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AN OBSERVATION OF THE SUBHILLINET8R COSMIC 
BACKGROUND SPECTRUM 

David Paul Woody 

Materials and Molecular Research Division, Lawrence Berkeley Laboratory 
and Department of Physics, University of California 

Berkeley, California 94720 

ABSTRACT 

We describe an experimental measurement of the spectrum of the 

submillimeter cosmic background radiation. The experiment consists 

of measuring the night sky emission at an altitude of 39 km, correcting 

for the atmospheric molecular line emission, and placing limits on 

the contamination from sources of continuum radiation such as the 

apparatus itself and the earth. The observations were made on 24 

July 1974 using a fully calibrated liquid-helium-cooled ballcon-borne 

spectrophotometer. Important; features of the apparatus include a 

cooled antenna, a polarizing interferometer, and a germanium bolometric 

detector. The characterization of the spectrophotometer includes the 

large angle response and emission of the antenna. 

The calibration of the instrument and corrections Co the observed 

sky spectrum are based on measurements made during the flight. A 

simple model of the nolecular line emission is used to determine the 

atmospheric contribution. The resulting spectrum covers the frequency 

range from 4 to 17 cm and establishes that the cosmic background 

radiation follows the high frequency quantum cutoff for a 3K blackbody. 

A blackbody temperature of 2-99 * K is deduced from our data. 
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Ue also analyze the present status of the cosmic background observa­

tions, which span more than three decades in frequency, and conclude 

that they are all consistent with a blackbody temperature of 

2.90±.04K (* lcr). This firmly supports the &ig Bang cosmological 

model of the universe. 
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I. INTRODUCTION 

The universe is apparently filled with radiation characteristic 

of a 3K blackbody. The discovery and measurement of this Cosmic Background 

Radiation (CBR) is one of Che most fasinating developments in observational 

cosmology. The only cosraological model which satisfactorily explains 

the existence of this radiation is the "Big Bang" theory of the universe. 

The CBR, according to this theory* is a remnant from the Primordial 

Fireball. Firmly establishing the spectrum of the CBR will aid in 

understanding the details of the evolution of the universe and will 

place severe limits on any proposed cosmological model. 

This paper describes the first successful measurement of the 

submillimeter CBR spectrum. The data were obtained on Jul;' 24, 1974 

using a cooled balloon-borne spectrophotometer. The data show that 

the CBR has the spectral shape anil intensity of a 3K blackbody in the 

frequency range from 4 to 17 cm , The results have been published by 

Woody, Mather, Nishioka, and Richards (1975). 

A. Elementary Theory 

The theory of the Primordial Fireball has been extensively treated 

in the literature. Peeble's book, Physical Cosmology (1971), gives an 

excellent description of the accepted "Big Bang" cosmological model 

and its relationship to the observed universe. A lengthy chapter is 

devoted to Che Primordial Fireball. The monumental works by Weinberg 

(1972) and Hlsner, Thorne, and Wheeler (1973) cover the general 

rclativistic aspects of cosmology in great detail. 
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Historically, the first discussion of the behavior of blackbody 

radiation in a nonstatic universe was given by Tolman (1934. p.427). 

As early as 1948, Alpher and Herman (1948) calculated a value of 5X 

for the present temperature of the CBR. The identification of the first 

measurement of the CBR (Penzias and Wilson, 1965) as the remnant from 

the Primordial Fireball was made by Diche, Peebles, Roll, and Wilkinson 

(1965). They used the measured radiation temperature and an estimated 

helium abundance to calculate the thermal history of the universe. 

''Big Bang" cosmology is based on the assumption that the universe 

is homogeneous and isotropic. These assumptions together with Einstein's 

gravitational field equations yield the equations which govern the 

evolution of the universe. In comoving coordinates these equations are 

R 2 + k - f GpR2 

(1.1) 
A (PR3) - -3PR2 

(Weinberg, 1972,p.472). P and p are the pressure and density of the 

universe while R Is the expansion parameter which tells how the distance 

between points fixed to the matter of the universe scales; ie. the 

scale size for comoving coordinates, k is a constant equal to -1, -i_ 

or 0 which determines whether the universe is open (will expand forever), 

closed (will eventually collapse upon itself) or exactly in between 

(will expand forever according to the Einstein-de Sitter model) . The 

evolution of the universe is determined once the equation of state 

(relationship between density and pressure) and the initial conditions 
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are specified. Since Che expansion parameter, R, must be either 

increasing or decreasing, a static universe is precluded by these 

equation?. 

Observation of the relationship between red-shift 3nd distance for 

Jistant galaxies indicates that the universe is presently expanding. 

