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ABSTRACT
As part of an international collaboration to measure the low frequency spectrum of the
Cosmic Microwave Background (CMB) radiation, we have measured its temperature at a
frequency of 3.8 GHz (7.9 cm wavelength), duripg the austral spring of 1989, obtaining a
brightness temperature, Ty g, of 2.64+0.07 K (68% confidence level). The new result is in
agreement with our previous measurements at the same frequency obtained in 1986-8 from a very

different site, and has comparable error bars. Combining measurements from all years we obtain

Topp = 2.64+0.06 K.
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L INTRODUCTION @

The low-frequency (Rayleigh-Jeans) spectrum of the Cosmic Microwave Background
(CMB) is expected to contain information relevant to the physical processes that occurred in the
early universe (Danese and De Zotti 1982, Burigana et al. 1991, and references therein). The
FIRAS experiment aboard the COBE satellite (Mather et al. 1990) has established that the CMB
spectrum above 30 GHz is a blackbody to 1% of peak brightness, leaving the low frequency
Rayleigh-Jeans spectrum as the only possible place where large distortions could be detected.

Our group at Berkeley has been involved in designing and performing precise ground-
based measurements of the low-frequency spectrum of the CMB since 1980; previous results from
measurements by us and our collaborators at 0.6, 1.4, 2.5, 4.75, 7.5, 10, 33 and 90 GHz have
greatly improved the accuracy of the spectral data in the Rayleigh-Jeans region (e.g. Kogut et al.
1991, Smoot et al. 1985, 1987, De Zotti 1986). The measurement reported here constitutes the
fourth year effort with a receiver working in the 3.5-4 GHz frequency band. The results from the
previous observations have been reported by De Amici et al. (1988, 1990), and the reader is

referred to those papers for any detail not covered in this work.

II. MEASUREMENT CONCEPT AND TECHNIQUE

A microwave radiometer is a receiver whose output signal, S, is proportional to the input
power, P, and is calibrated in units of antenna temperature, T 4. For a blackbody at a

thermodynamic temperature T covering the aperture of the antenna:

_ P _ Ty v
T4 =% = 2 TT - g @

where Ty, = hv/k (=0.1825 K at 3.8 GHz), k is Planck's constant, v is frequency, B is bandwidth,

and k is Boltzmann's constant.

(@) Unless otherwise specified, all error bars given in this paper are 68% confidence level limits

(1-c level).



When the radiometer is pointed at the zenith, the received power in antenna temperature,
TA,zenith » is the sum of many contributions:

TA,zenith = TA,CMB *+ TA galaxy + TA,ground + TA,atm 2
where the attenuation due to the atmosphere (= 0.3%) has been neglected in this discussion, but
not in the numerical analysis, and T4 cMB: TA,galaxy: TA,ground and TA gtm are respectively
the antenna temperatures of the CMB, the galaxy, the ground seen through the antenna sidelobes,
and the atmosphere. Each measurement compares the antenna temperature of the zenith sky with
that of a reference cold load. The difference in radiometer output when comparing the sky and the
cold load is ®:

G (Szenith - Sload) = TA,zenith - TA,load + 8Tsys ©)
with: ATgys = ATjpg + ‘AG—G (TA,load +Tsys ) +

AR (Tsys -TA,load ) + AL (Tphys -TAload) &)
where G is the calibration coefficient of the receiver, S is the output signal when viewing the zenith
or the cold load, AG/G represents the fractional change in calibration coefficient between the
upright and upside down position, AR is the change in reflection coefficient of the horn and
amplifier, AL is the change in insertion loss (attenuation of the incoming signal) of the radiometer,
Tphys is the physical temperature of the components, Tgy is the system temperature of the
receiver, and AT, is the position-dependent change in receiver output. The last term in eq. (3)
can be evaluated by rotating the radiometer, looking at its output with warm and cold loads, and

estimating a cumulative effect for the four terms of eq. (4).
The instrument used for this experiment is a total power, direct RF-gain radiometer. The
instrument is the same one used in 1987 and 1988, and described in De Amici et al. (1990).
Because of the lower ambient temperature at the 1989 experimental site (typically -25°C) than at the

site used in 1986-1988, we reduced the thermal set point of the radiometer; this in turn modified

®) this formulation for egs. 3 and 4 replaces the incorrect one given by De Amici et al. (1990)



the gain of the amplifiers, and the ratio between "low" and "high" gain setting. In 1989 the ratio
was 2.13610.008 and was measured many times during the data taking nights.

