
579 (1969).

1 No significant bias is introduced by assuming a
blackbody background when fitting the atmospheric
parameters. If we assume no background radiation in
the fit, or if we assume that it has no sharp features
and fit the atmospheric model to the data with large
path difference, the estimate of the amount of 02 is
increased and the derived spectra fall below those in
Fig. 2 (between 12 and 17 cm ), but within the error
limit. The procedure used for Fig. 2 is preferable be-
cause the rms residual is smaller and the 02 density
agrees with the accurate value known from the pres-
sure and the mixing ratio.

P. Thaddeus, Annu. Rev. Astron. Astrophys. 10, 305
(1972).

1039


