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Abstract

A radiofrequency-gain total power radiometer measured the intensity of the cosmic

microwave background (CMB) at a fr_uency of 1.47 GHz (20.4 cm wavelength) from

White Mountain, California, in September 1988 and from the South Pole, Antarctica, in

December 1989. The CMB thermodynamic temperature, TCMB, is 2.27 :!:0.25 K

(68% C.L.) measured from White Mountain and 2.26 :t:0.21 K from the South Pole site.

The combined result is 2.27 :!:0.19 K. The correction for galactic emission has been

derived from sealed low-fr_uency maps and constitutes the main source of error. The

_tmospherie signal is found by extrapolation from zenith scan measurements at higher

frequencies. The result is consistent with previous low-frequency measurements,

including a measurement at 1.41 GHz (l.,¢vinet al. 1988) made with an earlier version of

. this instrument. The result is -2.5 o (-1% probability) from the 2.74 + 0.02K global

average CMB temperature.
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Chapter 1 Introduction to the Measurement

1.1 Cosmology

Twenty-six years after its discovery, the cosmic microwave background (CMB)

remains as one of the three primary pieces of evidence for the Hot Big Bang theory which

has become the 'Standard Model' of the universe. The triad is' the general recession of the

galaxies, primordial nucleosythesis and the CMB. Each provide us with information about

the universe during its infancy.

The philosophical underpinning of the Hot Big Bang theory is the continuation of

the progression in our world view from the Ptolemaic Principle (anthropocentric) to the

Copernican Principle (heliocentric) to the Cosmological Principle. The Cosmological

Principle maintains that there is no special piace in the universe or, in cosmological terms,

that on large scale the universe is spatially homogeneous and isotropic. The Cosmological

Principle applies only to the universe on large scales, although, to date, observations of the

luminous matter in the universe have shown structure on ali scales including the largest

observed. In contrast, the CMB is observed to be isotropic to high order, lt stands alone as

strong evidence of the Cosmological Principle and that, the universe approaches isotropy

on progressively larger scales.

The Hot Big Bang theory describes the universe as a homogeneous and isotropic

. (and therefore structureless) space described mathematically by the Robertson-Walker

metric. A direct consequence of homogeneity and isotropy is that the distance, d(t),

between two galaxies satisfies the relationship

d(t) = roa(t) (1.1)



where ro is time-independent comoving 'distance' and a(t) is the scale parameter (e.g.

Peebles 1971). A direct consequence of the distance relationship is that the relative velocity

between galaxies is proportional to their distance. This is known as Hubble's law:

v-d=_ad--nd (1.2) -

where v is the relative velocity of the galaxies and d their proper distance. Experimentally,

H is observed to be positive and therefore the universe is expanding. The Einstein

equations and energy conservation imply that, as long as the sum of pressure, p, and

density, p, remains positive, H decreases with time (e.g. Weinberg 1972):

/-:/--- ki =- 43-4_a (p+ 3p) (1.3)

where G is the gravitational constant. A kinematic effect of the expansion is the radiation

redshift relation:

1 + z-Vc=a(t°----_)
vo a(t,) (1.4)

where z is the redshift, ve and Vo are the emitted and observed frequency of the radiation,

respectively, and te and to are the times of emission and observation, respectively.

A direct consequence of equations (1.2) and (1.3) and the observed sign of H

(galaxies are generally receding) is that the universe passes through an early phase where

the matter is dense and hot (hence the name Hot Big Bang).

1.2 CMB Spectral Distortions

The Hot Big Bang theory, predicts the existence tod sy of an isotropic, blackbody

radiation. At early times, the radiation background is in thermal equilibrium with the matter

and photons are freely created and destroyed producing a Planck spectrum. As the

universe expands, the spectrum remains blackbody and the photons injected to the



background at z - 1000 only cause a slight perturbation to the spectrum. Further expansion

of the universe preserves the Planck spectrum with the temperature scaling according to

(1 + z) "1. At the present epoch, this photon spectrum which fills the universe, peaks in

" the microwave, hence the name cosmic microwave background.

. A blackbody spectrum has a specific photon spectrum and spectral intensity given

by the Planck occupation number (per photon mode):

r/p= (ex- 1)"1 (1.5)

where x ---hv / kT, h is the Planck constant, and k is the Boltzmann constant, and T is the

thermodynamic temperature. For a given occupation number, the brightness temperature of

the photons, TB,is given by:

,,cT (1.6)
rs(x) = tn[1+ lloCx)]"

and the brightness temperature of a blackbody spectrum is:

Ts(x) = T. (1.7)

Any addition of photons to the spectrum or change in the energy of the existing

photons causes a distortion in the spectrum. Two factors determine if the spectrum will be

restored to a Planck spectrum. Firstly, there must be a way to create and destroy photons

on a fimescale short compared to the expansion time. Secondly, there must be a way to

redistribute the photons in energy on a timescale short compared to the expansion time.

At early times, when the universe is more than 109times smaller than at present (z

• > 109), the average energy of the background photons we observe today is 0.23 MeV.

During this "Lepton era", photons and electron-positron pairs are in equilibrium, with

roughly equal number_ of electrons and photons. During the Lepton era, pair creation,

annihilation, and scattering efficiently restored any distorted spectrum to blackbody.



Therefore, one cannot expect to find distortions in the spectrum due to processes which

occurred before the end of the Lepton era.

Radiative Compton scattering continues to maintain a blackbody spectrum until a

redshift Ztherm-2XlO 6 _2b'113 (Danese and De Zotti 1977), where _2b=h2A"2b;

h=Ho/(50 km-sec'lMpc "1) is the normalized Hubble constant, and Ob is the ratio of the

baryon density of the universe to the critical density. Thus the e+-e - annihilation radiation

(Ac/e=2.85, i.e., the energy released was nearly three times the radiation energy), the

small energy release from primordial helium synthesis (Ae../e=10-6) at z -107, and any

other release before Ztherm are ali re-thermalized and are not practically observable.

After Ztherm, radiative Compton scattering can no longer restore the blackbody

photon number density but (non-radiative) Compton scattering can still thermalize the

spectrum. An energy release during this epoch results in a chemical potential, or/.t-,

distortion. A/.t-distortion is characterized by a Bose-Einstein spectrum which dips down

(for/z>0) at low frequency, then rises (for/.t>0) at long wavelengths where bremsstrahlung

produces photons fast enough to reestablish a blackbody spectrum. The occupation

number for a br-distortion is given by

Os_v) =[exp{x + _(x))- 1]"1, (1.8)

where #(x) is the frequency-dependent chemical potential which is driven to zero at low

frequency by bremsstrahlung.

At a redshift of Zl - 4x104 _2b-1/2(when the laniverse is roughly 500 years old), the

density of electrons becomes so low that Compton scattering can no longer establish a

thermal Bose-Einstein distribution. Because the spectrum does not have time to reaach

equilibrium, an energy injection at this time causes a spectral distortion whose form

depends on the mechanism and epoch of the energy release. If the energy release is via

heating of the photons, Compton scattering acts to establish a Bose-Einstein distribution

but, for z < Zl, the redistribution of photon energies does not proceed fast enough to



achieve kinetic equilibrium (a ].t-distortion is not achieved). The resulting spectrum has a

slight excess of photons at high frequencies and a depletion at low frequencies and the

very-low-frequency part of the spectrum thermalized by bremsstrahlung emission. If the

" energy release is via photons added to the spectrum, the feature will persist to the present,

since Compton scattering does not proceed fast enough to redistribute the added photons.
m

At z .-. 1000, the photon background is no longer energetic enough to keep the

plasma ionized, the plasma combines ('recombination'), and the dominant form of

interaction changes from Compton scattering to Rayleigh scattering. At the peak of the

photon background the cross section for interaction decreases by four orders of magnitude,

and the radiation travels without seatte_ringfrom recombination until the present.

After recombination, if the energy transfer to the CMB is via a direct heating of the

plasma, bremsstrahlung (free-free emission) efficiently populates the low-frequency part of

the spectrum, and, after zl, Compton scattering does not have sufficient time to redistribute

the excess of low frequency photons. The free-free distortion signature i:_ a brightness

temperature which deviates from blackbody as

GHz) Yff' (1.9)._.T___-3.2 x 10311_ v -2To

where Yff is the amplitude of the distortion and To is the unperturbed temperature. The

distorted spectrum ultimately reaches the plasma temperature (Bartlett and Stebbins 1991).

At frequencies below a few GHz, this distortion would not be revealed by past CMB

measurements because of the large uncertainties in the measurements in this range and

- because galactic synchrotron emission partially masks any distortions present.

A free-free distortion is of interest because it probes the temperature and density of

the intergalactic medium, and may provide verification that 'recombination' at z = 1000

actually occured or reionization has occurred.



distortions is not fixed because the former is linearly proportional to the density of the

plasma while the latter is proportional to the density squared. Thus, even though high

frequency (COBE FIRAS) results strongly limit the Compton distortion, they only very

weakly limit the low frequency free-free distortion. The sensitivity to a free-fr_.e distortion

is a strong motivation for these measurements.

Panicle (WIMP) decay produces a low-frequency distortion with magnitude, shape

and characteristic frequency dependent on the mass, lifetime and decay mode of the particle

(Silk and Stebbins 1983). For a panicle with a photonic decay mode, the addition of

photons to the spectrum produces a distortion characterized by a negative chemical

potential. An review of energy releasing processes is given by De Zotti (1986).

1.3 Previous Low-frequency Measurements

Recent results from the HRAS experiment aboard the COBE satellite (Mather et al.

1990) have established the blackbody nature of the spectrum above 30 GHz and focused

attention on the low-frequency spectrum. High precision measurements in the low-

frequency region v < 10 GHz potentially have higher sensitivity to/_- and Yh,-distoned

spectra than the FIRAS.

Previous low-frequency measurements have limited precision, typically > _+0.5K

at frequencies below 10 GHz. One reason for the large error is the difficulty of calibrating

at low frequencies. A radiometer antenna operating at 1.5 GHz with a beam size of <30 °

has an aperture of >50 cm. This is larger than the size of the LHc-cooled calibrators in use

at the time and these instruments were not calibrated at the antenna aperture. If the

radiometer cannot be calibrated at the aperture, a correction must be made for emission

upstream of the calibration. The correction for antenna and transition emission is difficult

to evaluate and prone to systematic error. In the cases where a cooled coaxial termination



was used, the correction for emission from the warm part of the coaxial line introduced

large errors.

Other sources of error in previous low frequency measurements are atmospheric

- emission (for measurements made at sea level), ground emission, and galactic emission.

As of 1980, measurements of the low-frequency spectrum could piace only a 10% limit on

fractional energy release during the 107 > z > 104 period.

Precise measurements in the 1-2 GHz range combined with precise the high-

frequency measurements now available are an ideal probe of ,Ltand Yff distortions. A

measurement near 1.5 GHz is low enough in frequency to make the temperature deviate

significantly from an unperturbed, but high enough that the foreground galactic signal is

still a factor of three less than the CMB.

Since 1982 the LBL Astrophysics Group and collaborating groups have made

measurements of the CMB spectrum at frequencies between 0.6 and 90 GHz which have

greatly improved our knowledge of the spectrum (e.g. Kogut et al. 1991 and references

therein). In 1986 we made a measurement at 1.410 GHz (Levin et al. 1988); based on that

experience, I built a new radiometer and cold load calibrator to make measurements at 1.47

GHz.

In September 1988, the LBL Astrophysics group made CMB measurements at

3.8 GHz (De Amici et al. 1990), 7.5 GHz (Kogut et al. 1990), and 1.47 GHz from

White Mountain (WM). In December 1989, we repeated these measurements from the

South Pole (SP) and a collaborating group made measurements at 0.82 and 2.5 GHz. The

. results from the South Pole are reported in Sironi et al. (1991), De Amici et al. (1991),

Levin et al. (1992), and Sironi et al. (1992). The measurements at 1.47 GHz are the

subject of this thesis.



Chapter 2 Concept of the Experiment

2.1 Measurement Concept
m

The measurement is performed with a total-power radiometer whose output signal,

S, is proportional to the power, P, entering the antenna aperture. The output is calibrated

in units of antenna temperature, TA , defined by the relation

TA - _ = Tv _ T -T---e-_forT>> Tv
kB cT,/r- 1 2

where B is the bandwidth, T v = h vlk - 0.0706 K at 1.47 GHz, h is the Planck constant,

and k is the Boltzmann constant. For temperatures of ~4 K, the antenna temperature is ~

0.035 K lower than the thermodynamic temperature.

The experiment consists of comparing the zenith with a large, liquid-helium cooled,

cold-load calibrator (CL) whose antenna temperature, TA,load,is precisely known. The

antenna temperature of the zenith, TA, zenith, is:

TA,zenith = G (Szenith -Sload ) + TA.load - ATinst - ATA,joint, (2.1)

where G is the gain calibration coefficient for the radiometer, ZlTinst is the correction for

any changes in the radiometer offset associated with its inversion and ,_TA,joint is the

differential temr_raturc contribution from the imperfect joint between the antenna and the

cold load interface plate and the ground screen interface plate.

The temperature of the CMB is found by accounting for ali non-cosmological

contributions to TA,zenith. These include emission from the atmosphere, ground, the sun

and moon, and man-made radio-frequency interference (RFI):

TA,zenith = TA,sky + TA,atm + TA,ground + TA,sun + TA,RFI. (2.2)



These contributions are shown schematically in Figure 2.1. The atmospheric signal is

found by extrapolating from measurements at higher frequencies. The ground signal is

found by convolving the measured antenna gain pattern with the ground emission. The

. terms in Equations (2.1) and (2.2) are discussed in detail in Chapter 5.

The sky temperature, TA,sky, is defined as the sum the galactic emission and the

CMB:

TA,sky = TA,CMB + TA,gal. (2.3)

Galactic emission, which includes emission from our galaxy and other galaxies, is

calculated from low-frequency maps and the observed spectral index. A detailed

discussion of the galactic signal is given in Chapter 7. The signals from the atmosphere,

ground, and cold load are constant during each measurement whereas the galactic signal

varies due to the earth's rotation.



CMB

Sun

Galaxy 1 Moon

Atmosphere _ _

k_ _ RFI

Joint effects

Cold-Load
Calibrator

I,

Figure 2.1 Conceptof theexperiment
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2.2 Foreground Signals

Foreground signals are those signals originating from outside the antenna aperture

which are not of cosmological interest. As such, this includes everything from emission

" from the joint at the aperture of the antenna to extragalactic emission from other galaxies.

Some foregTound signals can be reduced or removed entirely by choice of the observation

site and time of observations (atmospheric, galactic, ground, and solar emission, RFI)

while others can be reduced by the design of the instrument and apparatus (ground and

solar emission, RFI, orientation-dependent, load-dependent and joint effects). Some are

the result of a trade-off, like the small emission from the ground screen which is used to

reduce the much larger ground emission signal.

The following foreground signal considerations are important in site selection. The

solid angle subtended by the ground must be minimized to reduce the ground signal.

Practically speaking, a flat horizon is ideal. The magnitude and temporal variability of

atmospheric emission and the characteristic roll-off frequency of the emission both decrease

with increasing altitude necessitating a high-altitude site. The copious RFI emission

associated with population areas requires a remote site. Minimum error from the galactic

correction requires a region of sky with minimal galactic emission and to be near overhead

during the observations.

The two sites chosen for the measurements are on White Mountain in California and

at the South Pole in Antarctica. The White Mountain site has rocky terrain, a low horizon

(rising as high as 18° above horizontal in one direction) and is remote. The atmospheric

- emission is low (due to the high altitude), variable, and sometimes near the minimum value

for the site's altitude. The galactic signal is modulated by the Earth's rotation. The South

Pole site sits on nearly 3 km of packed snow and ice, has a fiat horizon and is very remote.

11



Atmospheric emission is very stable but is not as low as the minimum value from the White

MountN_ site (which is at higher altitude). The galactic signal at the zenith is -.0.8 K.

The following foreground signal considerations are important in the design of the

radiometer. An isotropic antenna at a site with a fiat horizon and 273 K ground temperature

would see 136 K of emission. Low sidelobe response and ground-screen shielding of the
_t

antenna are necessary to cope with this signal. The low sidelobe response generally means

the beamwidth is small and the response very directional. The small beamwidth allows the

radiometer to observe away from the zenith (without undue ground pick-up) and means that

strong sources (like the galactic plane or the sun) contribute less to the signal. This is

difficult to achieve at long wavelength and still calibrate the radiometer at the antenna

aperture.

While ground emission, RFI, and solar emission can be greatly reduced as sources

in ground-based CMB measurements, the atmosphere and galaxy are ever-present sources.

Even after proper site selection these are the dominant foreground sources as shown in

Figure 2.2.

This measurement is a single frequency measurement. The result must be taken

together with other measurements of the CMB temperatures at other frequencies to provide

spectral information, lt is therefore important to consider the spectral dependence of the

foreground signals. The foreground spectrum is also important because, in some cases, it

is used to help remove a foreground signal (e.g. atmospheric emission). Figure 2.3

demonstrates how the main foreground signals define a frequency range, approximately

1.5 < v < 15 GHz, where the CMB is > 50% of the total signal and precise (< :,.k-0.1K)

ground-based CMB measurements can be made.
b

12
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Figure 2.2 Approximatebreakdownof the zenith sky temperatureat 1.5GHz
from the SouthPole site.
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Figure 2.3 Foreground sources at low-frequencies. Values are for the zenith sky at
the South Pole.
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Chapter 3 The Equipment

3.1 The Radiometer

The radiometer has an E-plane corrugated horn antenna and a radiofrequency-gain

total-power receiver (see Figure 3.1 and Table 3.1). Advantages of this design are

simplicity and ease of construction. Physically, however, the measurements are not easy.

In contrast with Dieke-switched or correlation receivers which have two antennas and

continually measure a signal difference, a total-power radiometer must be physically moved

in order to measure a signal difference.

The output of a total-power receiver with system temperature Tsysand observing a

load with temperature Tload is, neglecting any loss or reflection in the radiometer,

Sload -- _" (Tsys+ Tload)• (3.1)

(See§5.3foratreatmentincludingradiometerlossandreflection.)Thermsthermalnoise

onthereceiveroutput,knownasthesensitivityTsens,is(Krauss1966)

Tsens= Tsys+ Wload
(3.2)

foranintegrationtime"r.

The rectangularapertureoftheantennameasures46x 52cre.Thecorrugations

. reducetheE-fieldamplitudeontheE-planewailsandtherebyreducethesideloberesponse.

Thewaveguide-coaxialtransitioncouplestotheTEl0mode whichhaszeroE-fieldonthe

H-planewalls;therefore,therearenocorrugationsontheH-planewalls(Witebskyetal.

1987).

The signalenterstheantennaandpassesviaawaveguide-coaxialtransitioninto

coaxialcable,ltisthenamplifiedandfilteredpriortodetection.A 1.0-1.6GHz bandpass

15



filter cuts out low-frequency ILv,I signals to avoid saturation of the second RF amplifier.

The signal level at the output of each radiofrequency (rf) amplifier is at least 20 dB below

the 1 dB gain saturati¢,n point.

A 6-stage Yttrium Iron Garnet (YIG) filter defines a 26 MHz instantaneous

bandpass. During CMB measurements, the YIG filter center frequency is swept at

1 GHz/see from 1.375 to 1.575 GHz to synthesize a bandwidth of 200 MHz centered at

1.475 GHz. The gain-weighted band center is 1.471 GHz. The rejection of YIG filters

drops by 6 dB/octave/stage, where an octave is the 3-rib filter bandwidth. For this filter,

the dropoff is 36 dB/26 MHz and the out-of-band rejection is ~115 dB. This Watkins

Johnson YIG filter is the first 1-2 GHz 6-pole filter to be sold commercially. The filter

showed no signs of sensitivity to moderate magnetic fields (the case is made from mu-

metal) and the tuning current and heater wires are well shielded to prevent any cross-talk.
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Figure 3.1 Radiometer schematic. Amplifier gains and attenuator values are given.
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Table 3.1 1.47 GHz radiometer parameters

iii i ii ii i i i ii i_11I i ]_ i

Parameter Value Comments

Center frequency 1.47 2:0.01 GHz Measured (_ ----20.4 cm)

YIG filter bandwidth 26 MHz Measured
i

YIG sweep frequency 5 Hz Measured

Synthesized bandwidth 200 MHz Measured

System temperature 53.5 2:0.4 Ka Measured with cold and warm loads

Sensitivity I0 mK Hz-l/2 Theoretical

18 mK Hz-l/2 Measured with ambient target

Beamwidth b 30° x 27° ExH-plane, measured w/ground screen

Beam area 0.284 sr Calculated

low gain 25.0 2:0.2 K/V WM, measured

24.2 2:0.1 K_ SP, measured

gain ratio 2.537 2:0.025 WM, measured

2.488 2:0.005 SP, measured

high gain 9.84 2:0.12 K/V WM, calculated

9.74 2:0.05 K/V SP, calculated

DC amplifier offset - 10.04 2:0.04 V Measured with terminated input

a Uncertainty is the quadrature sum of the spread in measured values and the error on each
value

b the half-power-beam-width (HPBW)
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The rf signal is detected by a power-law detector diode and the DC detector diode

ouput signal is then amplified by either 1000 (low-gain scale) or 2500 (high-gain scale).