The experiment was carried out from a temporary camp about 1.8 km away, in the direction
of 30° W longitude, from the Amundsen-Scott Research Station at the geographical South Pole, in
Antarctica. The station lies on an ice field, 2800 meters above sea level, and its remoteness
provides ideal conditions for avoiding man-made radio frequency interferences (RFI). The high
altitude and extremely cold weather reduced the amount of atmospheric precipitable water content
to less than 1.4 mm (corresponding to less than 0.05 K in antenna temperature) during our stay at
the site.

Data with the cold load at liquid helium (LHe) temperature were taken during 14, ‘15, 16
and 17 Dec 1989 (UT). In the same period, our group operated radiometers at 90, 7.5, and 1.5
GHz; a companion group from the University of Milano operated radiometers at 0.82 and 2.5

GHz. Results from those experiments have been reported by Sironi, Bonelli & Limon (1991a,b).

III. GALACTIC MEASUREMENTS

The galactic and extragalactic radio background is modelled from existing maps of galactic
emission at lower frequency (Haslam et al. 1982), which cover the austral region, and from a
compilation of HII sources. Surveys of HII emission for the polar caps, however, are less complete
than for lower latitudes. We verified the accuracy of the model (a frequency-scaled, beam-fitted
extrapolation) by conducting differential measurements of the galactic emission at 30° from the
zenith toward the North and South directions. We used the same technique as at the White
Mountain site (see: De Amici et al. 1990), and corrected the data for the different atmospheric
signal caused by slightly asymmetric (about 0.8°, for less than 0.014 K in atmospheric
temperature) zenith angles. The results are summarized in Figure 1. A more complete discussion of
these measurements, and similar measurements at 1.5 and 7.5 GHz, is in preparation. The good
agreement between the frequency-scaled model and the results of the measurements, and the

satisfactory closure of the data set over a 24 hour period are evident. The average difference



between the measurements and the model of scans at 30° from zenith is 0.002 K, with r.m.s. of
0.008 K.

The zero level of the data used in our model has an uncertainty of 4 K at 408 MHz, which
translates into a £0.009 K uncertainty in the predicted galactic correction; to that uncertainty we
must add those deriving from the residual scatter between our data and the model (+0.008 K),
from the fact that our scans were done 30° away from the zenith (the region of direct interest for
CMB measurements) and from the measured antenna beam pattern: we estimate that the galactic
correction during CMB measurements is uncertain to about 0.015 K. We use £0.008 K for
differential (atmospheric emission) measurements of the sky at 30° and 40° from zenith, where the

uncertainty in the zero level tends to cancel out.

IV. ATMOSPHERIC MEASUREMENTS

The atmospheric signal was measured by correlating, as a function of zenith angle, the
signal received by the radiometer with the air mass observed.

Each "measurement” of the antenna temperature of the atmosphere consisted of several
"scans"; one scan involves pointing the receiver, in order, toward the 40°N, 30°N, zenith, 30°S,
and 40°S positions. Due to instrument and wind-fence layout, there was a lower and less-cluttered
horizon in the North direction; scans would then often omit the South positions. After every scan,
and at the beginning and at the end of each measurement, the radiometer was calibrated by
comparing the signal from the sky with the signal from a known ambient temperature load.
Statistical uncertainty in the measured atmospheric signal is twice as large for the 30° values as for
the 40° ones; total uncertainty, which is dominated by systematics, scales in a similar way. The
values from each angular set were averaged together and the average constitutes the result of a
scan. The scans were then averaged together to give a value for a measurement.

The results of all atmospheric measurements are reported in Table 1 with the statistical error
caused by random spread of the results of the scans. Figure 2 shows the distribution of the results

from all scans and from all measurements. The best indicator of the average antenna temperature of



the atmosphere is the average of the measurements from different days, which (with statistical error
only) is 1.10940.004 K.

Possible errors in our measurements are caused by errors in the atmospheric and galactic
models we use, subtraction of the sidelobe contribution, the size of the antenna beam, the pointing
of the antenna, the correction to the data induced by saturation in the receiver, position-dependent
changes in the gain or the offset, and uncertainties in the value of the receiver's calibration
constant. These uncertainties cannot be reduced simply by taking more data. Table 2 summarizes
the estimated contribution of each element. Systematic errors that were not significantly modified
with respect to the 1988 experiment are only briefly discussed here.