An extrapolation back in time predicts that the universe was denser 

and hotter in the past and that it possibly started near a singularity 

of infinite density and temperature. Fairly reliable extrapolations 
12 have been made back until the tempt. j.ture was ^lO K. At this 

temperature, the populations of the elementary part'.cled (photons, 

neutrinos, muons , electrons, nucleons, etc.) were in thermal equilibrium. 
-4 The evolution can be traced forward from this time (some 10 sec 

after the singularity). The unstable particles, such as muons , 

annihilated or decayed as the universe expanded and the thermal energy 
2 

(kT) dropped below their equivalent rest energy (nc"). There were only 

photons, neutrinos, eJectrons, protons, and a few light nuclei 
2 3 
( H and He) left by the rime the temperature had dropped to =3x10 K 

12 

(°"10 sec after the singularity); at which time the electrons combined 

with the protons and nuclei to form neutral atoms. Previous to this 

time, the photons were kept in thermal equilibrium with the matter by 

various annihilation, bremstrahlung, ano compton processes. This was 

also about the time that the particle rest energy started to dominate 

the radiation energy in determining the expansion ra:e. With only 

neutral atoms present, the interaction between the 3.000K blackbody 

radiation and the matter became limited to those photons with energy 
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equal to the resonant atomic transitions or greater than the ionization 

energy. Thus, the radiation and matter became effectively decoupled and 

they evolved separately; the matter formed galaxies and stars, while 

the photons (the Primordial Fireball) became the CBR we see today. 

The evolution of the Primordial Fireball after it became decoupled 

from the matter can be followed by examining the covariant photon dis­

tribution function. This is the photon number density in phase space 

(momentum and position). It is measured at the observer's position and 

is a function of the momentum, p, of the photons as seen by the observer. 

It reduces to a function of the energy, E=|pJ, for an isotropic 

distribution. An invariant scalar quantity, N(p), is obtained if the 

distribution function is multiplied by a contravariant phase space 
3 volume element. If the volume used is that of a single quantum mode, h , 

then the scalar quantity is just the photon occupation number. Thus the 

number of photons in any mode remains constant as the universe evolves, 

although the momentum or energy of the mode may change. This can be 

derived rigorously by applying Liouville's theorem in curved spacetime 

to the system of noninteracting photons (Misner, Wheeler and Thome, 

1973, p.584). 

The energy of a photon (or mode) scales as the inverse of the 

expansion parameter, R, for an observer fixed to the matter of the 

universe (comoving coordinates). This is a geometrical effect in the 

homogeneous and isotropic universe and gives rise to the red-shift 

versus distance relation observed for distant galaxies. Thus the 

photon occt.nation number for photons of energy E now is given by the 



occupation number at the time of decoupling for photons of energy 

E

0

 = E t r • < x- 3> 

The occupation number for a blackbody retains its blackbody 

character as the universe expands. Initially, it is given by Bose-

Einstein statistics 

• & ) - " -
W(Eo,To) = [expjj^j - 1] (1.4) 

At a later time, the occupation number is given by 

N(Et) = N(E0,To) (1.5) 

.' E 

- [exp (k) -""' 

[exp 

R. 
/ E. 

[exp 

where 

W(Et, T () 

T = T -- . (1.6) 
t o R 



Heace, the Primordial Fireball remains a blackbody but has a temperature 

which scales as the inverse of Che scale parameter. This transformation 

conserves the number of photons and entropy, but does not conserve 

energy; the photons do work against the expanding universe. 

This same analysis can be applied to an observer moving relative 

to the comoving coordinate system. In this case, an anisotropic 

Doppler shift is seen. The observer still measures radiation characteris­

tic of a blackbody, but at a temperature which is a function of the 

direction of observation / 2\ 1/2 

T(v,6) = T - — . (1.7) 
0 (1 - - cos8) 

The CBR plays a key role in establishing a self consistent pictuio 

of the origin of the universe. Many of the events in the early history 

of the universe occurred over a relatively small temperature range, 

and n measurement of the present CBR temperature establishes a relation­

ship between the temperature and density throughout the evolution of the 

universe. For example, the formation of neutral atoms occurred at a 
3 

temperature of ^jOOOK which is 10 higher than the present radiation 
3 9 

temperature. Thus the universe was 10 times smaller, or 10 times 

more dense, then than it is now. 

Another critical point was at a temperature of ^10 K when the 

thermal creation of electrons and positrons stopped and the neutrons 
began to decay. The expansion rate and density of the universe at this 

2 time determines how many neutrons form H and He nuclei before decaying. 

The helium abundance is fairly insensitive Co the density and is predicted 
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to be =25% by mass in good agreement with observations (Peebles, 1971, 

p.242). The deuterium abundance is a sensitive function of the density 

and its measured abundance has recently been used to place limits on the 

present density of the universe (Gott, Gunn, Schramm, and Finsley, 1974). 