The signal is then integrated for 2 seconds, offset by -10 V and recorded. The -10 V offset

. is stable to better than 1 part in 104 over a period of a few minutes. The detector diode

output is in the range 1.2-6.5 mV when the radiometer observes 4 K - 300 K targets.
L

Saturation of the detector diode results in a 2.0 :t: 0.9 % gain correction derived from

measurements of the diode linearity.

The YIG filter provides flexibility since any band in the interval 1.3 < v < 1.7 GHz

can be selected for the observations. It also allows measurements at different frequencies

over the band, which could in principle give information on galactic emission; in practice,

the stability of the receiver and behavior of the joint at the horn mouth were such that this

was not possible. The smaller instantaneous bandwidth degraded the sensitivity by a factor

of~3. This was a disadvantage in measuring systematic effects.

The measurement requires that the antenna mate to the ground screen, the ambient

calibrator and the cold load (these three parts of the experiment are discussed in the

following sections). The mating parts meet at a metal-to-metal joint (see Figure 3.2). The

ground screen and ambient target rest on the antenna aperture; the radiometer rests on the

cold load. During zenith scans, the radiometer hangs from beneath the extension and four

latches pull the joint closed.

Each side of the antenna aperture consists of a 5 cm wide fiat surface which is

perpendicular to the antenna wall (the wall is at a 19° angle from the beam axis). The

. mating surface of the cold load interface plate and the extension have matching 5 cm wide

surfaces at matching angles. The mating surface of the ground screen is a fiat plate that

makes contact with the antenna aperture along a line. The radiometric effect of the joints is

discussed in §5.6 and §9.1.
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Ground screen interface plate j_ -
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H-plane antenna wall

Cold load interfac__ antenna-cold loadjoint

Figure 3.2 H-plane section of the antenna aperture joint design. The antenna and

ground screen meet along a line; the cold load interfaceplate mates with the 2"-wide

surface at the antenna aperture. In the E-plane, the antenna wall backplane angle is

13o, but the joint is the same as in the H-plane.

The temperatureof the radiometer is actively controlled to reduce gain variations.

Four temperature sensors monitor the rf components, electronics, antenna throat and
i

ambient target temperatures. In 1988, the radiometer had one electronic angle sensor which

measured the H-plane tip angle to 5:0.5o. In 1989, a second angle sensor was added in the

E-plane, primarily as an aid in measuring the beam pattern.

The second angle sensor, which draws ~ 60 mA, pushed the radiometer's :!:15V

power supply to the limit of its current capacity. This resulted in an oscillation in the
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supply output which, in turn, caused the radiometer output to oscillate with a characteristic

period of-225 see. The source of this problem was only discovered after the South Pole

observations. Fortunately, this oscillation only appeared intermittently, and when it was

. present, introduced only scatter (but no offset) into the results.

• 3.2 The Ground Screen

The size of the antenna aperture is limited by the requirement that the antenna be

able to observe the 78-cm diameter cold load. The resulting aperture is relatively small

(-2.5_. for a pyramidal antenna) and the antenna gain pattern has a large half power beam

width (HPBW). The zenith-looking antenna at the White Mountain site would observe

-0.6 K of ground radiation. A pyramidal ground screen reduces this signal by 0.30 K

and quarter-wavelength traps on the E-plane sides of the semen further reduce the ground

signal by 0.15 K. Figure 3.3 shows the measured E- and H-plane gain patterns with the

ground semen as measured at the South Pole site.

The screen (shown schematically in Figure 2.1) has a square, flat mating interface

which rests on the antenna aperture when in use. It has a 45° semi-flare angle and extends

out to a 2.5 m square aperture. The ground screen edge is at -56 ° from aperture center,

just outside the base of the main lobe (at-45°).

The ground screen interface plate was a fiat aluminum sheet with a rectangular cut-

out to match the antenna aperture. During observations of the zenith, the hole was

positioned over the antenna aperture. This was difficult to align precisely although the sky

" signal was not sensitive to the precise positioning. For the South Pole observations,

• alignment plates were added to make the ground screen positioning simpler and more

repeatable.
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Figure 3.3 Gain pattern of the antenna and ground screen

The antenna was designed to operate with an extension to achieve the very low
0.

sidelobe response required. The ground signal with the extension in piace was very low

(<0.020 K at White Mountain, see Levin et al., 1988), but the extension was lossy and

contributed to the zenith sky temperature. This emission is difficult to measure precisely:

removing the extension from the antenna changes the ground and galactic signals and the

large mass of the extension prevented measurement of the emission by changing the

physical temperature of the extension. The best tests indicated an extension emission of

--0.5 + 0.2 K. This large loss was not expected but it is consistent with the ,-.5K which

the antenna and waveguide-coaxial transition loss contributed to the system temperature.
e

The source of the loss is probably the resistive attachment of the corrugations to the

backplane and the resistive joint around the transition backshort.
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3.3 The Ambient Calibrator

The ambient temperature target is a 60 cm x 60 cm blackbody absorber enclosed in
t

a thermally insulated, ft-fight box which covers the antenna aperture during gain calibration

• (see Figure 3.4). The absorber is VHP-6, a pyramidal open-celled foam with a 5 cm thick

foam window on the front. The temperature of the target was monitored to 4- 1 K.

The target has angle pieces made of thin, bent aluminum sheet screwed to the back

for rigidity during instrumental offset tests. No signal was produced by pressing in the

middle of the back of the target with a force much larger than the weight of the absorber

and box. During offset tests, the target was secured to the horn aperture with four screws.

In 1989 at the South Pole, heating strips were added to the target to allow heated target

offset measurements.

absorber \. _mating edge

i!i!ii!i .... ,iiii!!iiiii!ii!ii
iilJJi_I !!!_1i!!1_I_.!_I.iii!_l_I !iiI i!

Figure 3.4 The ambient calibration target

23



3.4 The Cold Load Calibrator

The accuracy of the 'known' temperature reference and the precision of the
t

measured difference are critical to the precision of the CMB measurement. These factors

together lead to the use of a liquid-helium-cooled calibrator. Liquid helium (LHc) has three

properties which are nearly ideal for these measurements.

First, at the ambient pressure of our sites, the LHc boiling point is within _<0.2K

of the sky temperature at 1.47 GHz. This small sky-cold load difference means that even a

(large) .-t:5%error in the measurement of the radiometer gain introduces less than :k'0.010 K

error into the difference. The nearest practical competitor to LHc, liquid nitrogen, has an

ambient pressure boiling-point at -73 K, so even an excellent _+1% measurement of the

gain would introduce a ~_+0.69K error in the difference.

Second, when left to boil at ambient pressure the temperature is very well

determined and stable. Lastly, LHc has a very small dielectric constant and does not

significantly degrade the black-body properties of the absorber: the power reflection from

the He-LHc transition is < 1.1 x 10"4.

Difficulties of using LHc include a very small heat of vaporization, high cost, and

transporting the liquid to the remote locations where the measurements are made. The

small heat of vaporization is partially offset by the large enthalpy of the gas. This is

exploited by using the boiloff gas to decrease the heat leak to the LHc bath.

For measurements below 2.5 GHz, the primary calibration has historically been a

major source of error, as was the case for the 1.41 GHz measurement of Levin et al.

(1988). The cold load used for the 1.41 GHz measurement is described in Smoot et al.
II

1983 and in § I A of Appendix A. Briefly, the old cold load had a 20 thick absorber

immersed in LHc with only two thin polyethylene windows covering the 70 cm diameter

aperture. The radiative heat load was reduced by means of a movable shutter. The old cold
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load was designed for the 2.5 to 90 GHz range. At 1.41 GHz, the absorber reflection

was greater, and the joint in the radiometric wall associated with the shutter was not well

understood.

• Any improvement on the 1.41 GHz measurement required a better cold load

calibrator. I spent the next 9 months designing, modelling and building a new cold load
'1

reference target which would be more suitable for operation in the 1 to 10 GHz range. The

resulting cold load calibrator, its history, design, construction, radiometric modelling and

testing are discussed in depth in Appendix A. Here, I only emphasize the main features,

performance across the operating band, and the thermal and operational performance in

1988 and 1989.

The absorber is joined to the mouth of the cold load by a 78 cm diameter aluminum-

foil-lined fiberglass cylinder. The aluminum is thin (25 p.m), to minimize heat conduction

down to the LHc bath, but thick enough to be less than -10 "5 transparent at 1 GHz. The

fiberglass wall serves as a structural support for the A1 foil as well as the absorber and ali

of the level, temperature and pressure sensors.

Two sets of windows solve two separate problems. The first potential problem is

condensation of atmospheric gases onto the cold radiometric surfaces. Two 23 I.tm-thick

polyethylene windows with warm gas circulating in between and prevent condensation by

maintaining the upper window at above ambient temperature.

The second problem is the large (50-200 W) radiative heat leak through the

4800 cm 2 cold load aperture which would result in a loss rate of 70-280 l/hr. It is well

. known that glasses are generally opaque in the infrared (IR) and become transparent in the

microwave. A window made of glass would absorb the IR heat load (before reaching the
III

LHc bath) and have minimal emission in the microwave. Glass becomes brittle at low

temperatures and must be encapsulated in a supporting material to be useable as a large

window. Teflon was chosen for its low temperature flexibility and low loss in the

microwave. I found a Teflon-impregnated glass cloth material manufactured by Fluorglas
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which was inexpensive and had the right dimensions (38" width and-.70 }.truthickness).

The drawback was that the glass was woven (a thin film would be ideal). However,

Fourier spectrometer measurements of the reflection and transmission properties from 100-

1000 cm "1 with the Fluorglas at 300 K and at 4.2 K showed that, for three layers, only

between 2% and 5% of the the leak would be transmitted.
lt

Although similar to the cold load used in our 1986 measurement, the new cold load

incorporates several changes important to calibration at 1.5 GHz. The most important

changes are: 1) thicker absorber resulting in lower absorber reflection at 1.5 GHz, 2)

fewer discontinuities in the radiometric wall for lower emission, 3) capability of stable

calibration for periods sufficient to study systematics and take data, and 4) complete and

precise measurement of the radiometric wall temperature profile, LHc level and pressure

over the LHc bath.

The performance across the operating band for a typical radiometer is shown in

Figure 3.4. (The exact performance depends on the radiometer bandwidth, beamsize,

antenna dimensions, and broadcast noise temperature.) Towards the low end of the

operating range the signal increases because the absorber appears more transparent and the

coupling to radiometric wall emission increases. Towards the high end of the operating

range, the ratio of thickness to wavelength increases and the window reflection and

emission increase causing a larger signal.

CL construction and LHc testing were completed at LBL in July 1988. The CL

was then taken to White Mountain and used for measurements at 1.47, 3.8, and 7.5 GHz

in September 1988. The CL operated very well and, after several minor improvements,

was shipped to the South Pole nine months later.
W

The cold load arrived in good condition at the South Pole. As I transferred liquid

nitrogen into the cold load, the dewar pressure began to rise. This is the opposite of what

should happen: as the getter in the dewar vacuum space cools and begins cryopumping, the

26



pressure should drop. The leak was real, large, and on the inside of the bucket dewar,

probably due to one of the four epoxy joints in the neck tube.

The repair plan was the following: pull the radiometric part of the cold load out of

. the dewar and apply epoxy to ali the joints. The radiometric part of the cold load consists

of the radiometric wall, the interface at the top, the windows, and the absorber (see
,i

Figure 1 in the Appendix). The radiometric part is -55" long, weighs -250 lbs, has

delicate sensors on its exterior, and clears the neck tube of the bucket dewar by less than 3

mm per side. The next morning, Steve Levin, our fearless leader at the Pole, lead in the

construction of an A-frame over the cold load. This Cadillac of A-frames had a plastic

exterior (to keep the wind out and let the sunlight in) and rigging on the 4"x6" ridge pole to

lift the radiometric part of the cold load. The next day, the radiometric part of the cold load

was lifted out of the dewar, and, by the end of the day, the six 100" long glue joints had

been cleaned and sealed with epoxy. After a night of curing with three heat lamps, the CL

was reassembled, flushed with Ns and prepared for liquid nitrogen. Less than four days

from the time the first signs of the leak showed up, LN was in the CL and the dewar

pressure dropped steadily until it was off-scale. Back in Berkeley, on the second thermal

cycling of the epoxy patch, the leak reappeared when LN was tranferred into the cold load.

This time the leak was so large as to be audible, and later inspection revealed a 6" long

crack in the lower-most glue joint.

Beyond the improvements in the low-frequency radiometric performance, the new

cold load is a pleasure to operate. Just ask anybody who got stuck with the job of

• operating the shutter on the old cold load on a cold, windy night, as they applied grease to

the slide and struggled to ram the shutter ali the way open for a quick look at the load. Or
lP

maybe, if those people have blanked the shutter from their minds, ask them about the half

day of work to replace the polyethylene windows, only to find that there were large gas

leaks and that the job had to be repeated. Another memory I have are the long days
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Figure 3.5 Cold load calibrator signal

required to ready the old load for LHc, and, once we had LHc in the load, thepanic that set

in to take data before the helium was gone.

With the new CL, it's a pleasure to change the polyethylene windows indoors (if

they need to be changed at all), to never have gas leaks, to spend only a few hours a day

for three or four days to ready the load for LHc, to fill the CL with LHc once a day, and to

have the time to think about the measurements while there is LHc in the CL.
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Chapter 4 The Observations

The choice of observing sites is critical to precise measurements. The RFI

emissions associated with populated areas require a remote site. The ground signal is

" greatly reduced by low sidelobe response and shielding of the antenna, but a low horizon is

needed to reduce the signal to an acceptable level. The magnitude of atmospheric emission

and the characteristic roll-off frequency of the emission both decrease with altitude

necessitating a high-altitude site. A region of sky with minimal galactic emission is needed

overhead during the observations. Other important considerations in the site selection are

the availability and quality of electric power, logistical support, and living conditions.

CMB observations were made from a wooden platform with the CL aperture at the

level of the platform. The radiometer sat on its base to observe the sky and was physically

inverted and the aperture placed on the CL interface plate to observe the CL. The

observation cycle (Table 4.1) allows either 16 or 32 seconds to move from one target to

another target and collect data. Moving the radiometer usually took less than 5 see and if it

took more than 8 seconds the data were not used.

During the CMB measurements, we used the smooth-walled pyramidal ground

screen to avoid the unacceptably large signal (-0.6 K) due to ground emission with the

antenna alone. The E-plane sides of the screen were equipped with quarter-wave traps to

further reduce ground pick-up.

The radiometer gain coefficient and system temperature are measured by comparing
O

the ambient calibrator signal, Sambient, with the cold load signal, Sload. From Equation

• 3.1,

G = Tambient- Tload
Sambient - Sload (4.1)

and
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Tsys= G Sload-Tload, (4.2)

where Tambientand Tloadarethe ambientcalibratorand cold loadtemperatures,

respectively.Duringambientcalibration,theambientcalibratorisplacedoverthezenith-

lookingantennaaperture.Becauseallmeasurementsmade withtheradiometerare

differential (eg. Equations 2.1 and 5.5) the results are independent of the system °

temperature to first order.

A 1.5 m long extension was added to the antenna to make differential zenith scans;

for these measurements, no absolute calibration was needed but very low sidelobes were

essential. With the extension attached to the mouth, the HPBW was ~ 15° and the sidelobe

response was <-60 dB at angles >90 ° (Witebsky et al. 1987).

Table 4.1 CMB observing cycle

i ii iii ii I_I ii I i i II ii I_Iiiiii i i iiiiii ii i ii iII i [i I II ii iiiii

Time (see)a 32 16 32 16 16 16 16 16
ii iii i ii ii i I

Orientation up _b down down _b up upc up

Target zenith - CLd CL - WLd - zenith

Gain Scale high high high low low low low low e

a The second half of each 16 see observing period is used in the analysis

b The radiometer is inverted in less than 16 see

c The ambient target is removed and the ground screen placed on the antenna

d cold load (CL) and warm load (WL) targets
O

e high-gain scale at White Mountain
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4.1 White Mountain 1988

We observed from the Nello Pace Laboratory of the University of California White

Mountain Research Station (latitude 37.6° N, 3800 m altitude). The site lies on the eastern

" slope of a ridge which rises 18° towards the northwest; the horizon is lower in ali other

directions.

CMB observations were made at White Mountain during six separate runs on 18

and 19 Sep 1988 (UT). On 18 Sep, we experimented initially with a less optimal

observation sequence, and for ali three runs on 18 Sep, the ground screen did not have

quarter wave traps and those data are not used in the CMB result. From here on, I will

refer to the three runs on 19 Sep 1988 as runs 1, 2 and 3. The first run occurred when the

galactic plane was nearly overhead (RA ~21h) to gather data on galactic emission. The

second and third runs observed regions of lower galactic emission (RA -22 h - 2h). During

the June-September period when the site is accessible, the region of minimum galactic

emission (at 380 declination) is overhead during the daytime and we cannot make

observations. Differential galactic scans at +15° in the East-West plane were made on 4

nights. During the same period, we made CMB, atmospheric and galactic measurements at

3.8 and 7.5 GHz, and atmospheric measurements at 90 GHz.

During each CMB measurement cycle, the radiometer measures the zenith-cold load

difference on high gain, then measures the high-gain to low-gain ratio (observing the CL)

and finally calibrates in low gain. This measured the low gain once and the zenith-cold
G

load temperature difference once. The gain ratio was measured by taking the ratio of the

, low-gain cold-load signal to the high-gain cold load signal.

The differential galactic scans were made by tipping the radiometer 15° to the east

of the zenith for 32 see, then 15° to the West for 32 sec. During the first 16 see of each

period, the YIG filter was tuned to 1.375 GHz, while during the second half the filter was
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tuned to 1.550 GHz. This cycle was repeated for the duration of a run and interrupted

every hour for gain calibration.

The White Mountain group in 1988 consisted of Al Kogut, Steve Levin, and myself

who stayed the for the entire expedition, Marco Bersanelli (who flew in from Italy just for

these measurements), John Gibson, George Smoot, Giovanni De Amici, and short visits

from Jon Aymon, Jay Levin, Larry Levin, Luis Tenorio, and Chris Witebsky. During the

same period, we also made CMB, atmospheric and galactic measurements at 3.8 and 7.5

GHz.

4.2 South Pole 1989

These measurements were made from a site 1.8 km from the Amundsen-Scott

Research Station (latitude 90° S) at the geographic South Pole. Resting on 2.5 km of ice at

an altitude of 2800 meters, the site had an ambient temperature ranging from -20° to -30° C

at the time of the observations. Except for two small buildings and the apparatus at the site,

the horizon was flat. The ice was a dielectric at an effective temperature of 225 + 10 K.

The South Pole site offered a better horizon, lower ground temperature and lower

galactic signal than the White Mountain site but the lower altitude resulted in a larger

atmospheric signal. We used the same ground screen as at White Mountain, and erected a

5 m high screen to reduce solar radiation. Solar radiation had to diffract over two sun-

screen edges before reaching the ground screen.

CMB observations were made at the South Pole during five separate runs on 16,

17, 18 and 19 Dec 1989 (UT) during periods when the CL platform screen shielded the "

radiometer from solar radiation. In order to reduce the galactic signal, I tipped the

radiometer away from the galactic plane during four of the five runs.

The same CMB observing cycle was used at the South Pole as at White Mountain

except that each cycle measured the zenith-cold load difference temperature on both high
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and low gain (see Table 4.1). The low-gain zenith-cold load difference is independent of

the gain ratio and has a different dependence on post-gain electrical effects than the high-

gain difference. This is useful to investigate radiometricproblems.

- The gain ratio was measured independently many times during the observations by

placing a 3/4" sheet of plywood over the antenna and recording the high- and low-gain

signal differences.