The presence of the Sun above the horizon at all times adds another component to the total
sky signal. For an antenna beam much larger that 0.5°, the Sun's apparent brightness temperature
at 3.8 GHz ranges from 27,000 K, during minima of the sunspot cycle, to 44,000 K during
maxima (Allen, 1973). December of 1989 was a period of increasing solar activity; we modelled
the Sun as a blackbody at 40,000 £ 4,000 K of diameter 0.5°, and included this correction in the
analysis. The low declination and good off-axis rejection by the antenna make the solar
contribution negligible (less than 0.001 K) during vertical observations, small for the 30° position
(0.002 K), and of some importance only for the 40° position (0.014 K). This correction is time
dependent, and affects only data taken when the Sun is within 30° from the scan direction (less
than 12% of the positions). No systematic difference was detected between the positions corrected
for the Sun signal and those uncorrected. Because of the uncertainties in the solar correction and
the relatively small number of data points affected by it, those data have been excluded from the
final analysis.

We observed the frequency spectrum of the received signal a few days before and after the
data-taking nights; no RFI signal was detected at the 0.002 K level.

Ground thermal emission and stray radiation pickup through the sidelobes of the antenna
were reduced by the use of an antenna of high directivity and a ground shield. On the North side of

the observing platform, we covered about 100 m? of ice with aluminum sheets, to further reduce



its emissivity. We measured a sidelobe contribution of 0.006+0.008 K when looking to the zenith;
looking to the North we got 0.005£0.009 K at 30°, and 0.00610.009 K at 40°, while to the South,
(the direction toward the other radiometers, the station and where the ice is not covered by metal
sheets) we got 0.010+0.010 K at 30°, and 0.01510.012 K at 40°. These measurements are in
good agreement with the results of modelling the ice (as a dielectric) as seen by diffraction over the
shields, which predict 0.004 K for the vertical position, 0.007 K for 30°, and 0.010 K for 40°. The
data have been corrected for the measured effect, and the uncertainties (added in quadrature) taken
as the uncertainty of the correction.

The calibration coefficient G is measured from the difference in signal between two loads at
widely different and well known temperatures (usually an ambient and an LN2-cooled target), after
allowing for saturation effects in the amplification and detection chain. Errors in measurement of
the calibration coefficient, about 0.2%, derive from uncertainties in the temperature of the target
and from r.m.s.. noise in the radiometer output. There is no indication of systematic differences
from night to night. The uncertainty in the correction for non-linearities in the detection chain gives
a 0.8% uncertainty in the value of the calibration constant. Combining the errors in quadrature
gives a 0.9% uncertainty, which, for T4 s = 1.1 K, results in an error of 0.010 K.
Measurements of the calibration coefficient were done before each scan; the measurements were
fitted with a linear drift over each 30-minute interval (10 measurements of the gain). The

autocorrelation function of the radiometer output fails to reveal any time-dependent structure in the
data.

Changes in the instrument that correlate with changes in receiver position (ATsys ) have
been measured after returning to Berkeley by attaching a piece of microwave absorber at
temperatures above (+50 and +30°C), equal to (+18°C) and below (-10°, -30°, and -190°C) ambient
temperature to the horn and then moving the radiometer Between the vertical and 40° position,
while the output signal was monitored. All the resulting differences are consistent with a null

effect. The extrapolation to a 4 K target temperature suggests that the output change during



atmospheric measurements is 0.008+0.010 K. If the effect was due to a change in gain, then the
effect (and uncertainty) would be smaller: less than 0.003 K.

Using the results of Table 2 and adding systematic and statistical errors in quadrature, we

can obtain a final value and uncertainty for the atmospheric antenna temperature:

TA atm = 1.10930.060 K
The average is obtained by weighting the averages of each pointing angle according to their
systematic uncertainty. The error bars for the 30° and 40° pointing are quite different; any way of
combining the errors would reduce the estimate of the overall uncertainty. Since the error bars are
not independent from each other, we took the smallest set of errors in table 2, rather than
combining them together statistically.