B, Previous Observations 

Previous measurements of the CBS can be divided into three categories: 

microwave radiometer measurements, indirect measurements b;ised on 

interstellar molecules, and broadband submillimeter observations, 

Fenzias and Wilson (1965) used a ground based microwave radiometer 

operating at a frequency of 0.136 cm (7.35 cm) to make the first 

observation of the CBR. This first measurement was quickly followed by 

many other ground based microwave radiometer measurements covering the 

range from 0.013 to 3.00 cm" . Peebles (1971, "p. 134) analyzes these 

measurements and arrives at a value of 2.72±O.OSK for the CBR temperature. 

Although these measurements all lie on the low frequency side of the 

6 cm •*• peak in the 3K Plaikk spectrum, he shows that they are sufficient 

to rule out a simple Rayleigh-Jeans spectrum. The microwave data 

tabulated by Peebles (1971, p.134) are plotted in Fig. 1.1 along with 

the indirect measurements and the spectrum of a 3K blackbody. These 

measurements appear to be in good agreement with the "Big Bang" hypothesis. 

The indirect measurements(come from an entirely different kind 

of observation. The relative intensity of optical transitions from 

different rotational levels in interstellar molecules is measured -

This yields a temperature which icorresponds to the CBR temperature at the 
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energy of the rotational level in the absence of any other heating 

mechanism. Measurements of the molecule CN gives CBR temperatures 

at 3.79 cm (see tabulation by Peebles, 1971, p.134) and 7.58 cm 

(Hegyi, Traub and Carleton, 1974). Upper limits are provided by 

CH and CH at frequencies of 17.9 cm" and 27.9 ran" (Bortolot, Clauser, 

and Thaddeus, 1969). These results are significant in that they are 

measurements of the CBR at distant points in our galaxy. 

Observations on the high frequency side of the Planck curve have 

been particularly difficult. The feature which makes these observations 

important (large deviation of the Planck curve from a Rayleigh Jeans 

spectrum) also makes them difficult (the signal is decreasing with 

frequency while contaminating radiation from warm objects is still 

increasing). In addition, the atmospheric radiation in the submillimeter 

region requires that the measurements be carried out above most of the 

atmosphere. Three groups have been especially active in making 

broadband observations of the submillimeter CBR: a balloon group at 

M.I.T., a rocket group at Cornell, and another rocket group at Los 

Alamos. The published results of these groups are tabulated in Table 

1.1. The earliest measurements indicated that the CBR was much larger 

than that of a 3K blackbody. As the measurements were repeated, the 

deviation froa a 3K blackbody diminished. The status of the broadband 

subnilliMter measurements at three different times is shown in 

Figs. 1.2(a), (b) and (c). 
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Table 1.1. Broadband subrnill imeter obse rva t i ons . 

rilcht Data croup Frequency Spectral 
Flur,-1 

[ 1 0 - 1 2 tf/eV cr « _ 1 | 

Equivalent 
E-lackbody 
TeaperaCure 

i*J 

Reference 

11 Kov. 1968 Cornell 7.7-25 "tg I . ) * 3 " 3 Shlvanandan, CE a l . 1968 

29 5ept 1969 K.t.T. 1 -10 < 12 < 3 . 6 Muchlucr and Ueln, 1970 

• • 10 -12 < 100 < 7 " 
• " 12 - I t < 50 < 5 . 5 " 

19 Dec. 1969 Cornell 7.7-25 ™:$ • • M . J touch and HarwlE. 1970 

2 Dec. 1970 " 6.7-25 < — Monet, et « 2 . , 1971 

29 Hey 1971 Lot Alaaoa 1.7-12 15>7 3 . 1 * 0 - 5 

'•M.o 
Slal i , cc e l . , 1971 

5 June 1471 H.I.T. 1 - 5.4 6.5>).S 2.5*°-' Muehlnor and Wclsa, 1971 

" " 5.4-7.9 U « 5 2 5*°-' " 
• - 7.9-11.1 «s 2 6 * 0 ' 5 

'• -0.2 » 
• " 11.1-16.5 60*10 4,3*0.2 " 

79 Sept 1971 " 1 ->.» V ) 2 . 7 * ° ' ' • ' -0 .6 " 
- " S.6-7.9 1 » > 2,t*0.2 " 
• • 7.9-11.1 < 6 < 2.7 " 
- - l l . l - l f . 5 < to < 3 . 4 " 

17 Kxf 1912 las Aljtrae 1.7-1) < 16 < 4 . > Utlllaaaon, at al . 1973 

- - 1.7-17 23*17 5.1* 0 -* *'M.5 " 
" " 1.7-1) .611.59 1 I 4 0 - ' ' " - 1 . 9 " 

l> Jalr 1972 CorMil 7.7-25 < 20 — Hooch, at al . 1972 

1 Oct M.I.T. 1 -11.5 6.0*3.0 ' -0.4) Huehlner and Ualaa, 1971 

- - 1 -13.5 1.9*4.) 2 4"°-" " 
" " 1 -11.1 < It <3.t " 