The South Pole group in 1989 consisted of Marco Bersanelli, Giovanni De Amici,

J'ohn Gibson, Al Kogut, Michele Limon, Steve Levin, myself, and, from Milano, Giorgio

Sironi, Giuseppe Bonelli, and Francesco Cavaliere. During the same period, the group

from Berkeley made CMB, atmospheric and galactic measurements at 3.8 and 7.5 GHz and

monitored atmospheric emission at 90 GHz. The group from Milano made CMB, galactic

and atmospheric measurements at 0.82 and 2.5 GHz.
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Chapter 5 Contributions to the Sky
Temperature

k

5.1 The Atmosphere

For these measurements, the atmospheric emission at 1.47 GHz is determined by

extrapolating from measurements at White Mountain and the South Pole at 3.8 GHz

(De Amici et al. 1990, De Amici et al. 1991) and 7.5 GHz (Kogut et al. 1990, Levin et

al. 1992). An attempt was made to measure atmospheric emission at 1.47 GHz by tipping

the radiometer to correlate the signal with airmass. Uncertainties in the instrumental offset

and the signal from the extension joint rendered these data useless.

The group has a long history of atmospheric measurements at higher frequencies

(3.8, 7.5, 10, 33, and 90 GHz), and the atmospheric model is discussed extensively

elsewhere (see for example Witebsky et al. 1986). Here I present only a brief outline of the

measurement technique.

The atmospheric antenna temperature can be measured by comparing the antenna

temperature of the zenith sky with the antenna temperature when the radiometer is tilted to a

zenith angle z. The antenna temperature seen by a pencil beam at zenith angle z is:

TA, pen = Tkin (1 - c"rh/lz))+ TA,ext C"fbr(z) (5.1)

where Tkin is the effective kinetic temperature of the atmosphere, "ris the effective optical

depth of the atmosphere, h is the atmospheric scale height, TA,ext is the temperature of the

sources above the atmosphere andf(z) is the path length through the atmosphere in units of

the scale height, defined by:
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l+_-
f(z) : R (5.2)

cos2(z) + 2 R

• where R is the Earth's radius. The 02 scale height is ,,7 km, so h/R ~ 1.1 x 10.3 and the

difference between f(z) and see(z) at 40° is only 0.2% (a flat-slab model is a good
P

approximation of the atmosphere). The signal is approximately:

S(z)= GqTA,penSeC(z) (5.3)

andtheatmospherictemperatureforapencilbeamis:

S(z)- S(O)
TA,r_n- G sec(z) - 1 " (5.4)

The discussion so far only applies to the pencil beam atmospheric signal. For an

arbitrary beam, the signal is the convolution of the beam pattern withf(z):

TA,atm(z)= TA,pen[f(z)G(0,0)dO - TA,pen(f(z)) (5.5)
I.lm

Forsmallangles,thedenominatorinEquation(5.I)islargeandanyuncertaintyin

thesignaldifferenceisamplified.Forapencilbeam,thezenithanglesof30oand40o

multiplythesignaldifferenceby 6.5and3.3,respectively.Theseanglesprovidea

compromisebetweenlargeamplificationoferrorsforanglesoflessthan30oandincreased

signal(anderror)fromgroundemissionforanglesgreaterthan40o.

Atmospherictipscanswereperformedat1.47GHz attheSouthPoleinanattempt

" to measure atmospheric emission directly. At 1.47 GHz, the differential galactic signal is

known to :£-0.05K (Reich and Reich, 1986), so the galactic subtraction would add --20.23v

to the error in the measured atmospheric signal. Other errors arise from the instrumental

offset, ATinst, ground emission correction (~.-t0.03 K) and beam pattern errors.
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However, because there was leakage through the extension joint and there was no precise

measurement of ATinst, the scans did not yield useful data.

For the receivers operating at 3.8 and 7.5 GHz, the sidelobe response is lower and

the instrumental offset can be measured more precisely. In addition, at these higher

frequencies the galactic signal is much smaller (by a factor of nearly 14 at 3.8 GHz). The
w

total uncertainty in the measurements at these frequencies is ~:kO.06K. Provided we can

extrapolate down to 1.47 GHz without adding significant uncertainty, the higher frequency

measurements yield a more precise determination of TA,atm at 1.47 GHz than a direct

measurement.

The atmospheric signal at 1.47 GHz at our sites is due to resonant and non-resonant

emission by the complex of pressure-broadened oxygen lines clustered near Vo = 60 GHz.

The amplitude of the 02 emission depends on atmospheric pressure and temperature and

varies slowly with time. Emission from the water line at 22 GHz contributes negligibly at

both sites (Danese and Partridge, 1989) and, for scaling purposes, the atmosphere is dry.

Over the range 1 < v < 10 GHz, in the simple, &y-atmosphere model of Gordon (1967),

the attenuation, o_(dB/km), scales approximately as:

x(1 + 3x)

AT'g(1 ' 3x) 2 + x(1 - x) 2 ' (5.6)

where x = (V/Vo)2, g = (7¢Vo)2, and 7'is the pressure- and temperature-dependent line-width

parameter for oxygen. Leibe (1985) reports:

7'= 0.565 (_T }°'sPd , (5.7)

where T is the temperature of the air, Pd is the dry-air partial pressure in atmospheres, and
v

the small contribution from water vapor is omitted. From our sites, 7'< 0.5 GHz so that

the roll-off in atmospheric emission occurs below 1.5 GHz.

36



We extrapolate the measured values according to Equation (5.3), propagate the

error in each mea,,,_red datum and include the uncertainty in the model parameter 7. The

extrapolations from 3.8 and 7.5 GHz are in agreement at each site. TA,Atm is the mean

,, value weighted by the uncorrelated measurement errors, with uncertainty given by the

quadrature sum of the weighted measurement errors and the uncertainty in 7. The
t

parameters used in the simple atmospheric model described by Equation (5.3), the higher

frequency data and the resulting values for the atmospheric temperature for a pencil beam at

1.5 GHz are shown in Table 5.1.

The atmospheric emission seen by the radiometer is the obtained from the pencil

beam result and _f(z), according to Equation (5.3). Table 5.2 summarizes _f(z)_ and TA,Atm

results at 1.47 GHz for the two sites.

This simple extrapolation from values measured at nearby frequencies agrees well

with the empirical atmospheric attenuation model of Danese and Partridge (1989). At

1.47 GHz at our sites, the dependence on water vapor content in the Danese and Partridge

model is negligible (< 0.001 K/mm H20). Figure 5.1 summarizes the measured data, the

two models and the calculated values at 1.47 GHz.
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Table 5.1 Determination of the atmospheric temperature for a pencil beam

II ii III I I I I I I T I I ]

. Quantity White Mountain South Pole Units Comments

Atmospheric temperature 240-2:10 235+ 10 K Measured

Atmospheric pressure 480 520 Torr Measured

7 0.427:!:0.032 0.478-t-0.033 GHz Calculated

precipitable water vapor 1.5 1 mm H20 Measured a

TA,Atm(3.8 GHz) 0.921+0.055 1.070+0.060 K Measured b

TA,Atm(7.5 GHz) 1.037_+0.055 1.161"t-0.060 K MeasuredC

0_1.5,3.8 0.9215:0.042 0.9072:0.040 m Modeld

otl.5,7.5 0.862_+0.038 0.8465:0.038 u Modeld

3.8 GHz datum sealed 0.849+0.064 0.970-k0.069 K Extrapolated e

7.5 GHz datum scaled 0.894+0.061 0.9835:0.067 K Extrapolated e

TA.Den(1.5 GHz) 0.8735:0.063 0.977_+0.068 K Extrapolatedf

TA,Den(1.5 GHz) 0.917 1.062 K Modelg

a Inferred from measurements at 90 GHz and the model of Danese and Partridge

b Value for pencil beam is 0.965 of the value measured with 160 HPBW

e Value for pencil beam is 0.961 of the value measured with 200 HPBW

d Otv1,¢2is the ratio of atmospheric attenuation at Vl and v2 using Equation (5.3)

e Includes combined error from the Gordon (1967) model and the measured datum

f Weighted average of 3.8 and 7.5 GHz sealed data and the average of the errors

g From the model of Danese and Partridge

Table 5.2 1.47 GHz atmospheric emission
ii

, |, ,, i i

z _f(z)_ White Mountain South Pole "*

(deg) (K) (K)
i i

0 1.0715:0.022 0.9355:0.070 1.0465:0.076

15 1.1145:0.024 -- 1.088:t:0.080
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Figure 5.1. Atmospheric antenna temperature. The solid lines are the best-fit

extrapolation from the measured data according to the model described by

Equation (4). The data have been corrected for the finite beamwidth of each
instrument.
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5.2 Ground Emission

Ground emission enters the antenna side- and back-lobes, contributing to the zenith
II

signal. We calculate the ground contribution by convolving the measured antenna beam

pattern (Figure 3.3) with the ground. We take into account the surface reflection and

temperature of the ground, and the horizon profile. The results are summarized in Table

5.3. The co-polarized response in be:_veen the E- and H-planes is generally lower than in

the E- or H-planes, resulting in a correction by a factor of 0.87 4-0.13 to the ground

signal at both sites. Other uncertainties (and the uncertainty in the quantity) arise from the

horizon elevation profile (+2o), the HPBW of the gain pattern (+2°), the relative gain of

side- and back-lobes (+1dB), and the cross-polarized response (> -20dB).

We set a lower limit on the ground contribution from measurements of the residual

ground radiation which can be blocked out. The tests consist of shielding the aperture edge

from ground radiation incident from below (diffraction test), extending the reflecting

surface of the shield or extension (extension test) or covering part of the ground with a

reflector. Because both the ground screen and extension have quarter-wave traps at the

aperture on the E-plane sides, we expect that extension chop tests will block out less

ground radiation than diffraction chop tests. For a detailed discussion of the techniques we

use to measure sidelobe reception see Kogut et al. (1990).

5.2.1 White Mountain

The ground at the White Mountain site is dry, rocky and rough on the scale of a

wavelength. We estimate the ground to be a grey body at 273 + 3 K with emissivity of

0.9 + 0.1 (Ulaby et al. 1981) and calculate TA,ground = 0.147 + 0.056 K.

Diffraction tests set a lower limit on TA,ground with the antenna pointed at the zenith.

We measured a signal of 0.040 _.+0.012 K in the H-plane in the direction of highest
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horizon, and no signal at the _H).OIOK level on the E-plane sides. This sets a lower limit

at 0.040 :t:0.012 K, consistent with the calculation.

. 5.2.2 South Pole

The surface at the South Pole is smooth and flat, consisting of dry, packed ice

crystals. The surface ice density is 0.11+0.01 g/cm 3 which corresponds to a dielectric

constant at the surface of-1.7 (Ulaby et al. 1981). The density of the ice increases

smoothly with increasing depth due to the increasing pressure. At depths >_80m the ice is

non-porous and the dielectric constant is -3.2. The optical depth of the ice is >100 m

(Warren 1984) so that the effective ground temperature is -225 K (the annual average

temperature). Including the effect of polarized reflection from the surface (Jackson 1975)

we estimate TA,ground = 0.059 + 0.023 K and 0.089 :t: 0.034 K at 0o and 150 zenith

angles, respectively. The ground emission correction is smaller at the South Pole than at

White Mountain due to the lower horizon, colder ground and higher reflectivity of the

surface.

Diffraction tests of the horn and ground screen did not give useful results because

of the large size of the shield required (1.2 x 2.4 m) and the wind conditions at the site.

Table 5.3 Estimated ground contribution for antenna with ground screen (K)
. , i - i,.' ,, f i i

a

z White Mountain South Pole

" (deg)
i,.l

0 0.147 +__0.056 0.059 ::!:0.023

15 -- 0.089 + 0.034
iii
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5.3 Orientation-dependent Offset

When the radiometer is inverted to observe the cold load and the zenith, its
II

properties can change. Orientation-dependent changes in gain, system temperature,

physical temperature, and characteristic reflection and insertion loss of the front-end of the

radiometer can contribute to ATinst. The radiometer signal, S, can be written as

S -G A-- [rsys + TA,load(1-R-L) + TBR + TRL] (5.8)

where the radiometer is characterized by the system temperature Tsys, the antenna

temperature of the load TA,load, the effective reflection coefficient R, the effective insertion

loss L, by the broadcast noise temperature TB, and the effective physical temperature of the

lossy components TR. The change in output when the radiometer is inverted with a fixed

load attached to the aperture is given by:

ATim t = G t_S _ ot_Tsys+ 6/' B R + b_TRL

. t_)C_t(Tsys + TA,load)+ t_ (TB - TA,load) + 8L (TR- TA,load), (5.9)G

where second order terms have been dropped in the gain=change term. The first three terms

are independent of TA,loadwhile the last three terms (gain, reflection, and insertion loss) arc

linearly dependent on TA,load. Measurements of ZITinst at 7.5 GHz, where a cryogenic

load was available, showed an effect which was linear in TA,load(Levin et al. 1992).

The temperature differences in the last two terms determine the sensitivity of a

particular test to SR and SL. For the 1.47 GHz radiometer, TA,load >> Tsys _ TB and

TA,load = Tarnbient - TR (the equilibrium situation), ATinst is very sensitive to t_R but it is

independent of SL. A precise measurement of 6£, requires a load temperature far from

ambient; a cooled target decreases the extrapolation error.
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We needed to evaluate ATinst for TA,load = TA,sky, but were unable to build a

stable, invertible, cryogenic target of such large aperture size. ATinst was measured by

securely attaching the ambient calibration target to the antenna aperture and inverting the

• radiometer. The ambient target was stiffened and insulated so that its properties would not

change during these tests. Tests of the target itself showed no change in the reflection
!

coefficient when inverted.

At White Mountain we performed tests with the load at ambient temperature

(275 + 2 K). We subsequently mounted a heater on the load and at the South Pole we

measured the effect with load temperatures in the range 244 to 330 K. After returning to

Berkeley, we modified the target further and performed tests with the load in the range

from 223 to 331 K.

Figure 5.2 shows the results of the tests performed with 32 or 64 see periods

plotted versus load temperature. The three data sets are in agreement, showing no

significant change in the effect from site to site. There is no significant dependence on

TA,load. The statistical errors on the individual tests (typically 0.01 K) are smaller than the

scatter probably due to non-repeatable mating of the target to the antenna aperture. The

least-squares linear fit using only the statistical error on each datum, yields an extrapolated

value at TA,load - 4 K of -0.009:1:0.013 K. The fit is poor (Z2 = 284 for 16 D.O.F.)

because the statistical error on each datum is less than the -0.03 K rms scatter in the data.

If we increase the average uncertainty on the test data to 0.03 K (a factor of 4.2 increase)

to account for this scatter, we obtain ATinst = -0.009 + 0.061 K and X2 = 16 for 16

. D.O.F. (plotted in Figure 5.2). If the outlying result, -0.069 :!:0.006 K, is not included

the estimated mean increases by 0.011 K. This test result could be due to an insecure

attachment of the load to the antenna.

The 32 and 64 sec tests were sensitive to changes in the terms in Equation (5.9)

which occurred as the radiometer was inverted but were insensitive to instrumental effects

caused by slow thermal gradients. To measure thermal effects, we attached the ambient
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Figure 5.2. ATinst versus TA,load for tests done at WM (triangles), the SP

(squares), and Berkeley (circles). The least-squares fit line is drawn with the filled circle is

the effect at TA,load = 4 K (see text for discussion of the error).
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temperature target to the antenna and inverted the radiometer at the 160 sec period of the

CMB measurement. The data, analyzed as if they were CMB measurements, showed

ATinst -0.037 5:0.004 K (Table 5.4). If this effect were due solely to gain variation, it

' would contribute 0.007 5:0.001 K tc_ the measurement. If this effect were due to any

, combination of variation in Tsys, TB, or TR, it would contribute 0.037 5:0.004 K to the

CMB measurement. Since we cannot distinguish between these possibilities, we adopt the

average value 0.022 :t:0.015 K for thermal effects. Added to the extrapolated value

discussed previously, we obtain ATinst- +0.013 + 0.063 K.

Table 5.4 Results of 160 sec period ATinst tests

I![ i iii iii ii ii ii _ ii iiiii i L

Test Number of TA,load Effect

Location cycles (K) (K)
iii i i

WM 10 275 + 2 0.045 + 0.012

SP 12 244 + 5 0.035 + 0.006

SP 6 246 + 5 -0.026 5:0.032

SP 10 251 + 5 0.041 :i:0.008

0.037 + 0.004a
ii

J,

a Weighted mean and statistical error in the mean; rms = 0.033 K
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5.4 RFI

Radiofrequency interference was a major factor in our choice of observation sites.

We used a spectrum analyzer to search for and monitor continuous and pulsed RFI sources

at both sites.

5.4.1 White Mountain

We examined the signal after the first amplifier and the 1.0-1.6 GHz bandpass filter

of the radiometer. No RFI signals were observed over the bandwidth of the measurement

to give an upper limit of 0.006 K due to a single spike. There was a very strong pulsed

signal at 1.33 GHz which set the lower limit of our operating frequency range. The lower

limit of the synthesized bandwidth was set at 1.375 GHz, giving >60 dB rejection of the

source at 1.33 GHz; it contributed negligibly. If we assume 5 sources just at the limit of

detectability, the 2 a upper limit on RFI was 0.030 K. At White Mountain in 1988,

TA,RF I = 0.00 +0.015/-0.000 K.

5.4.2 South Pole

We monitored RFI in 20 MHz bands with 1 kHz resolution over the measurement

band using a separate widebeam horn and low-noise amplifier. In four of the ten bands we

found only small spikes at the limit of our detection sensitivity of 5 x 10.4 K per spike.
.t

These total a maximum of- 0.005 K, or less for a duty cycle <1. In the 1.53 - 1.55 GHz

band a source was observed during two of the three observations of that region. If this

source was present during the measurements the scatter on the sky data would have been of

order 0.3 K, inconsistent with the observed value of 0.05 K. Some of the vehicular

traffic at the Station (1.8 km away) generated pulsed noise over a wide frequency range.
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This was observableonly when a vehiclewas closerthan-0.1 km, and during

observationstherewere no vehiclescloserthan I km. At the SP in 1989,

TA,RFt = 0.000 +0.005/-0.000 K.

5.5 Cold Load

At 1.47 GHz, approximately 99% of the signal from the cold load comes from the

microwave absorber submerged in LHc. The differential pressure over the LHc bath is

monitored continuously and maintained at less than +1 Torr during observations. At the

ambient pressures of the sites, the slope of the LHc boiling point curve is -0.0018 K/Torr,

so variations in the pressure lead to temperature variations of-:t:0.001 K. A full

discussion of ali aspects of the CL is given in Appendix A.

Only two sets of windows come between the radiometer and the LHc-bathed

absorber. The most significant of emission arc the Fluorglas windows whose opacity near

1.47 GHz is <2 x 10-5. Their physical temperature is between 30 and 50 K, so the

emission is-0.001 K.

The total correction to the LHc bath temperature is 0.048 + 0.023 K; the calibration

introducesnegligibleerrortothemeasurement.Table5.5summarizesthecontributionsto

TA,Load.TAj_oad= 3.790_.+0.023K in1988and 3.854+ 0.023K in1989.
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Table 5.5 Contributions to the cold load temperature (K)

I i i i , i i i

Quantit), White Mountain South Pole

Barometric pressure (Ton') 485 520
J

TAbsorbera 3.777 + 0.002 3.842 _+0.002

TA, Absorber 3.742 + 0.002 3.806 + 0.002 .

Radiometric wall emissionb 0.024 +_0.016

Window emission 0.001 + 0.001

Incoherent reflection 0.023 + 0.015

Coherent reflection 0.000 5:0.008

Total correction to Th.Absort_r 0.048 :t: 0.023

TALoad 3.790 + 0.023 3.854 :i: 0.023

a TLHe data from Duriex and Rusby, 1983

b The corrections to TA,Absorberare the same in the two years

5.6 Joint Effects

Differences in the the joint between the horn antenna and the cold load interface

plate and the joint between the horn and ground screen interface plate contributed to the

observed sky-CL temperature. This contribution, ATA,joint, arose from three

contributions: 1) differential emission from within the resistive metal to metal joints, 2)

differential transmission (leakage) of ambient radiation through the joints, and 3)

differential joint reflection. Each joint has emission, e, transmission, t, and reflection, r.
d

The temperature of the load, T, including the effects of the joint is given by

T = (1 - e - t- r) Ta,toad + e Tjoint+ l Text+ r TB "

= TA.load+ e (Tjoint"Ta,load) + t(Text- TA,load)+ r(TB- TA,load), (5.10)
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whereTA,loadisthetemperatureoftheloadintheabsenceofjointeffects,Tjointisthe

physicaltemperatureofthejoint,Textistheeffectivetemperatureoftheradiationarrivingat

thejointfromoutsidethejoint,and TB istheradiometerbroadcasttemperature.This

- expressionneglectshigherordertermsine,t,and r and coherentreflection.The

contributionofthejointtothemeasurementisgivenby
Q

ATAdoin: = ¢_e(Tjoint- TA,load)+ 8t (Tat" TA,load)+ _ (TB "Ta,toad), (5.1 I)

where _, &, and 8r are the differential coefficients. Equation 5.11 must be evaluated for

TA,load = 4 K (the value during the measurements). The properties of the cold load and

extension joints and ATAjoint were measured with the cold load absorber cooled by liquid

nitrogen. The terms in Equation 5. I0 were evaluated for the cold load joint.