The atmospheric antenna temperature as a function of frequency, altitude, and water vapor
content can be computed from existing models (Danese and Partridge 1989, Costales et al. 1986).
In these models, emission and absorption at 3.8 GHz is mostly due to the continuum of the oxygen
molecules, with a weak (less than 10% of the total) contribution from the wings of the water lines
at, and above, 22 GHz. Using a temperature and density profile which accounts for arctic summer
conditions, the model (Danese, 1988, priv. comm.) predicts antenna temperatures between 1.05
and 1.13 K, in very good agreement with our measured value. Figure 3 shows the atmospheric
antenna temperature at 3.8 and 90 GHz, as measured during simultaneous (or near simultaneous)
data taking runs. From the 90 GHz data, we estimate that the atmospheric water vapour content
ranged between 0.8 and 1.4 mm. As expected, the measurements at lower frequency show little

dependency on the amount of water vapour in the atmosphere.

V. ZENITH SKY TEMPERATURE
The cold load calibrator (CLC) used for this experiment has been described by Bensadoun
et al. (1991). It consists of a microwave absorber (emissivity = 0.9999 at 4 GHz) covering the
bottom of a large (78 cm wide, 130 cm deep) cryostat, which is partially filled with liquid helium,

so that the absorber is completely submerged. The radiometric temperature is, to within 1%



uncertainty, the temperature of the cryogenic liquid in the cryostat. We measured the
thermodynamic temperature of the boiling LHe by measuring the ambient pressure inside the CLC,
and converting it to temperature via standard tables (Duriex and Rusby 1983). With an ambient
pressure of 520+2 mm Hg, the radiometric temperature of the CLC was 3.76210.019 K (see table
3 for details).

The results of the measurements of the zenith sky temperature are summarized in Table 4,
and their distribution shown in figure 4. The receiver viewed three different loads during the
measuring routine: the vertical sky, an ambient temperature blackbody target (used as a warm
load), and the CLC. The loads were alternated according to a fixed scheme: sky, CLC (with
radiometer turned upside down), sky, warm load.

After accounting for the receiver calibration constant, we obtain the signal difference

between the sky and the CLC, with r.m.s. variation:
G (Ssky-Sioad) = -0.00910.008 K

The quantity ATsys has been measured by the same technique used for atmospheric scans,

but rotating the radiometer upside down. The results were then linearly extrapolated (in
temperature) to a 4 K target; the signal change is predicted to be 0.03410.028 K. The larger error
bar for ATy in this test is caused by the failure of a workable target at 77 K. The change could
be due to changes in the target, or in the calibration constant: we adopt for our measurement of the

collective effect of the four terms of eq. 4 the value of 0.034+0.034 K.

VI. TEMPERATURE OF THE CMB; RESULT AND DISCUSSION
Combining eq. (2) and (3) gives:
TA,cMB =G (Szenith - Sload) * TA,load - ATsys - TA,galaxy - TA,ground - TA,am (4
We now have all the elements to compute the temperature of the CMB. From eq. (4) and Table 5,
we can write: T4 cpB = 2.55 % 0.07 K or, converting to thermodynamic temperature:

Tcmp=2641£0.07K



This result is in agreement with the results at this same frequency from 1986, 1987 and
1988: 2.5940.13 K, 2.56+0.09 K and 2.71+0.07 K respectively (De Amici et al., 1988, 1990).
Any combination of the results from different years must take into account the fact that the errors
are only partially independent. By weighting the results from each year according to its statistically
independent uncertainties, and adding the independent uncertainties (in quadrature) to the correlated

errors, we obtain a final result:

Tcyp =2.6410.06K

It is encouraging that the same value for To\p is obtained from locations where the systematic
errors are expected to be as different as the White Mountain Research Station in Eastern California
and the South Pole, and using two CLC as different as the ones used in 1986-7 and 1988-9; this
result is also in very good agreement with other low frequency measurements obtained by us and
by our collaborators (for a review, please see Kogut er al., 1991 and Sironi et al., 1991c), and
only marginally disagrees with the high frequency measurements of the FIRAS (Mather et al.,
1990).