TIM Rpfcttul flu* otiH dctjiHtiJ fro* tit* rcportrd tnt.il [lun and bandwttltlt whi-n t'-e apcctr.il (tun UBI not reported. 
ntu-at- v*In*r» WoiL- l&trt 4rrrr.in.-il ty • factor of ««• atttt rrrallbiatlnn. 

http://tnt.il
http://apcctr.il
http://4rrrr.in.-il
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Our initial motivation for undertaking a measurement of the 

subnillimeter CBR was the early report of a large excess flux in this 

frequency range. As the reported measurements improved, we upgraded the 

quality of our instrument. It soon became apparent that eliminating 

contaminating sources of continuum radiation was of the utmost importance 

and a large effort was made in designing and characterizing our radiation 

collecting optics. It was also apparent that a spectrometer would 

be required to adequately subtract out the atmospheric emission in any 

balloon-borne experiment (Muehlner and Weiss, 1973). We believe out 

cooled spectrophotometer with its fully characterized antenna is 

ideally suited for this measurement. 

A balloon group from Queen Mary College, University of London has 

recently reported Che preliminary results of an observation of the 

submillimeter CBR (Robson, Vichers, Huizinga, Becknan, and Clegg, 1974). 

Their results are from the flight of a balloon borne cooled spectrometer 

on March 13, 1974. The spectrum they give includes a large amount of 

continuum mission but appears to show the CBR turning over above 9 cm 

and following the curve for a *3K blackbody. We can not evaluate the 

significance of their results from the information given In the one 

page article. 

C. Thesis Onanitatlon 

The purpose of this thesis Is to describe our measurement of the 

subailllaeter CBR in enough detail thst the reader will understand the 

major difficulties in the experiment and be able to evaluate the merits 

of our results. 
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The construction and operation of the instrument is described in 

chapter II. The major features of the apparatus are described, including 

the advantages and peculiarities of the polarizing interferometer used 

for Fourier transform spectroscopy. Special emphasis i~ placed on the 

characterization of the beam pattern and emission of the antenna. 

Chapter III presents the raw data obtained during the flight. 

The first order data reduction and signal averaging are also described. 

The analysis of the data is described in chapter IV. This includes 

the determination of the antenna emission, earthshine, and atmospheric 

radiation. The model used to simulate the atmosphere and the fitting 

procedure is discussed in detail. Finally, the observed CBR spectrum 

together with error limits is presented. 

The last chapter discusses the significance of our measurement and 

its relation to previous observations. A short discussion of possible 

deviations from an ideal blackbody is given. Lastly, future developements, 

problems, and limitations of measuring the submillimeter CBR are examined. 
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II. APPARATUS DESCRIPTION AND CHARACTERIZATION 

A. General Description 

The small magnitude of the CBR flux places stringent requirements 

upon any apparatus used to make an absolute measurement of its spectrum. 

In the submillimeter frequency range the flux from a 3K blackbody 

falls nearly exponentially while that from a room temperature blackbody 

increases as the frequency squared. At 15 cm the flux from a 300K 

blackbody is 18,000 times larger than that from a 3K blackbody. Hence, 

It is necessary that the apparatus reject by many orders of magnitude 

the radiation coming from warm objects such as the earth. Similarly, 

the apparatus itself must not contribute any significant amount of 

radiation to the observed spectrum. The presence of strong atmospheric 

emission lines in the submilliroeter frequency range requires th:»t the 

measurement be done above most of the atmosphere. 

Much of the description of the apparatus presented in this chapter 

has been given elsewhere (Mather, 1974; Mather, Richards, and Moody, 

1974). The work by Mather (1974) is his Ph.D. thesis. It contains a 

large amount of useful Information, including a detailed description of 

the detector development and the techniques used to measure the antenna 

pattern. It also contains a good discussion of Fourier transform 

spectroscopy in the presence of noise. 

The instrument we developed for measuring the cosmic background 

spectrum is a balloon-borne liquid helium cooled spectrophotometer. 

Figure II-l is a schematic diagram of the instrument. A scale drawing 
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Fig. II.1. Schematic diagram of the submllllneter spectrophotometer. 
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is shown in Fig. II.2. The radiation is collected by the reflecting 

horn and cone antenna; then recollimated and sent through the polarizing 

interferometer; and finally focused onto the germanium bolometric 

detector. The polarizing interferometer is used for Fourier transform 

spectroscopy. The instrument is mounted in a 60 liter liquid helium 

cryostat. This keeps the detector and interferometer immerged in 

liquid helium and cools the antenna. On the ground and during the 

ascent, the antenna is protected from atmospheric condensation by two 

removeable windows at the top of the horn. Two blackbodies are used 

for inflight calibration. 

The flight configuration is shown schematically in Fig. II .3. 