The cold load joint emission was measured by inserting a 0.9 mil polyethylene

sheet (the same as the CL windows) between the antenna and CL interface plate. The

emission can also be measured by modulating the joint temperature. Neither of these tests

unambiguously give the CL plate joint emission: inserting a thin polyethelyene sheet could

have modified the joint and the joint temperature is difficult to modulate. Other tests

(discussed below) indicate that theemission is on the order of 20 mK.

The cold load joint transmission was measured by placing pieces of LN-cooled

absorber on the four sides of the antenna-CL joint so as to cover the joint. This measures

AT ---e ATjoint + t AText. The term which depends on the change in joint temperature is

unwanted and can be reduced by looking for a step in the signal when the LN-cooled

absorber is removed (not allowing time for the horn to warm up). The uncertainty in t

comesfromtheuncertaintyinthetemperatureoftheLN-cooledabsorber(TA,load'=105+

" 25K) anduncertaintyintheproportionofwarm radiationblockedout,includingtheeffects

of absorberreflectivityand transparency((_- 50 + 25 %). The power absorption

coefficientis0.18cm"Icorrespondingtoabsorption_ = 0.6")"0.2forthe5 cm thick

absorberused.The absorberreflectivityisestimatedat0.1+ 0.05.We thencalculate:
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AText = _ (Tamb- TA,load)+ r (Tamb- TA,load)ffi131 + 40 K, (5.12)

and the testresultof AT = 43 4-10 mK gives the joint transmissioncoefficient:

t = AT/AText = (3.34"1.3)x 10-4. (5.13)

The effect on the cold load temperature due to the cold load plate transmission is then

t (Text- TA,load) = 0.043 + 0.028 K.
P

A second method of measuring the transmission is to terminate the outside of the

joint with a reflector, reflecting the cold CL signal back into the joint. This measurement is

difficult to interpret due to the coherence of the signal reflected back in through the joint

with the signal reflected back from the load.

A measure of the overall sensitivity of the output to the CT,plate joint is the effect of

modifying the H-plane joint gap. In the H-plane, the mating surfaces are not exactly

parallel (the surfaces touch at the innermost part of the joint) and slight pressure applied to

the joint closes the gap. The signal decreased by 0.044 + 0.031 K when the joint was

pressed closed. A thin (25 I.tm)polyethylene sheet was placed in between the mating

surfaces to prevent any change in the joint loss. Without the polyethylene sheet in piace,

closing the joint increased the joint loss, resulting in a smaller net effect of-0.027 K

(implying a -0.017 K increase in emission with the joint closed).

The net effect on the sky-CL measurement of joint emission and transmission was

measured by observing the LN-cooled cold load through the ground screen plate and the

cold load plate. Two effects were accounted for in this test. There was 0.033 K leakage

through the four small gaps between the square ground screen plate sides and the round

cold load aperture; these gaps were sealed during the test. The force applied to the joint

affected the signal by -0.01 K; more mating pressure decreased the signal of the LN-
,m

cooled cold load, probably due to reduced joint leakage. During observations with the cold

load plate, the full weight of the radiometer rested on the plate; during observations of the

ground screen plate, the equivalent weight of the ground screen was applied to the plate

(this required some of the radiometer's weight to be taken off of the plate). The result of
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this joint comparison test, after scaling the result to a 4 K load, was 0.016 :!:0.035 mK

(decreases TA,CMB). Because these tests were not performed with a LHc-temperature

absorberand the system is difficult to model, the en'or on this result is doubled to account

. for modeling errors.

The above comparison of the ground screen and cold load plates does not take into
II

account the cold load and sky reflection. Thejoint reflection was measured with a network

analyzer (Figure 5.3). A timing gate measured only reflection from the coaxial-wavcguidc

transition, the antenna and the antenna interface and joint. The gate excluded reflection

from any part of the cold load or ground screen beyond the joint. The reflection by the

joint interferes coherently with internal reflections of the broadcast signal. The unknown

phase difference between the cold load and ground screen interface reflections introduced

additional errorinto the result. Averaged across the measurement bandwidth,

m • • • • • • • • w • • • • • •

-5 '_--- t GroundScreen Interface"-
• ; ColdLoad Interface____•=' -10 .........

._
o -15 .........................................._.....--......

_ J................................ _ JL i...

r_ -25 ........'..............., ..................................................

•_ -ao ............. 2 ................
- ii-i-iiiiiiiiiill--iiiiiiilll.....W X ii_-i-_i

"":: . .................;.........."-'--I-------;;""-_I --'_......;----40t=, : [F ..............
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" ° " _ iilj-50
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lt
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Figure 5.3 Transition, antenna and joint reflection.
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the result is 5,"= (1.7 + 1.5) x 10-4 (more reflection from the ground screen interface). The

correction for the measurement is r times TB - TA,load '_ 50 K, or 0.009 + 0.008 K.

The variability of the transmission, emission and reflection effects contributed to the

noise in the CL data at below the 0.06 K level. The total correction is the sum of the

emission and transmission result, 0.016 + 0.070 K, and the reflection result. It is the
lm

same for the two years (the joint was unchanged): ATA,joint= 0.025 + 0.070 K.

5.7 Solar Emission

The sun is a strong emitter at radio frequencies. We avoided solar emission at

White Mountain by observing only at night. At the South Pole, the sun was -230 above

the horizon. We measured the solar antenna temperature on 12 Dec 1989 to be 69 :i:5 K

in beam center, corresponding to an effective solar temperature of-3.4 x 105K (for a 0.5°

disk diameter). This is in agreement with predicted values of 1.3 x 105K for the quiet sun

to more than 106K during outbursts (Allen, 1973).

During ali CMB observations, the antenna was at a zenith angle from 0o to 15o,

placing the sun at least 67o from the beam center where the antenna beam gain (< 5 x 10-5)

reduced the signal to <0.004 K. The solar screen discussed in § 10 further reduced solar

radiation. We adopt 0.004 K as a 68% CL upper limit on TA,sun.
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Chapter 6 The Sky Temperature

We calculate the zenith-cold load signal difference and the gain for each CMB
a

measurement cycle. The gain was stable to better than 1% over ali CMB observations and

" varied by less than 0.2% between any two cycles. We remove the linear component of the

gain drift by linear interpolation between the cold load signal of adjacent cycles. We

evaluate TA,skyusing Equations 2.1 and 2.2 and the contributions evaluated in Chapter 5.

The average value of the sky temperature during each run is given in Table 6.1 which also

summarizes the terms in Equations 2.1 and 2.2.

6.1 White Mountain

The three runs have a total of 51 cycles; the data from 4 cycles are discarded

because of errors in the observing sequence. Figure 6.1 shows zenith and CL raw data

from WM run 3. The gain decreases by 0.5% at the start of the run and drifts slowly

thereafter. The increasing difference between the zenith and CL signals towards the end of

the run is due to increasing galactic emission.

Three effects cause noise in the data above the _+0.006K system noise. Variation

in pointing (due to wind) contributes ~5.'0.05K of noise to the sky data due to sidelobe

modulation of the galactic plane emission. The joint at the antenna aperture introduces

scatter into the DC level of each observation (ZlTAjointis the average effect of the joint on

• the difference signal; see §5.6). An exponential upward drift in the sky data is evidence of

a thermally induced increase in the gain or system temperature following the inversion of
lt

the radiometer. This effect has been accountexl for by the 160 see period ATinst tests

discussed in §5.3.
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TA,skydata for the White Mountain runs (Figure 6.2 (a)) show the decreasing

contribution from galactic emission in the sky temperature data as the galactic plane moves

further from beam center.

6.2 South Pole
ti

There was an abrupt change in the zenith and cold load signals as well as a 0.13 K

increase in their difference after the 18th cycle of the first set of data taken at the South

Pole. Taken alone, the first part of this first data set would give a TCM B 0.116 K lower

than runs 1 to 4. The latter part of the first set of data is consistent with runs 1 to 4 to

within the statistical errors. This data set is not included in the analysis; if included, it

would decrease TCM B by 0.009 K.

The four runs following the first observations have 103 cycles. Of these, we

discard 7 of the high-gain data and 11 of the low-gain data points due to errors in the

observing sequence. The high- and low-gain measurements of the sky temperature for

each cycle agree to within the statistical errors. We use the average of the high- and low-

gain data in the analysis. Figure 6.2 (b) shows data from the three runs at 15° zenith

angle.
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Figure 6.1. Raw high-gain zenith and CL data from WM run 6. Each point

representsrhoaverageof foua"2 soc data points. The radiometerhigh gainis -3.0

mK/du. Gain calibrationandlow-gain CT,datafromeach cycle arcoff-scale on this
plot.
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. Figure 6.2. Measuredantenna temperatureof the sky (= TA,CMB+ TA,gal),and the
predicted galactic signal (see § VII). Each point is the sky temperature computed

from one zenith-CL comparison measurement. Representative total error bars are

shown for the measured data. The three errorbarsshown at the left on the galactic
profiles are (1. to r.) estimates of the total galactic error,the part of the errorwhich

is uncorrelated from site to site, and that part which is uncorrelatedfromrun to run

(see Table 8.1). (a) All WM data; declination = 38o. (b) ali SP data from runs at
declination =-75o.
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Chapter 7 Galactic Emission

Emission from the galaxy is the largest correction to the zenith data and the largest
,lP

source of uncertainty in the measurement. Galactic continuum emission is spatially and

frequency dependent, consisting of synchrotron radiation from cosmic ray electrons and

thermal electron emission frill emission). Significant HII emission is localized near the

plane of the galaxy and has a spectral index of 2.1. Synchrotron emission is characterized

by a spatially and frequency dependent spectral index

The emission from the blend of unresolved extragalactic radio sources is small

compared to galactic emission (-10% for the observed regions) and has a spectredindex of

-2.75 (Willis et al, 1977). This emission is generally not removed from galactic radio

emission maps and we include it in the galactic signal in the analysis and discussion.

Table 6.1 lists the average galactic correction for each run.

7.1 The Galactic Model

We estimate the galactic signal usinga 408 MHz skymap (Haslam et al. 1982) and a

compilation of HII sources at 2.5 GHz. The 408 MHz map is first corrected for a CMB

signal of 2.7 + 1 K to allow for the possibility of up to a 1 K spectral distortion at 408

MHz. The 408 MHz map is then corrected for _I emission to avoid double counting.

This is difficult for strong sources where the spectral index of 2.1 rolls off for v < 1 GHz

due to self-absorption (Verschuur and Kellermann, 1974). I make the HII correction to the

408 MHz map by assuming that ali of the emission scales to 1 GHz with a spectral index
J

of 2.1 and remains constant from 1 to 0.408 GHz. Away from the plane of the galaxy

(where the observations contribute significantly to the CMB result), the total correction for

HII emission is -0.005 K.
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The corrected 408 MHz skymap and the HIImap are convolved with the measured

antenna gain pattern to produce a profile at the declination of each observation. These

profiles are then sealed to 1.47 GHz using spectral indices of 2.75 + 0.15 for the

,, 408 MHz data and 2.1 for the HII data.

The galactic model is shown for a declination of 38° for the White Mountain
lt

observations (Figure 6.2 (a)), and for -75° declination for runs 1, 2, and 4 at the South

Pole (Figure 6.2 (b)). The galactic signal at 408 MHz ranges from 46 to 25 K during the

White Mountain observations and from 28 to 19 K for the South Pole observations.

7.2 Errors in the 408 MHz Map

The accuracy of the galactic model at 1.47 GHz depends primarily on the accuracy

of the 408 MHz map and the accuracy of the spectral index used to scale from 408 MHz to

1.47 GHz. The 408 MHz full-sky map is a compilation of four different surveys. The

map has overall errors of +3 K in the zero level and +10% in the gain. The zero level of

the Northern Hemisphere is determined by comparison to the absolutely calibrated survey

at 404 MHz of Pauliny-Toth and Shakeshaft (1962). The Southern Hemisphere zero level

is based on a comparison of the equatorial band which overlaps with the Northern

hemisphere surveys.

As a crosscheck of the zero level of the 408 MHz map at the South Celestial Pole

(SCP), it was compared to an independent measurement by Price (1967). Using a

pyramidal antenna with a 12.5° x 14obeam, lh'ice measured the SCP brightness to be 23.9

:i: 1.6 Ko The 408 MHz map, integrated over Price's beam, yielded 24.4 K, 0.5 K above

• Price's result and well within the +3.9 K combined gain and zero level errors in the

408 MHz map.

Although this agreement suggests that the error in the 408 MHz map have been

overestimated (at least at the SCP), it is possible that Price underestimated several errors in
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the measurement (e.g. from atmospheric emission, ground emission, or antenna emission).

Therefore, the 408 MHz map (with the quoted errors) is used to obtain the galactic

emission at 1.47 GHz, instead of the Price result.

#

7.3 Errors in the Spectral Index
o

The largest error in the galactic signal arises from uncertainty in the spectral index.

We make a first approximation of the index from the ratio of the 408 MHz map and a map

at 1420 MHz (Reich and Reich, 1986), after both have be.cn corrected for the CMB signal.

The result is a _ 2.61:t.'0.06 for the regions observed at White Mountain where the errors

given are statistical only. For the entire region covered by both maps, 8 > -19o, c_ =

2.64:£-0.08. The error on o_due to the gain and zero level uncertainties on the maps at

frequencies vi and v2 is

- ,8a
/ I

where 8T/T is the relative error of the maps. For ._4 K emission at 1420 MHz, the

:t.'0.5 K zero level error on the 1420 MHz map dominates the uncertainty in _x. For WM

runs 2 and 3 the total error on _ is _.4.

Lawson et al. (1987) attempt to improve the precision in the spectral index by a

better determination of the zero level of the 1420 MHz map. They assume that, for a

region of low galactic emission near the North Celestial Pole, the spectral index is

frequency-independent and has a value determined by the 408 MHz map and a lower

frequency map at 38 MHz. They adjust the _ro level of the 1420 MHz map by -0.13 K

to fit the constant spectral index in the region of minimum emission. For WM runs 2 and

3, the Lawson corrections give ¢x = 2.71")-0.05 (statistical error only). This procedure

exploits the small (<9.5%) relative zero level errors on the 408 and 38 MHz maps
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(compared to the >100% error on the 1420 MHz map) in the region of low emission, but it

relies on the assumption of a constant spectral index. Lawson's method yeilds an

improved mean value for (x, but does not decrease the error on _. If the constant spectral

l index assumption is valid (and the error on the 1420 MHz map no longer contributes to the

error), the total error on a would be :L-0.13(from the 408 MHz map).
g

The spectral index can also be estimated by comparing differences in the galactic

signal at 408 MHz and at higher frequencies. We measured the differential galactic signal

at White Mountain by scanning the radiometer (mounted on the extension) +15 ° from the

zenith in the E-W direction. The data are plotted in Figure 7.1 with statistical error only.

The least-squares fit to the data yields a synchrotron index c_= 2.90"k0.02 (statistical error

only) and with offsets of 4o in RA and 0.05 K in the difference signal. The low

confidence level of the fit (Z2 = 127 for 27 D.O.F.) and the 0.05 K signal offset are

evidence of an instrumental effect (e.g. radiation leakage through the joint between the

antenna and extension).

Differential galactic scans at 3.8 and 7.5 GHz at White Mountain and at 3.8 GHz at

the South Pole are consistent with a synchrotron spectral index of 2.75 for 0.4 < _, <

7.5 GHz (se_, for example, Dc Amici et al. 1991 for a plot of +300 zenith scan data from

the South Pole).

The three estimates of the spectral index are 2.64, 2.71 and 2.90 and I take the

spectral index of synchrotron radiation (for 0.4 < v < 1.5 GHz and for the regions of the

sky observed) to be their average, 2.75, with an error of :1:0.15 to include the three

estimates.
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7.4 Other Errors in the Galactic Signal

Table 7.1 summarizes the sources of error in the galactic signal for the region
a

observed during WM run 6. The 408 MHz and HII maps are total intensity maps whereas

we only measure one linear polarization. We use the measured polarization (Brouw and t

Spoelstra, 1976) of the region of sky observed at White Mountain, integrated over the main

lobe of the beam to correct the total intensity profiles. There are no published data of the

polarization for the SCP region, but we can use the fractional polarization at White

Mountain as a guide: the largest fractional error is 7% for run 3. For a random polarization

angle, we obtain 0.000 :t:0.027 K for the SP runs 1, 2, and 4 (the uncertainty is slightly

larger for SP run 3).

Price (1969) measured one linear polarization component of the SCP brightness at

408 MHz and observed a 0.5 K diurnal variation in the signal, attributed to differential

modulation of the galactic plane by the elliptical beam. If the variation were entirely due to

galactic polarization, it would scale to 0.015 K at 1.47 GHz. We adopt the larger value

with a random polarization angle for the South Pole.

Other sources of error in the galactic signal are the uncertainty in the center

frequency, the beam pattern, the pointing direction, and in HII emission (which we

conservatively estimate at :t:50%).
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Figure 7.1. "t"15° galactic zenith scan data and model. The data are shown with

statistical error bars only. The solid line is the profile predicted from the model discussed

in the text. The dotted line is the result of a least-squares fit with the synchrotron spectral

index (best-fit value = 2.90), the vertical offset (+0.050 K) and the horizontal offset (-4o)

as free parameters.
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Table 7.1 Sourcesof error in the modeled galacticsignal (K) a
I i i i • l lml i i i i ii i i

Source Uncertaintyin Source Errorat 1.47

GHz
i

CMB correctionto408 MHz map 4. 1 K 4-0.029

408 MHz mapzerolevel 4-3 K 4-0.088

408 MHz map gain 4-10% 4-0.086

Spectral index 4- 0.15 4-0.166

Polarized emission + 10o angle, 4-0.03 K intensity 4. 0.033

Beam pattern + 20 angle, 4- 1 dB gain + 0.020

Center frequency 4-5 MHz 4-0.016

Pointing 4. 20 4. 0.053

HII emission 4. 50% 4-0.002

Total (added in quadrature) 4- 0.219

a Calculated for total galactic emission during WM run 3; see text for an explanation of the
uncertainties.
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Chapter 8 CMB Results

We remove TA,gal from the zenith sky temperature to obtain TA,CMB as

summarized in Table 6.1. The uncertainty is dominated by systematic effects which are

" largelycorrelatedfromrun to run or froxnsite to site. Tables 6 and 8 indicate the correlated

and uncorrelated uncertainties. The run to run uncorrelated en'or and the total errorarc

given for TA,sky,TA,gaband TA,CMB in Table 6.1. An estimate of the magnitude of the

uncorrelatedcomponent of the error foreach termentering into the CMB resultis shown in

Table 8.1.

The results from the three White Mountain runs and the four South Pole runs arc

consistent with each other (soc Table 6,1) to within the small part of the error which is

statistically uncorrelated from run to run. Figures 8.1 (a), (b), and (c) show stacked

histograms of the CMB data for the White Mountain runs, the South Pole runs and the

combined data sets, respectively. The additional statistical noise in the South Pole data is

due to an electrical problem in the receiver (§3.1) and possibly to a degredation of the joint

at the antenna aperture(and the repeatability.ofthe mating).

The average, weighted by the uncorrelated part of the errorof each run, gives a

CMB antenna temperature of 2.24:1:0.25 K for the White Mountain data set and 2.23 :t:

0.21 K for the South Pole data set. The error is the quadrature sum of the statistical spread

in each data set and the smallest total correlated errorfrom each data set. Converting to

thermodynamic temperature,we obtain:
b

TCMB = 2.27 :t:0.25 K (White Mountain 1988)

• TCMB - 2.26 4"0.21 K (South Pole 1989).