The aim of our experiment is to measure the Rayleigh-Jeans spectrum of the CMB, and the
result reported here is only part of the overall effort. A complete discussion of its meaning cannot
be made without reference to the results at the other frequencies; a forthcoming paper (Sironi “et
al., 1991c¢) will report on that. Within the limits of a single frequency measurement, this result sets

a very tight constraint on the shape of the spectrum of the CMB below 10 GHz, confirming the

measurements at 2.5 GHz (Sironi and Bonelli 1986) and 4.75 GHz (Mandolesi et al., 1986).
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Table 2 - Contributions to overall uncertainty for atmospheric antenna temperature evaluation

quantity amount4 gum kind of error uncertainty [K]

at 30° at 40°
spread of data +0.004 K statistical 0.004 0.004
atmospheric scale height 712 km systematic 0.001 0.001
atmosph. kinetic temperature 240+20 K systematic 0.001 0.001
diffracted earth radiation (see text) systematic 0.072 0.036
pointing error +5' systematic 0.007 0.005
error on value of gain 0.9% * TA arm systematic 0.009 0.009
error due to gain drift 0.006 K systematic 0.036 0.018
gain ratio uncertainty 0.4% * TA atm systematic 0.004 0.004
saturation 0.001 K systematic 0.006 0.003
beam pattern +3° HPBW systematic 0.020 0.020
galactic correction 0.008 systematic 0.048 0.024
radiometer offset change +0.010 K systematic 0.060 0.030
RFI +0.002 K systematic 0.012 0.006
solar emission +0.008 K ® systematic 0048 ® 0024 @
total uncertainty 0.114 0.060

(@) because of the relatively small number of data point affected by the solar correction, and the
relatively large uncertainty associated with it, all those data points have been disregarded; these
values are reported here for reference only, and do not enter in the computation of the final

overall uncertainties.
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Table 3 - Radiometric temperature of the cold load; ambient pressure was 520 mm Hg

quantity contribution to antenna ~ uncertainty [K]
temperature [K]
emission of cryogenically cooled target 3.752 0.002
emission of windows and gas 0.002 0.001
emission loss of walls 0.002 0.002
incoherent reflection . 0.006 0.005
coherent reflection 0.000 0018
total 3.762 0.019

Table 4 - Measured difference between vertical sky and cold load calibrator antenna
temperatures. Final value is the average of all data points, with r.m.s. uncertainty.

day and time number of data difference [K]
UT) points average T.mM.S.
14 Dec 1989 12:01-13:15 21 -0.012 0.008
14 Dec 1989 14:16-15:05 10 0.001 0.006
15 Dec 1989 14:16-15:05 10 -0.015 0.004
16 Dec 1989 08:17-08:42 7 -0.010 0.004
17 Dec 1989 08:08-08:42 9 -0.002 0.005

average -0.009 0.008




Table 5 - Data for measurements of antenna temperature of CMB.

quantity amount [K] error [K]

atmospheric temperature 1.109 +0.060
sidelobes 0.006 +0.008
position dependent output change 0.034 +0.034
cold load temperature 3.762 +0.019
galactic emission 0.055 +0.015
difference between sky and cold load -0.009 +0.008
Ta,CMB (according to eq. 4) 2549 10074 @
+0.144 ()

(@ errors have been added in quadrature
) errors have been added linearly
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Figure captions

1 - Results of differential galactic drift scans at -60° declination, and prediction of a similar scan
obtained from extrapolation of the map at 408 MHz (Haslam et al. 1982) and of a compilation of
sources at 2.5 GHz, and fitted to the measured antenna beam pattern. The profile shown has
been computed using a spectral index of 2.75 for synchrotron radiation, and of 2.1 for HII
radiation. Experimental data (filled circles) are differences between positions 180° apart around
the parallel circle; they have been corrected for ground contribution and atmospheric emission,
and binned in 12-minute intervals (=6 data points/bin). Statistical error bars are shown. The chi-
square/d.o.f. is 1.3°.

2 - Histogram of the results of the antenna temperature of the atmosphere from all positions;

a) from 492 scans: average is 1.109 K, with statistical (1-6) error of 0.004 K

b) from 1188 positions: average is 1.106 K, with statistical (1-¢) error of 0.003 K

3 - Results of simultaneous (within 3 hours) measurements of the atmospheric antenna
temperature at 3.8 and 90 GHz. Error bars are r.m.s. of each measurement; typical number of
scans for a 90 GHz measurement is 12, for a 3.8 GHz measurement is 30 (see also table 1). The
dashed line shows the correlation slope predicted by the model.

4 - Histogram of all measurements of the temperature difference between the zenith sky and the

cold load calibrator.
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