The cryostat containing the instrument is mounted on pivots in the 

balloon gondola which is suspended below the balloon. This allows he 

zenith angle of the instrument to be varied. A large plywood 

calibration body mounted on the back of the gondola serves as a 

calibration source when the cryostat is tilted backwards. At the 

same time, a small glass mirror allows us to check for atmospheric 

condensation in the antenna by taking photographs looking down the 

throat of the horn and cone. The gondola is suspended 0*6 km below 

the balloon by means of a let-down line deployed after launch. This 
5 3 keeps the 3.3x10 m balloon well out of the field of view. The 

azirauthal angle is monitored by two magnetometers* but the gondola is 

free to rotate about the vertical axis. 
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The telemetry system was developed by J. Henry Primbsch of the 

Space Sciences Laboratory. The data is transmitted as 8-bit words 

by a pulse code modulated (PCM) system with a bit rate of 8,000 bits/sec. 

The raw detector preamp output and chopper reference signal along 

with 32 channels of housekeeping data, one of which is multiplexed 

into 16 additional channels, are received on the ground and decoded 

by the ground station. The preamp and reference signals are each 
TM sampled 250 times per second. A TDP-11 computer interfaced and 

programmed to do Fourier transform spectroscopy provides us with 

spectra during the flight. The raw bit stream is recorded on an audio 

recorder for replay after the flight. The command system is a tone-

reed system with ten tones multiplexed to give 40 different commands. 

The telemetry required to drop ballast, deploy the let-down line, etc., 

is provided by the National Center for Atmospheric Research (NCAR) at 

Palestine, Texas. 

B. Detector System 

The detector is a doped germanium bolometer purchased from 

Infrared Laboratories, Inc. At the operating conditions of a 1.6K 

bath temperature and 17 Hz chopping frequency, the electrical noise 

equivalent power (NEP ) is 6*10~ W/tfiiz and the responsitivity is 
6 3 

0.7*10 V/W. The absorptivity of the 0.8x0.8x0.3 mm detector element 

was measured to be between 0.05 and 0.2 in the frequency range from 

3 to 20 cm"1 (Mather, 1974). 
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An immersion optics system is used to illuminate the bolometer. 

This greatly increases the radiation thruput to the bolometer over 

that of other methods. The method used is similar the technique 

developed by Vystavfcin, et al. (1971) to improve the radiation 

coupling to InSb detectors. The radiation is coupled directly to the 

detector from a solid whose index of refraction matches that of the 

detector, thus avoiding the factor of (n./n ) reduction in solid 

angle given by Snell's law upon passing from a medium of refractive 

index n. to one of refractive index n,. Germanium has a refractive 

index of 4, so there is a potential increase of a factor of 16 in 

thruput to the detector (or a decrease in area for the same thruput) 

using immersion optics. Since the NEP generally scales as the square 

root of the area, a factor of 4 improvement in flux sensitivity is 

possible. The area of germanium required to accept our system thruput 
2 2 

of 0.25 cm sr is only 0.5 mm using immersion optics compared to 
2 

8.0 mm without. 

High purity germanium is transparent to submillimeter radiation 

and can be used to match the refractive index of the doped germanium 

bolometer. In our system the radiation is collected and condensed 

down to a small area and large solid angle using a 2.5 cm long solid 

germanium total internal reflection condensing cone. The bolometer 

gently contacts the small end of the condensing cone. This establishes 

optical contact without disrupting the thermal isolation necessary for 

the operation of a bolometerlc detector. 
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The condensing cone and bolometer are mounted In a vacuum can. 

The vacuum can has a 0.005 cm thi:.k Mylar window. There is a 0.3 cm 

thick piece of Fluorogold T.M. used as a low pass scatter filter 

(Muehlner and Weiss, 1973) on top of the window. 

The signal from the detector is amplified by a variable gain 

preamplier. The gain can be switched from 10 to 10 in one decade 

stops by the balloon command link. The balloon telemetry converts the 

0 to 5 Volt analog signal into an 8-bit word giving a resolution of 

0.02 Volts. The signal is sampled 250 times per sec so that the 
-4 resolution for a single 2 sec measurement can be improved to 9*10 Volts 

if the bits are randomly exercised. At a gain of 10 this corresponds 
-9 to 9x10 Volts resolution referred to the c3tector. The detector 

—8 noise for a similar 2 sec measurement is 2x10 Volts. 

C. Spectrometer 

The spectrometer is a polarizing interferometer of the type 

invented by Martin and Puplett (1969). It is used for Fourier transform 

spectroscopy in the same way as a Michelson interferometer. In fact, 

the wealth of literature pertaining to Michelson interferometers and 

Fourier transform spectroscopy is directly applicable. An excellent 

book on this subject Is Bell's Introductory Fourier Transform 

Spectroscopy (1972). A short discussion of techniques used in Fourier 

transform spectroscopy is given by Richards (1967). 