Combining the results from the two years, weighting by the part of the error which is

uncorrelated fromsite to site, we obtain:

TCMB = 2.27 :t:0.19 K (1988 and 1989 combined).
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Table8.I Uncorrelatedpartoferrorsinthemeasurements(K)a

leii le iii el i i llll

WM Run 3 SP Run 4

Sourceoferror Total uncorrelatederror Total uncorrelatederror

error run-run site-siteerror run-runsite-site
i

G(Sz6nith'Sload)a 0.008 0.008 0.008 0.016 0.008 0.008 ,,

TA,load 0.023 0.002 0.002 0.023 0.002 0.002

ATinst 0,063 0 b 0.011 0.063 0 0.011

ATAjoint 0.070 0 0.035 0.070 0 0.035

TA,atm 0.070 0 0.049 0.080 0 0.063

TA,grid 0.056 0 0.032 0.034 0 0.010

TA,sun 0.000 0 0 0.004 0 0.004

TA,I_FI 0.015 0.007 0.015 0.005 0.002 0.005

TA,_alc 0.219 0.063 0.129 0.161 0.015 0.092

CMB correction to
0.029 0 0 0.029 0 0408 MHz map

408 MHz map zero level 0.088 0 0.029 0.088 0 0.029

408 MHz map gain 0.086 0.020 0.043 0.057 0 0.040

Spectral index 0.166 0.045 0.100 0.109 0 0.066

Polarization 0.033 0.030 0.033 0.027 0 0.027

Beam pattern 0.020 0 0 0.020 0 0

Center frequency 0.016 0 0 0.011 0 0

Pointing 0.053 0.026 0.053 0.030 0.015 0.030

I-IIIemission 0.002 0.002 0.002 0.003 0 0.003

aThe errorbreakdownisgivenforoneoftherunsateachsite.

b A zero entry indicates that that we take none of the error to be uncorrelated.

./

c The sources of uncorrelated error in the galactic signal are given; values represent the
average during the run.

lt.
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Chapter 9 Interpretation

The results are in good agreement with the value 2.11 _+0.38 K obtained in 1986
41

from the White Mountain site with an earlier version of this instrument (Levin et al. 1988).

Including the 1986 result and weighting by the uncorrelated parts of the error (9 0.34 K for

the 1986 result) decreases the combined result by 0.010 K. This result is consistent with

results of measurements at nearby frequencies: Howell and Shakeshaft (1966) measured

TCMB = 2.8 2:0.6 K at 1.45 GHz and Pelyushenko and Stankevich (1969) measured

/'CMB = 2.5 + 0.5 K at 1, 1.5, and 2 GHz. Tables 9.1 (a) and (b) summarize previous

measurements of the CMB.

The CMB result is 0.47 K, or-2.5 o, below the global average CMB temperature

of 2.740 K. There is only a 1% chance of this occurring statistically. Other low-

frequency ground-based measurements have reported CMB temperatures systematically

lower than the FIRAS value; however none deviate by as much as the present result. This

disagreement is due to an undetected problem with the measurement and/or a distortion in

the CMB spectrum.

9.1 Possible Errors in the Measurement

If due to a problem with the cold load, the additionalemission would be many times

the 0.05 K total correction to the absorber temperature and we have not detected any such

additional signal. Problems from instrumental effects, such as ATinst, ATAdoint, and gain

variations caused increased noise in the data; however the mean is very repeatable. Extra

noise in the South Pole data, caused by a problem with a power supply, did not

significantly change the mean in the zenith-CL difference.
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The antennajoint injected noise into the CMB data. Increased noise in the 1989

data may also bc evidence that the condition of the joint degradedfrom 1988 to 1989. "lhc

ATAjointcorrection was based on the best tests I could do in Berkeley. Tests of the effect

, with LHe in the cold load were not done and the erroron ATA,jointhas been increased to

allow for the modelling uncertainty.
!,

The regions observed during three of the South Poly runs overlap. For the

overlapping interval, 4.1h < RA < 4.7h, TA,sky is 2.776 4-0.016 K, 2.773 :t:0.029 K,

and 2.781 :i:0.022 K for runs 1, 2 and 4, rcspvctivvly. Because the corrections to these

subsets of data arc the same over this interval, the three measured values of TA,skyin this

region should agree to within the error on the data. The rms of the averages is 0.004 K,

much loss than the 0.016 to 0.029 K standard deviation in the means. This, coupled with

the good agreement between high- and low-gain data for each observation, shows that there

is a source of scatter in successive sky-cold load temperature difference measurements,

which dees not appearwithin each individual measurement, and which has a repeatable

mean. This noise is consistent with the properties of the joint at the antenna apertureas

discussed in §5.6. The agreement between runs 1, 2, and 4 demonstrates that the sum of

ATiast, ATAjoint, TA,sun,and TA,RFI(contributions which were not a priori known to be

constant) did not change systematically from run to run at the :L-0.004K level. Also, the

excellent agreement between the WhiteMountain and South Pole results makes RFI and the

sun unlikely as possibly problemswith the measurement.

Our estimate of ATinstis based on measurements with the targetmmpcraturc in the

_, range 223 K to 331 K. Wc are unable to measure the dependence of ATinst for target

temperaturescloser to 4 K; such measurementscould have changed our estimate of ATinst.

Wc rely on the theoretical understanding of microwave atmospheric omission to

extrapolate the 7.5 and 3.8 GHz measurements to 1.47 GHz. If the roll-off in atmospheric

omission occurs closer to 1.47 GHz, wc may have overestimated the atmospheric

contribution. According to the atmospheric model in §5.1, the roll-off frequency is -10%
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higher at the South Pole than at White Mountain and below -0.5 GHz in both cases. As a

worst case, if the roll-off occurred instead at 1.0 GHz, we would expect a -4% systematic

error from site to site, or .-.0.04 K, which would pass undetected in our data. If the ?.S and

3.8 GHz measurements both overestimate the atmospheric temperature by 0.I K, TA,atm

at 1.47 GHz would be-0.09 K high and TCMB ..-0.09 K too low.
&

The galactic emission may have been overestimated although the small -0.57 K

emission at the South Pole makes overestimate of the galactic signal an unlikely source of

deviation. The zero level of tho 408 MHz map would have to be dec1'¢ased by 12 K to

raise the result by 2 (_ = 0.36 K. The gain of the 408 MHz map would have to bc 63%

lower or the spectral index 0.77 higher to raise the result by 2 a.

74



9.2 Possible Spectral Distortions

I will complete the discussion of spectral distortions from the f'LrStchapter, present

best-fit parameters to the data s_"and then discuss the implicationsof the fits.

, Radiative Compton scattering and bremsstrahlung are capable of thcrmalizing an

arbitrarily large energy release to the photons at times earlier than Zthermgiven by (Burigana

1991a):

^ -0.36

Ztherm = 2.9 x 106 .Ob if ,_o_ 2.5 (9.1)

where

•_b -'- 50

and l'2bis the baryon density in units of the critical density. This is an upper limit because

other effects also tend to thermalize the spectrum. Smaller energy releases are thermalized

at lower redshift. Events which occur earlier than Zthermleave no traces in the CMB

spectrum. For an energy release at z < Ztherm,photons can no longer be produced fast

enough to thermalize the spectrum, but Compton scattering can still efficiently redistribute

the photon energies to achieve kinetic equilibrium. The rate of transfer of energy is given

by the collision rate times the energy transfer efficiency. The optical depth to Compton

scattering is obtained by integration. This is expressed by the Comptonization parameter Ye

given by:

y. = dz t"xP (9.3)
z tc
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where the expansion time and Comptonization times are given as follows. For

109 > z > 1 - _-1 (after e" - e+ annihilation but before the curvature of the universe

becomes important), the expansion timescale is (Burigana 199 la):

3 _i/2tat'= 8nGpo, I (1 + z))'3/2[x(1 + z) +(1 + Zeq)]"1/2 (9.4) "
it

where Pot = aT04/c2 is the energy in the unperturbed spectrum,

Zeq=l.0xl04( To )-4 "2.7 K .Ob (9.5)

is the redshift at which the radiation and matter densities are equal, and tc= 1.68.

The timeseale for redistributing photons in energy to achieve kinetic equilibrium is:

tc = t_ mc2 (9.6)kT,

where t)e is the photon-electron collision time

t_ - 1 (9.7)neo'rc '

ne is the electron density, and o'/-is the Thomson cross section. Burigana et al. numerically

integrate Equation (9.3) to find Zl, the rcdshift of unity optical depth to Compton scattering:

l_,l
•

where _ = To,'rr is the electrontemperatureto radiationtemperatureratio.

In summary,for a transfer of energy to the CMB during the interval Zl < z < zthmn

Compton scattering bring,,"the spectrum to kinetic equilibrium by on average scattering

photons to higher energies. The result is a Bose-Einstein spectrum.

Bremsstrahlung produces photons efficiently at low frequency thermalizing the

spee_m up to a frequency given roughly by (Burigana 1991):
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xc-lo x102 z)3,,  99)
For typical values, Xc is at v < 0.6 GHz. The overall effect of Compton scattering and

- bremsstrahlung is to create a Bose-Einstein distribution which returns to the equilibrium

, temperature below xc. This is expressed as a Bose-Einstein distribution with a frequency

dependent chemical potential given by:

#(_)--_o_ [-_] (9.10)

where xc is the transition from frequency between the Bose-Einstein and Planck regions

and the chemicalpotential is related to the magnitude of the energy release by:

zle= 0.7/.to (9.11)e

The wavelength and magnitude of the maximum deviation from the unperturbed

spectrum is (Burigana et al. 1991):

" "_ (9.12):lm"5.64Ob cm

5.82/_o Ob (9.13)

For _b = 0.1,2m ~ 26 cm and AT/T ~ 0.135 (AT ~ 0.37 K). The new result at

1.47 GHz is 0.47 K low and is evidence for a non-zero/ao.

At more recent times z < zl, the optical depth to Compton scattering is not

sufficient to thermalize an injection of energy into the CMB and the resulting distortion

depends heavily on how the energy is transferred to the CMB.

If the heat is transferred via hot electrons, a Compton y-distortion is produced. The

only evidence of this type distortion at low frequencies is a fractional decrease equal to 2y.

The FIRAS is very sensitive to a Compton distortion due to the characteristic sharp rise in

the spectrumabove the peak.
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Bremsstrahlung (free-free scattering) off of the hot plasma will produce an excess

with a characteristic v"2spectrum at low frequencies. The amplitude of the effect depends

on the square of electrondensity, no (Dc Zotti 1986):

Yff -- ro g(x) X'3(1- e-X), (9.14) -

where

Yo = _ e6h2ne(nH+ 4nile)
3 m (6nmkTe)l/'Z{kTe)3

lT, t-TrnTo I-7/2 7,)5120 2 see"l, (9.15)-26,x10 '1 ) ('.

ne is the electron density, Tc and TR are the electron and radiation temperature,

respectively, and g(x) is the velocity averaged Gaunt factor.

The relative magnitude of the Compton and free-free distortions is not fixed because

the former is linearly proportional to the density of the plasma while the latter is

proportional to the density squared. Thus, even though HRAS results strongly limit the

Compton distortion, they only weakly limit the low frequency free-free distortion.

This result sets constraints on the shape of the spectrum of the CMB below 10

GHz. Tables 9.2 and 9.3 summarize the YI"I""and ,a-distortion fit parameters for the

complete data set with and without the new result at 1.47 GHz. The best-fit chemical

potential distortion for .ob = 0.05 gives/z = (2.4 + 1.2) x 10"3(1 o error) with 2_2/DOF=

35/46. The goodness of fit is only weakly dependent on .Ob since .Ob determines the

location and value of the maximum deviation (Equations 9.12 and 9.13) which are not well m,

determined by the data set. The best-fit free-free distortion gives Yff= (-1.0 + 2.4) x 10-5

(1 o error) with z2/DOF =43/46.

The significance of the best-fit values increases with the new datum because it lies

significantly below the high-frequency mean. The 1.47 GHz datum adds .-2 to the Z2 of

the g-distorted spectra fits and adds 6-7 for the Yff-distorted spectra and the Planck fits
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indicating that it makes either distortion a worse fit to the data. This is because the low

frequency results (v < I0 GHz) disagree with results at v > 30 GHz and the distorted

spectra do not have enough curvature in the I0 < v < 30 GHz region to dip down fast

- enough.

'lhc results obtained more recently than 1980 arc plotted in Figure 9.1 with the
b

largest chemical potential and free-free distortions allowed at the 2 crlevel as _tcrminexi by

the above least-squares fit.

If the new result at 1.47 GHz is confirmed and duc to a ,u-distorted spectrum, it

implies an fractional energy release of 0.17%. The 2 a upper limit from the result at

1.47 GHz on the amount of energy that may have been transferred to the CMB (from

Equation 9.11) is:

_,- < 3.4 x l0 3 (95% CL). (9.14)£
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Table 9.2 Results of Yff- and/.t-distortion fits including the new result at
1.47 GHz. Uncertainties are 68% CL estimates.

III II I i [ I II ]1 I I II III I I I

•Ob Fit TC/vlB[K]b Best fit Yffor/.t ,X2 D.O.F.

--- Planck 2.737 5:0.008 --- 43.2 47
t

0.05 # 2.748 + 0.013 (2.4 5: 1.2) x 10-3 34.7 46

0.05 YH 2.738 5:0.014 (-1.0 5: 2.4) x 10-5 42.6 46

0.01 ,u 2.747 5:0.013 (2.5 5: 1.2)x 10-3 35.8 46

0.01 YfL 2.7385:0.014 (-I.05:2.4)x 10-5 42.6 46

aFitistoallspectrumdatainTables9.1(a)and(b).

b The unperturbed value of/'CMB.

Table 9.3 Results of Yf/- and #-distortion fits without the new result at
1.47 GHz. Uncertainties are 68% CL estimates.

i
U I ] IIIII I II I I ] I II II lh II I I[ IIII

,Ob Fit TCMB [K]b , BestfitY//-or _ ,_2 D.O.F.

--- Planck 2.739 5:0.010 --- 37.0 46

0.05 /.t 2.745 5:0.016 (1.6 5: 1.6) x 10-3 33.0 45

0.05 Yff 2.739 5:0.014 (0.1 5: 2.3) x 10-5 37.0 45

0.01 # 2.745 :i:0.016 (1.7 5: 1.3) x 10-3 33.7 45

0.01 yf: 2.7395:0.014 (0.I5:2.3)x I0"5 37.0 45

aFitistoallspectrumdatainTables9.1(a)and(b)exceptthe1.47GHz result.

b The unperturbed value of TC/vlB.
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Chapter 10 Future Observations

I plan to repeat this measurement from the South Pole site in December 1991. In

addition to the 1.47 GHz measurement, members of the LBL Astrophysics Group will
|

make a measurement at 2.0 GHz with a new radiometer, repeat the measurement at

7.5 GHz, and test a system to make measurements in the range 408 to 1000 GHz. The

1991 LBL group consists of Marco Bersanelli, Giovanni Dc Amici, John Gibson, Michele

Limon, George Smoot, Bill Vinje, and myself; Steve Lcvin (JPL) will assist the LBL

group. In collaboration with the LBL group, Giuseppe Bonelli and Andrea Passerini of the

University of Milano will make a measurement at 2.5 GHz.

In preparation for the 1991 measurement at 1.47 GHz, many changes have been

made to the experiment based on the experience of the 1988 and 1989 measurements and

the results of the analysis. These changes arc intended to reduce the major systematic

errors in the 1988-89 result, to reduce the effects of instrumental problems, and to simplify

the observations.

The major errors in the 1989 result arc summarized in Table 10.1. The galaxy

dominates the CMB error budget. The atmosphere, ZtTAdoint, and zlTinst dominate the

error on TA,sky= TA,CMB+ TA,gal. The sky temperature is significant because l) it can tc

used to calibrate galactic surveys, and 2) if, at some future time, galactic emission is

determined to better accuracy, a corresponding improvement can be made in the CMB

result. Here I summarize the changes made, the reasons for the modifications and the

expected benefits.

,i
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Table 10.1 Sources of errorin the 1989 SouthPole Observations. Values arefor

run 3.

ii,, i "'lr iii i ,l,, , , I "'T ,,,,

Source of Error Error (K) % contributionto
totalerror

ii i ii i,i ,, i

' TA,gal 0.16.3 61.2

TA,atm 0.080 14.4

ATAjoint 0.070 I 1.0

ATinst 0.063 8.9

TA,grid 0.034 2.6

TA,load 0.023 1.2

G(Szenith'Sload) 0.016 0.6

TA,RFI 0.005 O.I

TA.sun 0.004 0.0

10.1 Improvements in the Galactic Correction

A more precise measurement of TCMBat 1.47 GHz depends primarily on a more

precise determination the galactic emission. The galactic signal was determined by scaling

a 408 MHz map to 1.47 GHz using a spectral index consistent with experimental data.

The HII component (~1% for observations away from the galactic plane) is obtained by

. scaling a compilation of sources at 2.5 GHz to 1.47 GHz. The error in the galactic signal

at 1.47 GHz is due primarily to the uncertainties in the spectral index and the zero level

error and gain error on the 408 MHz map.

The spectral index is determined by taking the ratio of the 408 and 1420 MHz maps

(or corrected versions of those maps) or by taking the ratio of differences in the 408 and
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1420 MHz maps (see §7.3). The spectral index error would be reduced by more precise

differential or total intensity maps near 1.47 GHz.

Differential zenith scans, performed at the South Pole in 1989, are rendered useless

by several instrumental problems. The problems, the sources of the problems, the

solutions and the expected benefitson the measurement are:
l

1) There was excess noise in the radiometer output in 1989 due to the insufficient

current capacity of the +15V power supply (see §3.1). The power supply capacity has

been increased. This change should result in a noise level close to the theoretical value of

0.011 K/Hzl/2 (for Tsys + Tzcnith= 60 K; sec Equation 3.2). For zenith scans (and most

other tests), 'r> 8 sec, so Tsens< 0.004 K for each observation and the statistical error on

each difference measurement is 0.006 K.

2) There was leakage through the joint between the antenna and extension (see

Figure 3.2). The joint has been rebuilt to reduce leakage. The new joint has planar

(insteadof beveled) mating surfaces. The new cold load and ground screen interface plates

have rectangular openings and are 0.375" thick. The antenna aperture has a 0.375" step

which allows the antenna apertureto extend through to the far side of these interface plates.

This should result in a noise level nearer to the theoreticallyexpected value.

The spectral index can be calculated from differential scans at two frequencies, vi

and v2. The error on otdue to the map errors is given by (analogous to Equation 7.1)

,101>
where 8ZIT/ZlTis the relative error on the differential profiles. The galactic signal error at

408 MHz in the regions observed (Tgal ~ 20 K at 408 MHz) is the quadrature sum of

+3 K (zero level error) and 0.1Tgal (gain error). Both the zero level and gain errors are

highly correlated for nearby points on the sky. The error on the differential signal is

~0.1LITgai(10% relative error) which contributes ~'k0.08 to the error on (x. To determine

84



octo _,.x'-0.15,the relative error on the 1.47 GHz profile must be <0.16. The maximum

differential signal (from the South Pole site and away from the galactic plane) at 1.47 GHz

is ,.4).25K (Table 6.1), so the total error on the 1.47 GHz profile must be <0.04 K. The

" atmosphere and the instrumental offset will be the largest contributions to the error. The

atmospheric error enters via the uncertainty in <f(z)> (§5.1) and pointing uncertainties

(<0.02 K). The instrumental offset error will depend on test results, but must be

<0.035 K to keep the total error on the difference profile ._).04 K.

The second area for major improvement in the galactic correction is a higher-

precision map at very low frequency (e&.at 408 MHz). In December 1991 the LBL group

will test a new experiment designed to calibrate the zero level of the 408 MHz Haslam

map, to make a map of the SCP cap out to --60 ° declination and to investigate the spectral

index of the SCP region. This new radiometer consists of a 5.5 m dish (HPBW ~10o)

with a helical-feed antenna at the prime focus. The receiver has seven 50 MHz-wide

channels operating at 408, 500, 600, 700, 800, 900, and 1000 MHz.

The combined zero level and gain error on the 408 MHz map is +3.9 K at the SCP

(see §7.2). If the new measurement of the sky brightness at 408 MHz has an error smaller

than 3.9 K, the uncertainly on the galactic correction at 1.47 GHz will be reduced.

Ultimately, experiments like this very low-frequency sky-brightness spectrum experiment

will be required to achieve a better understanding of the galaxy and improve the precision

of CMB measurementsbelow a few GHz.

- 10.2 Improved Measurement of Ta,sky

' In the 1988-89 analysis, the atmospheric emission is determined from higher-

fr_uency (3.8 and 7.5 GHz) measurements of atmospheric emission which are sealed to

1.47 GHz using a simple model of atmospheric emission for v < 10 GHz (§5.1). The

error in the extrapolated value is due to the error in the measured data and errors in the
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atmospheric model. The atmospheric scans made in 1989 were rendered useless duc to

leakage through the antenna-cxtensior,joint and the large erroron the gravitationaleffect for

the scans (similar to ATinst).