A Fourier transform spectrometer operates by separating the 

incoming radiation into two beams and then coherently recombining 
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them to produce the output bean. Interference effects are produced 

by varying the relative lengths of the optical paths traveled by the 

separate beams. This path difference is usually controlled by a 

moveable mirror in one of the bean paths. The interference effects 

directly modulate the intensity of the exit beam In a Mlchelson 

interferometer. Whereas, only the polarization of the radiation i.s 

nodulated in a polarizing Interferometer, and an analyzing polarizer 

is required to achieve a modulation of the intensity. The modulation 

is proportional to cos(2nvx) in both cases, where v[cm~ | is the 

frequency and x [cm] is the path difference. 

The intensity I(x) [Watts] as a function of path difference is 

called an interferogram. The interferograa for an id.-«l interferometer 

with an incident spectral intensity S(v) [Watts/cm' ] is given by 

J1" V(«)S(v)dv + f 

f 
I(x) - const x \ V(v)S(v)dv + | T(v)S(u) COS(2TTVX)<JV 

( I I . 1 ) 

- const x 1(0) + I T(v)S(v) cos(2ff2vx)dv . 
'o 

T(v) is the transmission efficiency of the interferometer. The 

spectral intensity S(v) is recovered by taking the Inverse cosine 

transform 

2 /"" 
s< v> " YcvT I IKx)-constxl(O)) cos(2trvx)dx . (II.2) 

•On 
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In practice, the interferogram l(x) is sampled at din-reta values 

of x over a finite Interval. The integral In Eq. (II.2) then is 

approximated by o summation. The manipulations and llaltations 

encountered in recovering S(v) from a discretely sampled finite 

lungtli interfurogram are explained by Bell (1972). The important 

consideration* arc that {or a path difference Ax between saaplings 

of I(x) the maximum spectral frequency at which data can be obtained 

without aliasing Is 

"•*. ' Bx • <n-3> 

If N samples are taken past the zero path difference point, the 

maximum resolution possible is 

av*in-2T5x- • ( U- f t ) 

The use of a Fourier transform spectrometer offera several 

advantagca ovar other types of spectrometer!. Chief among these is the 

multiplexing or Fellgett advantage (Fellgett, 1958; and Bell, 1972, p.23). 

At each point in the lnterferogra*. information ia collected over the 

full spectral bandwidth. However, a grating or Fabry-Perot spectrometer 

looks at only one resolution width at a time. For this type of 

experiment, where the system is limited by detector sensitivity, the 

multiplexing advantage gains a factor of rffl in algnal to noise where 

N la the number of resolution elements. The Fourier transform 

spectrometer alao avoids the problem of order sorting when apectra 

covering many octaves in frequency are desired. 
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An advantage shared with rhe Fabry-Perot spectrometer is a large 

optical thruput. The thruput of a grating spectrometer and a Michelson 

interferometer having the same resolving power and collimator area 

can be compared. The ratio of their thruputs (E) is 

Tllchelsoa , F , Q , . 
—g • 2n -r ZtanB (II. 5) 

grating 

(Bell, 1972. p.22). F, I, and 8 are the collimator focal length, slit 

height, and grating anglo respectively of the grating spectrometer. 

A typical spectrometer has 8»30* and F/H greater than 30, thus giving 

it leas than 0.5Z of the thruput for a similar Michelson interferometer. 

This ia often called the Jacquinot advantage and is again important 

for measurements limited by detector noise. 

The standard Michelson interferometer has two disadvantages which 

are not present in a polarizing interferometer. The constant term 

in front of Eq. (II.1) is * -j I(o) when it is operated in the usual 

slow scan mode with an external chopper for lock-in detection of the 

signal. Any fluctuation in the source brightness will modulate this 

term and introduce spurious features in the interferogram and thus 

produce <-rrors in the computed spectrum. The polarizing interferometer 

eliminates this constant term by using the exit (or entrance) polarizer 

as a chopper. A description of how this is done will be given later 

in this section. The rapid-scan or phase modulation versions of the 

Michelson interferometer also eliminate this constant term (Chamberlain 

and Cebbie, 1971). 
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The other disadvantage of the Michelson interferometer is its 

low efficiency at low frequencies. This is a result of the dielectric 

film used as a beamsplitter. Its efficiency is proportional to the 

product of the films reflectivity and transmissivity, which are 

determined by the Airy formula (Born and Wolf, 1970). The efficiency 

is periodic in frequency, with a period proportional to one over the 

film thickness, and has zero efficiency at zero frequency. The 

beamsplitter in a polarizing interferometer is a linear polarizer. 

At low frequencies, the efficiency is uniformly high and goes to zero 

at wavelengths short compared to the polarizers grid spacing. 