In 1991, the atmosphere will be measured directly at 7.5, 2.0, and 1.47 GHz. The

modification to the joint (§10.1) should render joint leakage insignificant. The instrumental

offset for atmospheric measurements will be measured to higher precision; this is discussed

below in the context of the vertical effect ATinst. A third modification to the zenith scans is

to shield the radiometer from ground radiation. This will be done by putting the receiver in

a conical depression such that the aperture is below grade level and lining the depression

with a reflective material (either aluminized mylar or aluminum sheet). Ali visible ground

will be covered and the effective ground temperature will be .g5K warmer than the sky.

The same site setup will be used for the 2.0 and 7.5 GHz radiometers. The

measurement at 2.0 GHz will be a cross-check on the atmospheric model used in the 1988-

89 analysis and it is nearer to 1.47 GHz than the 3.8 GHz point used in the 1988-89

analysis.

If the modifications to the 1.47 GHz radiometer are successful, the direct

measurement of atmospheric emission will provide a cross-check on the extrapolated value.

However, the errors that enter into an atmospheric measurement (see, for example, Kogut

et al. 1990) will be larger for the 1.47 GHz measurement than for measurements at higher

frequencies (eg. the correction for galactic emission). Our understanding of the spectral

dependence of atmospheric emission and the smaller error on higher-frequency

measurements probably will make the error on the extrapolated value smaller that,,the error

on the value measured with this radiometer.
t

The error in the CMB measurement due to the faultyjoint at the antenna aperture, as

discussed in §5.6, will be greatly reduced by the redesigned joint (§10.1). The differential

contribution from the joint will be measured with the cold load absorber bathed in liquid

helium and at the observationsite. Measuring the effect in this way will eliminate the major
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sources of error in ATjoint as measured in Berkeley with the cold load absorber bathed in

liquid nitrogen. The mean and uncertainty on ATjoint for the 1991 measurements will

likely be negligible.

. The 1988-89 gravitational offset was measured for load temperatures in the range

-220-330 K. The correction to the CMB data was obtained by extrapolating to 4 K load!

temperatm'¢ (§5.3). The large error on ATinst was due to the scatter on the test data and the

extrapolation in load temperature from -250 K to 4 K, where the slope was based on data

with a relatively small (-100 K) range in targettemperature.

The offset will be measured using a new coolable load and a modified version of

the 1988-89 ambient load. The coolable load consists of an absorber mounted on a rigid,

cooled back-plate and thermally insulated by polyurethane and polystyrene foams, and the

exclusive use of low thermal conductivity materials (stainless steel and fiberglass

reenforced epoxy). Either liquid nitrogen or cold helium gas is circulated through an

aluminum tube which is heat-sunk to the back-i_late; the cooled back-plate then cools the

absorber. An effective radiometric load temperature of-150 K and <0.01 K orientation-

dependent change in TAJoadshould be possible with this target. The front of the pyramidal

absorber is insulated with polyurethane foam shaped to complement the front surface of the

absorber. To minimize reflection, a transition region in front of the absorber tapers the

large dielectric constant of the polyurethane to the low dielectric constant for polystyrene.

The 1988-89 ambient load (see Figure 3.3) has been insulated with polystyrene

foam shaped to complement the front surface of the absorber to eliminate convection

. (which could mimic an instrumental effect).

The modified joint should improve the repeatability of the tests and eliminate any
,¢

effect due to the old joint design. With the improved joint and increased range (-150-

330 K) in load temperature, the uncertainty on the extrapolated value should be reduced.

The actual improvement in ATinstwill be determined by the 1991 test results.
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In 1988-89, the ground signal was calculated from the measuredbeam patternand

the observed horizon profile and ground properties. In 1991, the ground signal will be

reducedby covering most visible groundwithreflectors. Duringthe CMB measurements,

only a small solid angle (<0,8 sr) at >75o from beam center will be subtended by

unshieldcd ground. The groundsignal will be ._.05 K at 15o zenith angle, roughly half

of the 1989 value.

Although the cold load contributes negligibly to the total error budget, several

modifications have been made in an effort to check those aspectsof the cold load analysis

that depend on calculationandallow us to search for undetectedsystematicproblems with

the calibration(see §3.4 for a briefdescriptionof thecold load, §5.5 for a discussion of the

radiometric temperature,and AppendixA for a complete treatmentof the cold load). The

low result of the 1988 and 1989 results could be _he.result of undetected cold load

emission. Radiometric wall emission may not be properly understood. Therefore, two

heaters have been mountedon the uppersection of the radiometricwall to allow a direct

measurementof the emission of this sectionof the radiometric wall. The upperwall section

is the source of most of the wall emission because it is the warmerthan the lower wall

section. The joint at the top of the wall was covered with Al tape to decrease any joint

reflection or loss. The bottom of the absorberwas sealed properlyto prevent leakage of

warmradiationinto the radiometricspace. The bucketdewar, which failed in 1989 at the

SouthPole, was repaired(underwarranty)by the manufacturer,KadelEngineering.

As in 1989, solar emission will bc minimized by shielding and tiltingthe radiometer

away fromthe sun. RFIwill be monitoredduring the measurements.

The expected errors for the 1991 measurementsarc summarizedin Table 10.2. The

largest improvement is in the zenith t_.mpcratureerror which should decrease from

..-0.10K to ..0.04 K. The --0.09 K error on TA,sky(decreased from .-.0.13K in 1989)

will be completely dominatedby the erroron atmosphericemission. The threescenariosof

the galacticemission errorindicate therangeof possibleresults for the 1991 measurements.
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If no improvement in the galactic signal error is made, the CMB result error will be

decreased from 0.21 to 0.19 K. If the low-frequency sky-brightness experime_it calibrates

the SCP to :J:2K and the differential profiles at 1.47 GHz are successful, the error on the

. CMB result will be decreased from 0.21 to 0.14 K.

At present, more precise measurements of the low-frequency CMB temperature4

depend on improved galactic measurements. Emission from our galaxy, which is diffuse,

is distinguishable from the CMB only by its frequency and spatial dependence. Ultimately,

there will be confusion between low-frequency CMB spectral distortions and any isotropic

variation of the synchrotron spectral index.

Table 10.2 Expected errors for the 1991 South Pole Observations.

I I I II II Irl iii i ] ii ii

I

Quantity Error (K) i

IG(Szenith-Sload) "1"0.010

TA,load +0.023

ATinst +0.032

ATA,joint :!:0.010

TA,zenith :!:0.043

TA,atm +0.080

TA,gnd +0.017

TA,sun +0.004

TA.RFI +0.005

TA,sky +0.089

" TA.2al :LO.162a :LO.134b +0.106 c

• iTA,tTMB :LO.185a :LO.161b 5:0.138ci _n fll l

aThe samegalacticemissionerrorasin1989.

b Includinga:k2K calibrationofthe408 MHz map attheSCP andameasurementofthe
polarizedsignal(-10% oftotalintensity)with50% error.

cThe improvementsin(b)andai-0.1erroronthespectralindex.
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Appendix A The Cold Load Calibrator

A liquid helium-cooled absolute reference cold load
• for long-wavelength radiometric calibration

Marc Bensadoun, Chris Witebsky, George Smoot, Giovanni De Amici,

AI Kogut, a) and Steve Levin b)

Space Sciences Laboratory and Lawrence Berkeley Laboratory

University of California, Berkeley, California 94720

ABSTRACT

We describe a large (78-cm) diameter liquid-helium-cooled blackbody absolute-

reference cold load for the calibration of microwave radiometers. The load provides

an absolute calibration near the liquid helium (LHc) boiling point, with total

uncertainty in the radiometric temperature of less than 30 mK over the 2.5 - 23 cm

wavelength (12 - 1.3 GHz) operating range. Emission from those parts of the cold

load not immersed in LHc is <25 mK and the reflection coefficient is <3.5x10 "4.

Total corrections to the LHc boiling point temperature are <_50mK over the

operating range. This cold load has been used at several wavelengths at the South

Pole, Antarctica and at the White Mountain Research Station, California to calibrate

spectral measurements of the cosmic microwave background radiation. In

operation, the average LHc loss rate was < 4.4 l/hr, allowing day-long periods of

operation without a LHc fill. The boiloff rate is not strongly dependent on the

radiative load at the aperture, yielding very stable operation and radiometric

" performance. Design considerations, radiometric and thermal performance and

operational aspects are discussed. A comparison with other LHc-cooled reference

loads including the predecessor of this cold load is given.

Submitted for publication to The Review of Scientific Instruments
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INTRODUCTION

We have developed a large, liquid-helium-cooled cold load (CL) (Fig. 1) to permit

precise absolute calibration for measurements of the long-wavelength (4 > 1 cm)
II,

spectrum of the cosmic microwave background (CMB). This instrument is based on one

used for the same purpose in 1982-861 , with improvements derived from our previous

experience.

This device has been used to make measurements of the CMB at wavelengths of

4.0, 7.9, 12 and 20 cm (7.5, 3.8, 2.5 and 1.5 GHz) in December 1989 from the South

Pole and, at ali but 12 cm, from the University of California's White Mountain Research

Station in September 1988. The results of these measurements are reported by Kogut et

al.,2 De Amici et al,3 Sironi et al., 4 Bensadoun et al.,5 Levin et al., 6 and De Amici et al. 7

Similar measurements at 7.9 and 12 cm have also been performed from White Mountain in

past years using our previous load, providing a cross-check of the accuracy of the

calibration obtained with the load described here.

A. SCIENTIFIC CONTEXT

The CMB is a relic of the early, hot universe whose spectrum contains information

on the evolution of the universe. Low-frequency measurements of the CMB have been

made with microwave radiometers, devices whose output changes in proportion to the

change in input power. 8 As described elsewhere, 1-9 the measurement consists of ,,

comparing the signal difference between the cold load and the sky.
o

The precision of the result depends upon the calibration" the most accurate

measurement is achieved when the cold load characteristics are precisely known and closely

matched to those of the sky, with impedance similar to that of free space for low reflection

and a radiometric temperature close to that of the sky (4 to 10 K at 1 < Z < 30 cm). The
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cold sky temperature requires an absorber immersed in liquid helium (LHc). Precise

knowledge of the antenna temperature of the load requires low reflectivity, low emissivity

of those parts not immersed in LHc, and precise knowledge of the physical temperature of

" the absorber.

Measurements of the CMB and tests for systematic effects are made from remote,

high-altitude sites over a period of several days. Thus, the cold load must be transportable

and robust, have stable performance and a low LHe loss rate, even during observations.

I. PREVIOUS COLD LOADS

Many long-wavelength measurements of the CMB have used LHe-cooled

waveguide or coaxial cold loads to calibrate. Emission from the antenna and warm parts of

such cold loads requires corrections of ~2 K which have been a major source of error (at

the _+0.3 K level). 10,11,12 In the late 1960's, several measurements were made at

centimeter wavelengths using LHe-cooled, quasi-free-space waveguide cold

loads.la,14,15 Uncertainty in the cold-load reference was reduced in these experiments to

the _+0.1K level, still a major source of error.

A. The 1982 Cold Load

In 1982, the USA-Italy long-wavelength CMB collaboration built a large, quasi-

free-space waveguide cold loadl, is to eliminate the major sources of error present in

previous cold loads over the band from 12-0.33 eta. The measurements produced by this

- collaboration 17 and continued in 1984-7 by the Berkeley group4,18,19, 2o using the 1982

load were the first for which absolute calibration error was insignificant over the range of

3 to 8 cm wavelength. The 1982 load performance at 12 cm (the design long-wavelength

limit) limited the accuracy of the measurement at that wavelength.

The primary features of the 1982 cold load were: (1) an absorber (Emerson &

Cuming VHP-8 Eccosorb) immersed in LHe with reflection less than 2 x 10-4, (2) an
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aluminum-coated (13 gm of aluminum) mylar radiometric wall with a diameter of 70 cm,

(3) a low-emissivity, boiloff-cooled, manually operated shutter to reduce the heat leak

between calibrations, (4) two 23 gm thick polyethylene windows at the aperture to keep out

air and moisture, and (5) an aluminum antenna/load interface plate. Insofar as they exist in

the new load, these elements are indicated in Fig. 1; relevant dimensions are given in b

Table 1.

In 1986, we made measurements at 21.3 cre, outside the nominal operating range

of the cold load. We encountered radiometric problems with the absorber, which was too

thin to give low reflection, and with the manually operated shutter near the top of the

radiometric wall. During calibrations the shutter was opened to expose the absorber to the

radiometer, but gaps between the shutter and the adjacent radiometric wall caused

unacceptably high reflection and emission. Furthermore, the wall was aging and its

emissivity may have degraded. The heat loads caused by the large antenna and the poor

dewar vacuum made operations very difficult. Consequently, it was decided to build a new

cold load with better thermal and operational characteristics, designed specifically for

accurate long-wavelength measurements. The 1988 cold load, described in the present

paper, is similar in many respects to the 1982 load and draws extensively on the design,

fabrication, operational experience as well as the radiometric performance of the previous

effort.

II. COLD LOAD DESIGN AND COMPONENT

SELECTION

A. General Description

The cold load consists of a bucket dewar with a microwave absorber immersed in a

LHc bath (shown in Fig. 1; relevant parameters are given in Table 1). A radiometric wall,

an overmoded circular waveguide, extends from the Ll-le-temperature absorber to the
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ambient-temperature aperture, guiding the blackbody emission from the absorber up to the

aperture to calibrate a microwave receiver. Each radiometer achieves a repeatable match to a

flat interface plate covering the aperture, whose central hole matches the dimensions of the

. antenna mouth.

The temperature of the absorber, the dominant source of emission in the load
q

(-.99%), is determined from the absolute pressure over the bath of boiling LHe. We

compute the radiometric temperature of the load by adding the absorber's blackbody signal

to the emission from the warm surfaces, windows, and joints in the load, and correcting

for the effect of reflections from the load. Reflection of the signal broadcast by the

radiometer and the signal from the absorber occurs at the interface plate, the windows, the

helium liquid/gas interface, the absorber tips, and the absorber backing. These

contributions to the cold load thermodynamic temperature are shown schematically for a

typical radiometer in Fig. 2.

Thin polyethylene windows at the aperture prevent condensation of air and moisture

inside the load. Infrared-blocking windows located just above the LHe bath intercept -95%

of the large ir heat load entering the aperture. Cold He boiloff gas is flowed past them to

remove the absorbed heat from the load. To further reduce the radiative heat leak and

protect the load during periods between calibrations, a low-emissivity, thermally-insulated

cover is placed over the aperture.

The LHe level, pressures throughout the load, and the temperatures of the absorber,

the ir-blocking windows and the radiometric wall are critical to the evaluation of the cold

. load radiometric temperature and to the smooth operation of the load. Sensors to measure

these quantifies are located in the 1.6 cm annular space outside of the radiometric wall. A
J

liquid nitrogen level sensing system is also included for use during precooling and

radiometric testing.
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B. Physical Description

The aluminum/fiberglass vapor-cooled LHe bucket dewar, manufactured by Kadel

Engineering, has a neck tube consisting of two 57 crn long, 1.6 cm thick epoxy-fiberglass
i,.

sections, with a He diffusion barrier of stainless steel foil. The vacuum space has 225 g of

activated charcoal getter material attached to the aluminum inner curvature head. The load

weighs -350 kg.

The polyethylene windows are sealed to the top and bottom of an annular aluminum

holder. The window holder makes an O-ring seal with the top of the dewar interface. The

dewar interface houses the electrical and pressure-sensor feedthroughs as well as the

vacuum-insulated fill line, gas purge line, and vent lines.

The top of the radiometric wall attaches to the dewar interface. The upper and lower

wall sections are joined by a three-ring aluminum annulus which also holds the ir-blocking

windows. The foam absorber, backed by copper screen, is held in piace by 2 friction fit

with the wall and by contact with the bottom of the dewar. Ali seals are made gas-tight with

O-tings, silicone (for permanent seals) or latex (for the polyethylene windows). The fill

line extends to the bottom of the inner curvature head.

C. The Absorber

The absorber is characterized by its thermodynamic temperature (= 4 K) and its

reflectivity at that temperature and at the wavelengths of interest. The temperature of the

LHe bath is reliably determined to +2 mK by measurement of the pressure over the LHe

bath, with a cross-check from electronic temperature sensors.

The absorber is constructed from VHP-12 Eccosorb 2-1with a 5.7 cm backing layer

of Eccosorb LS-22 and LS-24. This absorber is a carbon-impregnated, open-cell, urethane

foam with good microwave absorption at 4 K, small volume, low specific heat, good

porosity, and low cost.
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Reflection from the absorber occurs at the front surface due to the imperfect

dielectric matching of the pyramids to the LHc bath, and at the metal backing. The

magnitude of the reflection is determined by the shape of the front of the absorber and the

. temperature- and frequency-dependent complex dielectric constant.

As the absorber cools from 300 K to 4 K, reflection from the front surfaceII

decreases slightly because the conductivity of the material decreases with temperature. The

decrease in conductivity with temperature reduces the loss in the absorber, increasing the

signal reflected from the metal backing. At cm wavelengths, the conductivity, and therefore

the power-loss factor, ft, is only weakly wavelength dependent. We can scale a previously

measured upper limit on the power reflection ro2 at wavelength Ao to estimate r2 at

wavelength A:

r2 = e× -,6 2_.
Z Ao '

where I is the effective absorber thickness. The upper limit on the reflectivity of the 1982

load (VHP-8 absorber at 4 K) at Ao = 12 cm was measured to be ro2 _<2 x 10"4.22

The new absorber is thick enough to give approximately the same upper limit at

A = 23 cre. The reflection for the four radiometers used at the South Pole in Dec 1989 is

given in Table 2.

D. Windows

A window of thickness t << A is described by its amplitude reflection, r, and

emissivity, e:

" r = 7r(e- 1)t/A (2)

' e = at = 6.30 t/_. tang e1_ , (3)

whe_ t is the dielectric constant, o_is the absorption coefficient and tan_5is the loss tangent

of the material. 23 The reflected power (in units of antenna temperature) is the product of

the power reflection coefficient, r2, and the incident signal. The emitted power is e times
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the window's physical temperature. The dependence of both reflection and emission on

thickness make thin windows desirable. Window reflection and emission increase at short

wavelengths, setting the short-wavelength operating limit of the cold load. Reflection

properties of the windows are given in Table 2. The window material properties,

emissivity, and emission are given in Tables 3 and 4. ,11

The two 23 I.tm-thick polyethylene windows have low microwave reflection and

emissivity, and enough strength to support a 4 Torr pressure differential and withstand

mild physical abrasion at temperatures as low as 200 K. Warmed boiloff He gas circulates

between the windows to maintain the top window at a temperature high enough to prevent

condensation.

A 250 K blackbody filling the aperture of the load would radiate 106 W to the LHe

bath. If this heat were allowed to reach the bath, it would result in an unacceptable LHe

loss rate of 150 l/hr. We use two windows made from Fluorglas 24 381-3 cloth just above

the LHe bath to reduce the radiative heat leak. This FEP Teflon25-impregnated glass cloth

exploits the high opacity of glass in the ir, the microwave transparency of both glass and

Teflon, and the outstanding flexibility and durability of Teflon at cryogenic temperatures.

The top window consists of one sheet, the bottom consists of two sheets. The material is

30% glass (dielectric constant _ ---5.0) by volume with a total density of 0.0146 g-cre -2

and a thickness of--75 _m. We model the Fluorglas material as a composite with dielectric

constant eF = er(l-_) + _.c;_= 3.0, where eT is the dielectric constant of Teflon and _ is

the fraction of glass by volume. The 381-3 fabric is inexpensive, easy to handle and

available in wide rolls (92 cm). The heat absorbed by these windows is removed from the

load by cold He boiloff gas circulating between the windows and then out of the load. No
t

correction to the reflection or emission is made for the small solid angle subtende0 by the

vent holes in these windows (see §II F).
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E. Radiometric Wall

We used two identical 77.7 cm i.d., 1 mm thick epoxy-fiberglass cylinders with

1100-Hl9 aluminum 25 gm thick (10 skin depths at 1.5 GHz) on the inner surface,
¢.

leaving a clearance of .--1.6cm between the radiometric wall and dewar wall. The smooth,

' low emissivity wall subtends a small gain-weighted solid angle. Its thermal conductivity is

low, and heat heat conducted down the wall is removed by boil-off gas.