An exploded diagram of our polarizing interferometer is shown 

Fig. II.4. The optics are S cm in diameter. The incident radiation 

is linearly polarized by the entrance polarizer. This radiation is 

then split into two orthogonally polarized beams by a wire grid 

beamsplitter oriented at an angle of 45° with respect to the entrance 

polarizer. The beams are reflected back to the beamsplitter by corner 

mirrors. One of the corner mirrors is mounted on a micrometer screw 

so It can be translated paralled to the beam to introduce a change in 

the optical path length. The screw has 5 cm of travel. At the 

beamsplitter, the beams recombine to form the exit beam. This beam 

is then focused onto the polarizing chopper and detector by a teflon 

lens. The chopper wheel has eight sectors containing polarizers with 

alternating orientation. 
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Fig. I I . 4 . Exploded view of the prlarizing interferometer. 
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Thc clever feature in Martin and Puplett's design is the use of 

corner mirrors to return Che beams to the beamsplitter. The plane of 

polarization of linearly polarized radiation is reflected across the 

corner line of the mirror upon reflection from a corner mirror. That 

is, the incident and reflected beams will be orthogonally polarized if 

tin-plana of polarization of the Incident beam is oriented at angle of 

45° with respect to the corner line. In this way, the beam which was 

initially reflected from the polarizing beamsplitter will be transmitted 

upon its return and vice versa. The polarizer serves as a nearly 

perfect beamsplitter with all of the radiation from the input beam being 

channeled into the exit beam. 

Ordinary machine shop techniques were sufficient to achieve the 

fraction of a wavelength tolerances necessary in constructing the 

interferometer. The interferometer frame was made of Invar to minimize 

the problems of thermal contraction. The corner mirrors are hand 
T.M. polished aluminum blocks. A Starrett micrometer connected to a 

T.M. Slo-Syn stepper motor at the top of the cryostat is used to 

translate the moving corner mirror. The micrometer was degreased and 

lubricated with teflon powder for oper&t.. in in liquid helium. The 

chopper wheel is driven by a synchronous motor and speed reducer 

assembly at the top of the cryostat to give a chopping frequency of 

17.1 Hz. 

A finely spaced grid of linear conductors serves as a nearly ideal 

polarizer for submilllmeter radiation. In the long wavelength limit, 

radiation with electric field polarization parallel to the conductors 
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sees the grid as a conductor and is reflected; and to a good approxi­

mation, radiation with polarization perpendicular to the conductors 

does not sec the grid. Buchbee-Mcars Inc. sells linear grids consisting 

of evaporated gold lines on a Mylar substrate with grid spacing as 

small as 25.4 Mm. The entrance and chopper polarizer were nade from 

this aaterial. 

Freestanding polarizers can also be made. It is a fairly simple 

task to use the automatic feed on a flowly turning lathe to wind a 

wire grid onto a frame. Our beamsplitter consists of 25 Mm dla. 

tungsten wires with 153 urn spacing. The tungsten wires were first 

wound on a frame and then copper plated. The grid was then soldered 

to a flat Invar frame. These steps were necessary to build a 

beamsplitter which survived cycling to 1.6K and remained flat at this 

low temperature. 

The polarization efficiency of linear wire grids can be calculated 

by representing the grids as lumped impedence equivalent circuits. 

In the long wavelength limit the efficiencies are abovi 99Z (Casey and 

Lewie, 1952). Holler and Rothschild (1971, p.103) give multielement 

equivalent circuits valid for wavelengths less than twice the grid 

spscing. Using these equivalent circuits Aurbach (to be published) 

shows that the efficiency remains high until A*2d at which time it 

quickly drops. 

The alignment requirements for a polarizing interferometer are 

similar to those for a Kichelson interferometer. At the exit port, 
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tho wave fronts of the two beans must be parallel to within a wave­

length across the whole aperture. The degradation of the inter-

ferogram for an allignmene error of •* radians in a circular aperture 

of radius r at a frequency v Is given by 

2J (4svar) 
I' <"' v ) ' Invar I (*' v ) ( I I - 6 ) 

where J, is the first order Benel function (Williams, 1966). For our 

5 ca dia optics and a frequency of 20 cm , an error of a * .00045 rad. 

will degrade the interferograa by only IX; while an error of a •» .0061 

rad. Is the first zero of the Bessel function, and there is no 

interferogran. 

The alignment of the interferometer is conveniently done is 

several steps. The first step is to adjust the individual corner 

mirrors so that the angle between the two surfaces is 90°. This is 

analogous to requiring that a plane mirror not be bent. One corner 

mirror is then mounted so that when you sight along the beam direction 

the corner line is at a 45° with respect to the beamsplitter wires. 