Radiometric wall emission received by the radiometer depends on the temperature

profile of the wall, the surface resistivity, the antenna beam pattern (or field configuration)

and the effect of small gaps in the wall. The surface resistivity, Rs (ohms), is28

Rs = '_/r_c/a ohm (4 )
V

where _ = 4n x 10.7 (H/m) and o"is the conductivity (ohm'I/m). The emissivity of the

surface is Rdc#, proportional to Z-l/2. At _, - 20 eta, the wall emissivity varies from

3 x 10.5 at 273 K to 1 x 10.5 in LHc, where the conductivity is determined from the

Gruneisen relation. 27 Emission from a 2.5 gin-thick waxy dielectric coating is included,

but contributes negligibly.

Below the ir-blocking windows, a small hole in the wall allows for measurement of

the pressure over the LHc bath. Thirty-two holes, spaced evenly around the circumference

4 cm above the top ir-blocking window, allow the He boiloff gas to exit the radiometric

space. Each hole is 6.4 mm in diameter and backed by copper mesh. Close to the top of

the upper wall section are holes for pressure sensing and gas purging.

Small steps in the radiometric wall diameter at the joints between the fiberglass

' sections and the window holders cause a small impedance change. The step sizes average

<0.5 mm (and never exceed l mm). A 0.5 mm thick epoxy-fiberglass layer at the

aperture joint electrically isolates the load from the radiometer interface plate to eliminate
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ground-loops or eddy currents. The leakage and reflection from the joints are expected to

be minimal.

F. Boiloff Helium Flow and Heat Flow
q

The gas flow serves the dual purpose of removing the 50-100 W radiative heat load
Y

and cooling the electrical leads, plumbing, and the radiometric and dewar walls. The gas

flow is channeled up through holes in the middle of the lower ir-blocking window and out

along the outer edge of the upper window to remove the radiative heat load, then

immediately through the vent holes in the radiometric wall and up the annular space

between it and the dewar wall (see Fig. 1). The ir-blocking window venting cross-section

(16 cm 2 for each wipdow) is larger than the wall vent cross-section (10 cm 2) to prevent

any significant flexing of the windows. The boiloff gas exits the annular space through 6

vents near the aperture; a small fraction is heated and circulated between the polyethylene

windows, while the remainder is vented to the atmosphere .--3m away.

G. Sensors and Heaters

A 4-wire superconducting sensor (AMI 60 cm) measures the LHc level and a

capacitive sensor (Cryomagnetics Model 50) measures the liquid nitrogen level. In

addition, ten 330 _ Allen-Bradley carbon resistors indicate reliably whether the liquid level

is above or below each of them, allowing calibration of the continuous sensors and

providing a backup system. The resistor insulation is removed to improve the thermal

contact with their surroundings. Operated at a 10 V bias to provide self-heating, their

current typically changes from 5 mA in LHc to 9 mA in cold He gas, and from 24 mA in

liquid nitrogen to 27 mA in cold nitrogen gas. The resistors respond to ~1 mm changes in
!P

the cryogen level when at the liquid surface. The discrete sensors are located in the

curvature head, at intervals along the lower portion of the wall, and at, and just above, the

absorber tips. The resistors and the LHc continuous sensor are protected from splashing

cryogen to improve their stability and reliability.
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Pressures inside the load are measured via small tubes leading out to differential

pressure gauges. The differential pressures across the windows and wall (important

because the cryogen level sensors are outside of the wall) are measured to <__+0.2Torr. The

. differential pressure over the cryogen (compared to ambient) is also measured to

<-!-0.2 Torr.

The absorber temperature is measured directly by two Lakeshore CGR-1500

carbon-glass resistors (CGR) and one 1N4148 diode. The CGRs have high sensitivity at

LHc temperatures and are repeatable, capable of a +5 mK measurement, while the diode

has better sensitivity at warmer temperatures. The radiometric wall temperature is measured

to +_5K by 6 matched 1N4148 diodes epoxied to the exterior of the wall (one below the ir-

blocking windows, five above).

Ali of the sensors are located in the space between the dewar and radiometric walls.

A 150 W heater at the bottom of the dewar aids in the removal of water vapor

before precooling and liquid nitrogen residue afterward, and in warming up the load. The

dewar heater and the He gas heater are electrically isolated from the load.

IV. RADIOMETRIC MODELLING

We have modelled the radiometer-cold load system as a radiometer observing an

ideal absorber, separated by a two-port device with power reflection r2, and loss A. The

load antenna temperature, TA,CL,is tO first order the antenna temperature of the absorber,

TA,abs. Corrections to TA,absare due to the reflection and absorption losses as the absorber

signal propagates to the receiver, the power emitted from the lossy parts, and the power

, emitted by the radiometer which is reflected back to the radiometer. By design, the

reflection and attenuation are small (<10 .3) and the emission and reflection terms can be

considered independently:

TA.CL = TA.abs+ r2 (TB -TA.abs) + A (TcL-TA.abs), (5)
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where TCL is the effective physical temperature of the lossy part, and TB is the broadcast

temperature of the radiometer.

The correction due to loss is the sum of the emissions from the windows and

radiometric wall. To find the correction due to reflection we compute r2 (where by r2 we

mean Irl2since, in general, r is complex) using the reflection properties of the antenna/load

interface, the windows, the liquid helium bath, the absorber, and the radiometer. The

computation of r2 is done in Appendix A.

This method of modelling the reflection gives the coherent (phase-dependent)

reflection and the incoherent (phase-independent) reflection. Coherent reflection terms arise

because the coherence length of the broadcast radiation is comparable to the separation

between the sources of reflection. Incident monochromatic radiation, with amplitude Eo,

reflecting off of two sources, with amplitude reflection coefficients rl and r2, gives rise to

reflected radiation with amplitude Er = Eorl + Eor2eit_, where A_ is the phase difference of

the two signals when they are detected. The reflected power is given by:

IErl2 = Eo2rl2 + Eo2r22 + Eo2rlr2 cos(A_). (6)

The first two terms are independent of the phase of the signals and depend on the power

reflection coefficients which are small (e.g. for the absorber, r2 __.3.5 x 10"4). The last

term, the coherent reflection term, depends on the phase difference and the amplitude

reflection coefficients.

If oqe of the reflections is the reflection internal to the antenna, rg, then the term

depends on the position of the antenna and the term can be more than a factor of ten larger

than other reflections in the load (r R , typically ~0.1, is the largest reflection coefficient in

the antenna/load system). If the separation between the two reflections is comparable to the

coherence length of the signal (typically -150cm), the coherent reflection term is

diminished. For terms involving the significant reflections within the load (those from the

ir-blocking windows, the helium interface, and the absorber) the separation is small
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(_<40 cm) compared to the coherence length. Terms involving rR also have a large

separation (-150 cm) which reduces the importance of rR; these terms are comparable in

magnitude to the coherent terms involving only reflections inside the load.

t

, V. MEASUREMENT OF RADIOMETRIC PROPERTIES

Our past measurements of the polyethylene window emission and reflection are in

agreement with the theory (see §II.D) using the parameters listed in Table 3, The

polyethylene window re:'lection and emission are given in Tables 2 and 4.

A. Cold Load Reflection

We measured the reflection of the antenna/cold load system at 20 :m wavelength.

At _ = 20 eta, reflection from the absorber, rA, and radiometer, rR, are the dominant

sources of reflection in the load, so that, neglecting coherent reflection, r2 ~ rR2 + rA2 (see

Table 2). Fig. 3 shows slotted-line measurements of the reflection with the antenna

viewing the absorber at ambient and LHc temperatures. No change in the total reflection

between ambient temperature and 4 K is observed at the level of the noise in the data

(+2 dB). The average of the measured reflection over the bandwidth of the radiometer is

3.5 x 10.4 (with +_50%error), consistent with the absorber reflection upper limit specified

by the manufacturer (see Fig. 4).

Direct measurements of the cold load or absorber reflectivity were not made at

shorter wavelengths. We use the estimated upper limit on absorber reflection as a function

. of frequency from the manufacturer's specifications (see Fig. 4) to scale from the value

measured at 20 cm wavelength, with an uncertainty of +50% from the 20 cm datum.
I1

Values for the radiometers used at the South Pole are given in Table 2.

We have determined the reflection correction to the absorber temperature when the

antenna views the load. However, signal is reflected even when the antenna observes the

sky. What is important for the CMB measurement is the difference in the cold load and sky
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reflection corrections. Because the cold load reflection coefficient is small (see Tables 2

and 6) and the antenna/load interface reflection is small (see Appendix B), we expect this

difference also to be small.

q

B. Infrared.blocking Windows

We measured the emission from ambient temperature Fluorglas 381-3 material at

20, 7.9, 4.0, 3.0 and 0.33 cm by measuring the change in the signal when the material

was placed on an aluminum sheet which reflected the radiometer beam to the sky (a stable

cold reference). The measured absorption coefficient in the 20 - 0.33 cm range is in good

agreement with published sub-mm spectrometer measurements of Pyrex over the 0.5 -

0.033 cm range 28 (see Fig. 5). The measured absorption is significantly lower at 5 K

that at room temperature at wavelengths longer than 0.05 cm. We use the room-

temperature spectrometer data extrapolate_ _ cm wavelengths (with an uncertainty of

+50% to account for errors in the extrapolation) to model Fluorglas absorption (see

Table 3).

We determined the reflection coefficient at 4.0, 3.0 and 0.33 cm wavelength by

measuring the combined emission and reflection, then removing the emission and coherent

reflection signals. We measured the combined reflection and emission by measuring the

change in signal when the Fluorglas was placed over the mouth of an upward-pointing

antenna. Additional measurements at ,;!,= 0.91 cm with a slotted-line reflectometer yeilded

a Fluorglas power reflectivity of (4_+1)x 10"4.The measured values are shown in Fig. 4.

The line in Fig. 4 is the average of the reflection from Eq. 2 and from the measurement at

0.91 cm. The other measured values lie within a factor of two of this line and we take the

error to be +100%/-50%. Table 2 shows the ir-blocking window reflection for the

radiometers used at the South Pole.

106



C. Reflection Dependent on Antenna Position

Table 2 gives the calculated power-reflection coefficient of the position-dependent

coherent reflection signal for the four instruments which used this load to calibrate at the
,li

South Pole in 1989 (see Appendix A for derivation). The position-dependent signal is that

part of the coherent reflection signal which varies with the antenna/load separation. To

measure this effect, an extension to the radiometric wall is placed at the load aperture to

allow the antenna to move vertically by 2/2 and map out at least one period of the expected

sine curve. Tests at 20, 7.9 and 4.0 cm wavelengths show no sine curves within the limits

of the signal noise. The measured upper limits on the amplitude are consistent with

theoretical predictions (see Table 5).

VI. COLD LOAD RADIOMETRIC TEMPERATURE

We evaluate the radiometric temperature of the cold load for the four radiometers

used at the South Pole in 1989 (see Table 6). A similar procedure would be used to

calculate the radiometric temperature for other instruments. The ambient barometric

pressure during the CMB measurements at the South Pole ranged from 516 to 523 Torr.

The barometric pressure over the LHe bath is increased by 1.05:0.1 Torr due to the LHe

boiloff and by <0.1 Torr due to the weight of the column of cold He gas. The uncertainty

in the barometric pressure over the LHe bath during any given measurement was +1 Torr,

dominated by the uncertainty in the measurement of the ambient pressure. The 517 to 524

. Torr pressure over the LHe bath corresponded to a thermodynamic temperature of 3.835 to

3.847 K29 with an uncertainty during any given measurement of +0.002 K.

The correction to the absorber temperature due to reflection is obtained from the

calculation of r2 in Appendix A. The reflection correction, Tr_n, can be expressed in the

form of Eq. 6. In terms of the radiometer reflection coefficient, rR, and the effective load

reflection coefficient, rCL:
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Trefl = (Ti3 - TA.abs)[ IrcLI2 + rCLrRcos(A_) ], (7)

where zS_0is the phase difference between the load reflection and radiometer reflection. We

refer to the first term of Eq. 7 as the incoherent reflection and the second term as the

coherent reflection,

The incoherent reflection is the sum of the power reflections and coherent

reflections from within the load; the error is equal to the quadrature sum of the individual

errors (see Table 2). The coherent reflection is the sum of reflections dependent on

radiometer position. The mean value of the coherent reflection is zero because the phase is

unknown. We estimate the error as the linear sum of the rms of each of the coherent

reflection terms (see Tables 2 and 5). This is a more conservative estimate than the

quadrature sum.

The temperatures of the upper and lower ir-blocking windows are 50-__10K and

25_+.10K, respectively (see §VII B). Their emission (see Table 4) is obtained using the

emissivity from §V B.

The wall temperature increases from 50 K just above the ir-blocking windows to

120 K where the He boiioff gas enters the vent tubes (25 cm from the mouth) to 250 K

(ambient temperature during the measurements) at the load aperture. The wall contribution

is estimated at ,,1,= 7.9 and 4.0 cm from the convolution of the antenna beam with the wall

emission (§II.E), using the measured temperature distribution of the wall. At _, = 20 cre,

where the free-space approximation is poor, we calculate the loss 30 for each of the 16

waveguide modes which can propagate. The amplitude of each mode is given by the mode-

conversion calculation described in Appendix B. We estimate the contribution due to the

joints in the wall in the ray approximation and use the amplitude of the emission as the
,t

uncertainty to account for modelling uncertainties. The wall emission at 12 cm is

interpolated from the 20 cm and 7.9 cm values.
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Radiation from the annular space between the radiometric wall and the dewar wall

may leak into the radiometric space through the absorber due to improper rf sealing around

the absorber. The blackbody temperature of the annular space is 15+10 K warmer than the

• LHe bath and thus can increase the radiometric temperature of the absorber. Roughly

, 50+._25%of the signal enters into the absorber, and ~1.0-!-0.5% of the signal passes through

the absorber at _. = 20 cre. The effective gain-weighted radiating surface is -9% of the

total absorber area. The total contribution at _, = 20 cm is 7+8 mK. The absorber

attenuation scales exponentially with 1/_, and the effect is <1 mK for _ < 15 cm.

VII. THERMAL PERFORMANCE

A. Liquid Helium Loss Rate

In the absence of the ir-blocking windows, the principal heat leak to the liquid

helium bath would be radiative. During a calib:ation, the heat leak would be of order

30 W; between calibrations, when the load is uncovered, the heat leak would be of order

100 W. We calculate the radiative heat leak with the ir-blocking windows, QR, from

measurements of the transmission of the Fluorglas window material at 300 K and 4.2 K

over the 100 - 1000 cm 1 range using a Fourier spectrometer. The n_easurements indicate

that three layers at 300 K (4.2 K) transmit only 2% (5%) of the power. Assuming a

250 K greybody with emissivity e~0.3 at the load aperture with the ir-blocking windows at

20 to 50 K (similar to the _ = 20 cm antenna observing the load), we predict a radiative

, heat leak to the LHe bath of 0.6 < QR < 1.6 W.

We can also estimate QR from the difference in the total heat leak to the helium bath

during calibration with the 20 cm wavelength radiometer (3.1 W) and the total heat leak

with the low-emissivity cover in piace (2.2 W). The cover (e-0.05) emits <0.25 W at

250 K, much less than the radiometer antenna. The heat leak difference is approximately

equal to the radiative component: QR -0.9 W, consistent with our predictions.
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The remaining heat leak to the LHc bath of 2.2 W comes primarily from

conduction down the dewar and radiometric walls. In the absence of any vapor cooling, the

conductive heat leak would be .--9W. The heat leak through the dewar vacuum space is

<0.1 W. The convective and conductive heat leak down the He gas column is <0.1 W

with the ft-blocking windows in piace.

B. Infrared-Blocking Window Temperature

The boiloff gas exits the load at a temperature of--120 K when the aperture is

covered by the 20 cm wavelength radiometer antenna (the maximum radiative heat leak),

From the LHe loss rate and the enthalpy of the exiting boiloff gas, we calculate that the gas

removes --88 W of thermal power from the load. While the radiative heat load to the l,He

bath is only .--3 W, the --35 K temperature drop across the ir-blocking windows (see {}VI)

indicates that --30 W of radiant and convective power is absorbed. The remaining .--58W

removed is primarily from vapor cooling of the dewar and radiometric walls.

The heat load to the upper (lower) ir-blocking window is <6 (<1.5)mW-cm -2.

Because the heat loading to both windows is small and the boiloff gas is in good contact

with the windows, the windows and boiloff gas are in thermal equilibrium. The radiometric

wall, measured to be 5(1K just above the ft-blocking windows and 15 K just below, is

also in good thermal equilibrium with the boiloff gas. We infer that the upper and lower ir-

blocking windows are at 50£-_10K and 25+10 K, respectively. The uncertainties take into

consideration the efficiency of the convective vapor cooling and possible radiative heating.

VIII. OPERATIONAL PERFORMANCE
if

We prepared the cold load for operation by flushing it with nitrogen gas at a slow

rate, changing the volume of gas .--14 times and heating the interior to-.30 C. We then

filled the load with liquid nitrogen to precool it. After several hours, the liquid was pumped

out through the fill line at a rate of ~ 1 l/rain and residual liquid in the bottom of the curved
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dewar was boiled off with the heater. The load was then purged of the nitrogen gas by

flowing -7 times the load volume of He gas into the top of the load while pulling out the

colder, heavier nitrogen gas via the fill line. As an added precaution, He gas was flowed in

, the fill line and through the entire system, including the pressure sensing lines.

, After a -15 min initial cool-down period, LHc could be transferred at a rate of

3.6 l/min (-0.7 cm/min). The load was filled to 15-20 cm above the absorber tips,

sufficient for a full day of observations. During observations, the level dropped by

< 0.85 cm/hr and the pressure above the LHe bath was <1 Torr above ambient. The top

window was periodically checked for frost or debris and cleaned if necessary.

IX. COMPARISON WITH OTHER COLD LOADS

Coaxial cold loads used in the past have typically had -300 mK error, even in the

same wavelength range as this quasi-free space cold load. Previous quasi-free-space cold

loads (excepting the 1982 load) have had larger corrections to the LHc bath temperature and

larger tmcertainties in the resulting TA.Ct. than this load. Table 7 compares four cold loads

used for CMB measurements over the range from ~ 1-50 cm wavelength. The measurement

at 50 cm is that of Sironi et al.al

The 12 and 7.9 cm wavelength n_diometers have made measurements using both

the 1982 and 1988 cold loads3,4,7,32, 33 and these measurements serve as cross-checks

between the two loads. The uncertainties are large compared to the uncertainty quoted in

this work because of uncertainties in the atmospheric correction (-+50 mK), so a

comparison at the level of the quoted uncertainties on TA.CL is not possible with the

' existing data.

Table 8 summarizes the predicted load temperature, TA,Ct., and the measured

temperatures of the atmosphere, TA.Atm, and CMB, TA,CMB at 7.9 cm wavelength from

1986-9. The weighted averages of TA,CMBagree: for 1988-9 the result is 97+102 mK
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higher than for 1986-87. TP.e largest contribution tc) the error in this CMB measurement is

_he correction for atmospheric emission. For the three measurements made at White

Mountain (1986-88), TA,CMB+ TA,atmis 191 + 58 mK hotter as measured with the 1988

cold load, whereas TA,at m is measured to be only 64 _+84 mK hotter in 1988.

Any increase from 1986-7 to 1988-9 due to the load used implies a decrease in the

true cold load antenna temperature (when compared to tk,ecalculated TA,Ct.) from the 1982

load to the 1988 load. If due to the 1988 load, this would require a significant negative

coherent reflection correction to the LHe bath temperature (predicted to be less than 18 mK

irl magnitude). The 1982 load could be warmer than predicted if the radiometric properties

changed due to repeated use and/'or the wall emission was underestimated. Another

potential source of emission which was unaccounted for in the 1982 load is from the

antenna/load interface which did not dc-isolate the antenna and load. The difference in the

measured CMB temperature could also be due to errors in the measurement of contributions

to the sky signal. For example, the CMB difference could be explained if the atmospheric

signal were 97 mK warmer than measured in 1988-9 (or cooler than measured in 1986-57).

We conclude that the differences t_idata obtained using the 1982 and 1988 loads are

not significantly different, but that they do suggest one of the following: 1) the 1982 load is

warmer than reported (or the 1988 load is cooler than reported), 2) the 7.9 cm wavelength

radiometer had an offset (or other correction to the data) which was dependent on both the

cold load and the radiometer position, or 3) the atmosphere was warmer than measured in

1988.
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X. POSSIBLE IMPROVEMENTS

The back of the absorber should be completely closed, allowing no path for
li

radiation to enter from outside the radiometric wall. The joints in the wall should be
II

covered or eliminated. The glass-Teflon ir-blocking material would perform better both in

the ir and microwave if the glass were quartz and if, instead of a woven fabric, the glass

were a thin film. Any future CMB spectrum measurement should include direct

measurements of the reflection from the radiometer antenna, the radiometer/load interface

plate and the load, similar to those made with the 20 cre-wavelength radiometer.

This cold load could be used at --30 cm wavelength if a thicker absorber were

used. To be useful at wavelengths much greater than 30 cm, careful radiometric analysis

and testing of the load would be required (in addition to the use of a correspondingly

thicker absorber). If the wall diameter and absorber thickness are simply scaled with

wavelength, the volume of LHc required to begin operation (_,;t.3) and the loss rate (,_,,],2)

increase rapidly, making the quasi-free space design impractical for very long wavelength

calibration. To be useful at shorter wavelengths (;!.<2.5 cre), a better ir-blocking material

should be used or a higher heat leak to the LHc bath must be tolerated. The corrections due

to window and wall emission would he reduced if the calibration were done at balloon

altitude, where these emissive parts of the calibrator could be operated at lower

temperatures. 34
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APPENDIX A: Cold Load Reflection

The radiometer broadcast power, with electric field amplitude Eo, is reflected by the

absorber, the LHe surface, the windows, the cold load interface and in the radiometer

itself, resulting in reflected power with electric field amplitude Er. The i-th component of

' the reflected signal has an amplitude Eori and phase _i which is related to the phase of the

reflection internal to the radiometer (taken as the reference phase). Neglecting multiple

reflections, the amplitude reflection coefficient, r, is the sum:

r = Er/Eo = rR + rici_! + rp1cit)pl + rp2ei0P2+ rF1ei_Fl + rF2ei0F2

+ rHei_H+ rAei_A, (Al)

where the subscripts R, 1,P, F, H and A refer to the radiometer, the antenna/load interface,

the polyethylene, the ir-blocking windows (made of Fluorglas), the LHc surface and the

absorber. The polyethylene windows have equal thickness (rpl = rp2); the lower ir-

blocking window has twice the thickness of the upper (rF2 = 4rFl). The antenna/load

interface term is generally predicted to be very small (r -_ 3 x 10.3 for the 20 cm

wavelength radiometer; see Appendix B) and the term for radiometer/load interface

reflection is dropped. The LHc surface reflection is given by rH = (eLrte-_e)/(eLHe+_e) =

1.0 x 10 2.

To find the correction due to reflection we compute Irl2:

Irl2 = rR2 + 2rp2 + rF12 + rF22+ til 2 + rA2

. + 2rRrl, cos(_l,_) + 2rRri, cos(_p2) + 2rRrFl COS(0F1)+ 2rRrF2COS(_F2)

' + 2rRrHcos(0H) + 2rRrA COS(_A)+ 2rp2cos(_l - 092)

+ 2rFlrF2COS(_l:1- _!_) + 2rr:irH cos(_l - OH) + 2rr:Ir,_.cos(0rq - _A)

+ 2rF2rHCOS(_ - _-!) + 2r_rA cos(_2 - _A) + 2rnrA cos(0H- _A). (A2)
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The rR 2 term is a correction to the radiometer gain and broadcast temperature and

does not affect the cold load temperature or the measurement.

The reflection dilution factor D, calculated in the ray approximation, is the fraction
,,

of power broadcast which reenters the antenna aperture. This factor applies to ali terms and
I

for the longest wavelength radiometers, D - 1.

The phase-dependent terms represent signals reflected from two points arriving at

the first amplifier with correlated phases. The path length between two sources a and b,

2Xa.b,and the radiometer bandwidth, Av, determine the degree of coherence, C:

C(za,b)= 2 forz<_-

= 2 for z > 2 ,

where Za,b-- 2KXa,b/L, L = c/Av is the coherence length of the signal, and c is the speed of

light, and we assume a square bandpass.

The cold load reflection coefficient is"

Irl2 = 2rp2 + rFl2 DFI + rF22 DF2+ rH2 DH+ rA2 DA

+ 2rRrpl cos(_p1) C(zR,Pl) + 2rRrp2 cos(_p2) C(zR.P2)

+ 2rRrFl COS(_Fi)DF! C(ZR.F:I)+ 2rRrF2COS(_F2)DF2C(ZR,F2)

+ 2rRrHcos(_t_-I)DH C(ZR,H)+ 2rRrA COS(CA)DA C(ZR,A)

+ 2rFlrF2 COS(_F1- _F2)DF! C(ZFI.F2)

+ 2rFlrH cos(_] - eH) DFl C(ZF1,H)

+ 2rF|rA COS(_:l - _A) DFI C(7.F1,A)

+ 2rF2rHcos(_1:2- qlH)DF2C(ZF2.H)
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+ 2rFZrACOS(_0F2- _A) DF2C(ZF2,A)

+ 2rHrAcos(_t_l-!- _A) DHC(ZH,A)

+ 2rp2 COS(_PI - _P2) DpI C(2pl,P2) (A4)

The first five terms in Eq. A4 are phase-independent terms and are calculated from0

measured and predicted reflection coefficients. Terms 6-11 are coherent reflection terms

dependent on the distance between the radiometer and the loacl and are proportional to the

reflection coefficient of the radiometer. The radiometer/load phase difference is unknown,

so our best estimate of these terms is zero with an error equal to the rms. We use the linear

sum of these terms to estimate the magnitude of the position dependent reflection effect.

This estimate of the error due to these coherent reflection terms is conservative because we

have used the linear sum whereas some of the terms could partially cancel each other. Note

that each term in the sum has a large uncertainty due to our poor knowledge of rR. We

estimate the error in rRas +100%/-50%.

The last seven terms (12-18) are coherent reflection terms dependent on the

separations between the reflecting surfaces within the load. Because they are independent

of radiometer position, we group these terms with the incoherent reflection terms. The lr-

blocking window separation is known to +1 eta, so the phase difference in term 12 is

known. Our best estimate of this term is included as a correction and +_50%of this term is

included in the calculation of the uncertainty in the incoherent reflection.

The last six terms (13-18) depend on separations which are not well known. The

phases of the polyethylene window reflection and the LHc surface reflection vary during

calibration. We have no knowledge of the phase of the reflection from the absorber. We

average over the unknown phases and take the quadrature sum of terms 13-18 as a

contribution to the incoherent reflection uncertainty. For the radiometers used at the South

Pole in 1989, Table A 1 shows some of the radiometer parameters which enter into Eq. A4

and Table 2 shows the values of the resulting terms.
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APPENDIX B: Antenna/Cold Load Interface Reflection

The term for antenna/load reflection in Appendix A is taken to be negligible and

dropped to simplify the calculation of the load reflection. That approximation is based on an

analysis of the matching between the pyramidal, E-plane corrugated antenna of the 20 cm

wavelength radiometer and the load. At the long-wavelength limit of the operating range, '

the approximation to free-space is poor, interface reflections should be largest, and the

interface reflection is most difficult to measure.

We model the antenna-load interface by tin interface from E-plane corrugated

rectangular waveguide to circular guide and calculate the mode conversion. This

approximates the 19"-flare horn antenna by a straight waveguide with only the HE1,2

fundamental mode propagating. 35 The HE1,2 field distribution at the interface is matched

to the 16 modes with cutoff wavelengths above 20 cm for the 78 cm radiometric wall

diameter. The amplitudes are determined by calculation of overlap integrals and requiting

energy conservation.3_, 37 The results show that the HE1,2 mode matches very well to the

circular guide' the rectangular mode amplitude reflection coefficients are ali < 5 x 10.3

and the amplitude reflection of the fundamental is 3 x 10"4.The modes launched into the

circular guide have amplitudes which decrease rapidly with increasing mode number.

The 12 cm wavelength radiometer antenna is based on the same design as the

20 cm wavelength antenna and the shorter wavelength should give a better match. At

shorter wavelengths, the free-space approximation is better and we measure the difference

in antenna/load and antenna/sky interface power reflection by placing the transition plate

over the antenna and observing the signal change. These tests are consistent with no effect

at the 25 mK level at 4 cm wavelength.

While antenna/load interface effects seem to be small, further study of differences in

sky and load reflections should be undertaken. Here, we take this effect to be negligible

and, because it is very instrument-dependent, we do not include it in the load analysis.
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TABLE 1. Relevant Geometrical and Physical Parameters of the 1988 Cold Load

(described in this paper) and the 1982 Cold Load (see ref. 1 and §I.A)

i. iiii I ii I ii [ J i i F i iii i ii | i i i II 1 I I i I i illl i iiiiii i i ii iiii

Quantity Dimension (cre)
,11,

1988 CL 1982 CL

bucket dewar depth (at wall) 133 132

bucket dewar i.d. 81.3 76.2

radiometric wall (RW) i.d. 77.7 70

distance from top of RW to top polyethylene window 0.5 0.5

distance from top of RW to top Fluorglas window 74 ...

distance from top of RW to absorber tips 112 143

distance from top of RW to absorber base 148 163

separation of polyethylene windows (at edge) 3.8 15

separation of ir-blocking windows 5.1 ...

height of absorber p_,ramids 25 15
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TABLE 2. Contributions to the Reflection Coefficient r2. The effect of the smaller antenna

apertures is taken into account by the dilution factor, D (see Appendix A and Table AI).

The position-dependent coherent reflection (0.7 times the sum of the reflections dependent

on antenna position) predicts the amplitude of the sinusoidal variation in output obtained by

, varying the antenna/load separation (see Table 5). The amplitude of the coherent reflection

independent of antenna position is quoted (the phase of this term is unknown), To get

reflected signal in K, multiply by TB'Tah,_ from Table A 1.

III i I I ii ii ] i IFjTI ii II I I II ii II III I I II I I ] DI I II lm "'" I

Source Error in Reflectivity

Source 20cm 12cm 7.9cm 4.0cm

[!0 "5] tl0 -5] . [10",51 [I0 "5]

Polyethylene windows power reflection +10% 0.041 0.11 0.26 1.0
(2rp2)

ir-blocking windows power reflection +100% 0.96 4.1 4.4 2.9
(rF12DF+ rF'22DF)

Liquid helium power reflection +1% 11 11 2.5 0.54
(rH2 DH)

Absorber power reflection :!:50% 35 10 0.92 0.050
(rA2DH)

Position-independentcoherentreflection+71% 24 15 3.6 0.68
(amplitude of sine curve)

Position-dependent coherent reflection +71% 16 17 20 4.5

(amplitude of sine curve)
i i
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TABLE 3. Window Material Properties and Emissivity. Emissivities are for the indicated

thickness of material at each wavelength, The absorption coefficient, a, for glass is from

extrapolation of published data and measured values. The data for glass at 290 K give

upper limits on the emissivity at lower temperature. The error on the polyethylene and glass

emissivities are ::!:33%and +50%, respectively.

i i ii ii 11 hill, ,, [ • _1 ' Illl[I I i illllI1 I] II I , i_1111' '
.......... lD

Material Materia! Properties Window.Emissivity

c tan_ ot (cm _) t 20cm 12 cm 7.9 cm 4.0 cm

(10"4) (10 .4) (lam) (10 .6) (10 .6) (10 .6) (10 -6)

Polyethylene 2.26 3 to 6 23 0.49 0.81 1.2 2.4

TFE Teflon 2.08 4 25 0.46 0.77 1.2 2.3

glass (290K) 5.9 7.1 50 3.6

16 50 8.1

31 50 16

93 50 47
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TABLE 4. Emission from the Windows and Radiometric Wall. Emissivity data are from

Table 3. Fluorglas emission is for 50 _m of glass and 25 IJ.mFEP Teflon per layer. Wall

emission is from a mode loss calculation at A = 20 cre, and from beam integration at

= 7.9 and 4.0 cre; the value at A = 12 cm is interpolated. The contribution from joints

is listed separately.

Physical
Source Temperature Emission

20 cm 12 cm 7.9 cm 4.0 cm

(K) (mK) (mK) (mK) (mK)

Polyethylene windows 250-+10 0.3+0. l 0.4±0.1 0.6±0.2 1..2±0.5

Upper lr-blocking window 50±10 0.2+_0.1 0.4±0.2 0.8+_0.3 2.2+_0.9

Lower it-blocking window 25±10 0.2±0.1 0.4+_0.3 0.8±0.3 2,2±1.3

Wall (w/out joints) 4-250 4±4 2±2 0±l 0+_I

Wall joints 30-250 13± 13 7±7 2+_2 2±2

Absorber Leakage 20+-10 7+_7 0.7±0.8 0 0

Total Emission 25_+16 11+-7 5_+3 8_+3
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I

TABLE 5. Coherent Reflection Test Summary. The predicted amplitude is from Table 2

and Table Al; the uncertainty is +100%/-50%, arising from the uncertainty in rR. Ali

measurements give only upper limits on the effect; the 1tr limit is shown. No measurement

was made at 12 cm wavelength.

.... IIIIII I i IIIII ] IIIII III li I _ r I III Iiiii ii L_ iiIi I ] _ II I Jill I I I I I II I I

Amplitude of Effect (mK) m

20 cm 12 cm 7.9 cm 4.0 cm

Predicted 8 5 18 13

Measured < 14 ... < 30 < 21

TABLE 6. Cold Load Antenna Temperature. The values are for the four radiometers which

used this load at the South Pole in Dec 1989. The absorber leakage is included in the wall

emission. The pressure over the LHe bath was 520 Torr, corresponding to a

thermodynamic temperature of 3842 mK. TA,CE is the absorber emission plus the total
correction.

' i T ,ji, f ,,,, i , , ,,,,, ,,, i '1 i i i

Source Signal

20 cm 12 cm 7.9 cm 4.0 cm

(mK) (mK) (mK) (mK)

Window emission 1+ 1 1::t: 1 2+ 1 6+ 2

Radiometric wallemission 24+16 10+ 7 2+ 2 2_+ 2

lncoherentreflection 23+15 7+ 4 6-+ 5 7-!- 9

Coherent reflection 0+ 8 0-+ 5 0+ 18 0_+13
i

Total correction to absorber emission 48+23 18-+10 10-+18 15+16

Absorber emission 3806+ 2 3782+ 2 3752+ 2 3665"!- 2

Cold load antenna temperature, TA,CE 3854_+23 3801+10 3762+19 3679+16
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TABLE 7. Comparison of Cold Loads Used for Long-Wavelength Measurements of the

CMB. Characteristics are given at the wavelength of each measurement, r2 is the incoherent

(power) reflection coefficient (including any correction for illumination). TB is the

radiometer broadcast temperature. Subscripts RW and W designate the radiometric wall and

windows, respectively. The total correction to the LHe bath temperature is given by TCORR.

Values for 'this work' are from Table 6. When the design required a break in the horn, or

when the cold load and sky signals reached the radiometer following different paths, the

correction for antenna emission is given by THorn.
iii , ,i i ii ii ii ,, i ii i i i,,,,,1,, i i i i ii ] _1Hill,, ,in , i Ii i ] I I li i i I I I iiii i IIII i J

Measurement /_ r2 rZTB eRWTRW ewTw TCORR THorna

(cre) (10 .4) (mK) (mK) (mK) (mK) (mK)

Sironi et al. 1990b 50 13+3 455:t:105 1450"2:280 0 1900-2:300 1550"2130

Sironi et al. 1990b 12 28+3 1405:15 4760-t:300 0 4800"2:300 26780"2.500

this work 20 5.2 26+19 24+16 1+1 48+29 ...

this work 12 ! .5 7+2 102:7 1+ 1 18+ 14 ...

this work 7.9 0.5 7+4 2+2 2+1 10"2:24 ...

this work 4.0 0.5 13+8 2+2 6:!:2 15+ 18 ...

Stokes et al. 1967c 3.2 6-!-3 20-2:10 160-J:100 605:20 240-!:100 a

Stokes et al. 1967e 1.58 10!-_3 30-2-_10 210-2:80 40-!:10 280-2:80 3

Wilkinson 1967c 0.856 0+3 0-2_10 2805:110 60-2:60 3405:125 ...

Johnson and 1.2 5 0-A:I8r 0 35+12g 35+22 50-3:12

Wilkinson 1987 e

a ,..., indicates that the calibration was at the horn aperture

b coaxial cold load used is that described in Limon et al. 1989. These measurements were

conducted in 1988 at Alpe Gera, Italy. The 12 cm wavelength radiometer, the same

instrument as that used in 'this work', is capable of using either load.
¢

c the measurements at 3.2, 1.58 and 0.856 cm used the same cold load

d no value for this quantity is given

e the cold load is an integral part of the radiometer

l" difference in horn and load reflection using conservative error bars added in quadrature

window is viewed during sky observation and not during cold load calibration
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TABLE 8. Comparison of CMB Measurements Made with the 1982 and 1988 Cold Loads
. . ] :1 I ii iii i I Iii I i li: i i i i i -- i iii iiii :- iii 1 iii i I_Jlli ]1_11 i i i

Year 1986 1987 1988 1989

Observing Site White Mountain White Mountain White Mountain South Pole

,_ (cre) 8.1a 7.9 7.9 7.9
I

Load used 1982 1982 1988 1988

Predicted Ta,cL 3735_+55 3742:t:38 3697+21 3762+19

TA,atm 870-+108 898+64 955+55 1109+60

TA,CMB 2580-+130 . 2460-+79 2621+65 .......... 2549._74

a radiometer center wavelength was changed from 8.1 cm in 1986 to 7.9 in 1987; the

bandwidth was also reduced, from 460 MHz to 200 MHz, which increased the amplitude

of the coherent reflection terms for this radiometer.
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TABLE A 1. Radiometer-Dependent Reflection Coefficient Parameters in Eq A4. rR 2 has a

factor of 2 uncertainty. For reflection dilution factors, D A ~ DH and DF -- DF1 ~ DF2. The

coherence factor C(zF1.F2)~ 1 and average values are given for terms like C(ZR,H)which

depend on the LHe level.

I Quantity Units Value

20 cm 12 cm 7.9 cm 4.0 cm

rR2 0.01 0.01 0.1 0.01

L (cre) 150 187 150 60

TB'Tabs (K) 50 27 86 279

DF 1 1 0.46 0.079

DH 1 1 0.23 0.050

C(ZR,F) 0.044 0.045 0.026 0.0074

C(ZR,H) 0.025 0.028 0.017 0.0042

C(ZF,H) 0.44 0.60 0.44 0.071

C(ZF,A) 0.22 0.34 0.22 0.035

C(ZH,A) 0.87 0.92 0.87 0.39
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FIG. 1. Cross-sectional schematic of the cylindrical cold load. The He boiloff gas flows

through holes in the ir-blocking windows (as indicated), then through the radiometric wall,

up the annular space (not shown) and out the vents. The location of several of the discrete

level sensors and temperature sensors are indicated by L and T respectively. The resistive

heater at the bottom of the CL is shown. The ir-blocking windows of the present load

replace a manually operated shutter which was located just below the polyethylene
windows of the 1982 load.
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FIG. 2. Approximate contributions to the thermodynamic temperature of the cold load.

Contributions due to reflection and wall emission depend on the specific properties of the

radiometer observing the load. 1% of the total load signal is indicated on the right. Four

arrows at 1.47, 2.5, 3.8 and 7.5 GHz (20, 12, 7.9, and 4.0 cm wavelength) indicate the

" frequencies of the four radiometers which calibrated with the load at the South Pole in

, 1989. The window performance limits the high frequency performance of the load while

the absorber and wall emission limit the low frequency performance of the load.
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FIG. 3. Reflection measured with the 20 cm wavelength radiometer. (a) Comparison of

the total (antenna and load) reflection with the antenna observing the absorber at ambient

and LHe temperatures. The measurement was made with a slotted line inserted between the

radiometer antenna and waveguide-coaxial transition.
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FIG. 4. Absorber and window power reflection coefficients. The absorber used has

additional backing to give lower reflection than the manufacturer's specified upper limit for

Eccosorb VHP-12. The value at 20 cm is from the measurement in Fig. 3. Measured

, values are shown for a single thickness (68 lam) of the Fluorglas ir-blocking window

material and the model (the value used in the analysis) is the average of the theoretically

predicted value and the measured value at 0.91 cm wavelength. The uncertainty used for

the Fluorglas reflection is indicated. Reflection from a single layer of 23 I.tm polyethylene is
shown.
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FIG. 5. Absorption coefficient of Fluorglas material. The radiometer data agree with the
Pyrex data for 0.03 < 2 < 0.3 of Halpern et al. and their best fit parameters are used with

an uncertainty of +50% as indicated on the long-wavelength extrapolation. This uncertainty
allows for a decrease in the absorption as the Fluorglas material cools.
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FIG. 6. Emission from windows and radiometric wall. Values are for the observed

radiometric wall temperature profile. The upper and lower ir-blocking windows are at

50+10 and 25+!0 K, respectively; the polyethylene windows are at 250+10 K. The
radiometric wall data is calculated.
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