The other mirror is mounted in the same way but with two adjustments 

for orienting the corner line. Two optical flats are now placed 

against the freestanding wire grid beamsplitter to serve as c visible 

light beamsplitter. You now look through the interferometer at a 

distant object. There are two Images corresponding to the two inter­

ferometer beams. There will be a total of four images if the corner 

mirror angles are not 90°. By adjusting the corner line of the second 

corner mirror, the two images can be made to superimpose. The 
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superposition of the two images must be within the * .001 rad. tolerance 

required for efficient interference. A low magnification large aperLure 

telescope (alignment scope) is very useful for achieving a precise 

alignment. The final step is to adjust the entrance and exit (chopper) 

polarizers so that when you sight along the beam direction Che polarizer 

wires and beamsplitter wires are at 45° with respect to each other. 

The tolerances on adjusting the first corner mirror and the entrance and 

exit polarizers are not high since the errors only enter in second order 

in the transmission efficiency of the interferometer. 

There are several features which are peculiar to a polarizing 

interferometer. These can be demonstrated by tracing the radiation 

through the interferometer. The electric field strength after the 

entrance polarizer is |E. (v)I " /S. (V)12 for unpolarized incident in ' in 

radiation of intensity S(v). After the beams have been separated and 

recombined, the electric field in the exit beam traveling in the 

z-direction is 

" W < v , x ) * I / sm ( v ) ((VV 1*)* + <V i* + e y > ? ) 1 < 1 I - 7 ) 

with $=2TTVX. y and y are the efficiencies with which the desired x y 
polarizations in the separate beams are transmitted, and e and c are 

x y 

the transmissivities for the wrong polarizations. The unit vectors x 

and y* are parallel and perpendicular respectively to the beamsplitter 

wires when viewed along the z-direction. An ideal interferometer has 
Y « y " 1 and e - e » 0, in which case, Eq. (II.7) simplifies to 'x y x y 
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^out ( V , x ) = 2 / S i n ( v ) (* + e y ] • ( I I - 8 ) 

The x and y components come from the separate beams. It is seen that 

the interferometer behaves like a variable thickness birefringent 

medium. 

The exit polarizer, which is tilted at an angle 8 with respect to 

x" dire,tion, is used to analyze the output beam. The intensity of the 

transmitted radiation is given by 

S (v,x,6) = f S. <\)>|(Y +e e^Jcose + (y e^+e )sin8|2 

out 4 in l v lx x ' 'y y ' 

= T S. (v)[(e cos6+Y sin8)2 + (Y cos6+e sin6)2] (II.9) 4 in x y x y 

+ Y S - (v)(E cosS-Hy sin9)(Y cosB+e sin9) cos(2irvx). 

This can be integrated over frequency to obtain an interferogram of the 

same form as Eq. (II.1). For the ideal interferometer with 6=45°, 

Eq. (II.9) simplifies to 

S Jv,x,45°) = T S., (v) [1 + cos(2irvx)] . (11.10) out 4 in 

The constant term can be eliminated by looking at the difference between 

S (v,x,45°) and S _(v,x,135°); i.e., using a polarizing chopper, out out 
The resulting interferogram is then given by 

f*' I(x) s I ~ S. (v) cos(27rvx)dv . (11.11) 
• n in 
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Equation (II.9) can be expanded about the ideal conr!iL±ons to 

determine the effects of imperfect polarizers, etc. Using the expansions 

Y x = Y«-S), Y y = Yd+S), e x/ Y = ey/Y = e, 8 X = f + ^ and e,, = ̂  + $2 

and keeping only the leading terms, one gets 

l(x) - / | Y2Sin(v)[(2g(61+52) + 2e) + ( I - B ^ - O ^ - S ^ C ^ S U T T V X ) ]dv. 
Jo 

(11.12) 

£ is a measure of the beam imbalance; y * s t h e interferometer trans­

mission efficiency; E is one minus the polarization efficiency of t'.ie 

beamsplitter; and 6. and 6 are the exit polarizer (chopper) alignment 

errors. These errors are separate from the alignment error a. Only 

E Is frequency dependent; being zero for vd « 1 and increasing as vd 

goes to one. This shows that there can be a constant term in the 

interferogram (Eq. II.1), but one which is only proportional to the 

deviations from an ideal polarizing interferometer. 

There is an additional feature which adds to the usefulness of a 

polarizing Interferometer. An opaque chopper at the position of the 

analyzing polarizer will yield a measurement of the total input 

Intensity since only the polarization and not the beam intensity is 

nodulated by the path difference x. In our experiment the spokes on 

chopper wheel holding the alternating pieces of polarizer serve as an 

opaque chopper. These spokes appear twice for each pair of analyzing 

grids; thus the signal at twice the fundamental chopping frequency 

Is proportional to the input Intensity. This technique is used to 

monitor the integrated spectral intensity while recording the 
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interferogram with the same detector. 

D. Antenna System 

The antenna used to collect *he radiation is a critical part of 

the instrument. Radiation from objects outride the apparatus, such as 

the balloon 01 earth, must be rejected; and at the same time the antenna 

itself must not emit a significant amount of radiation into the spectrom­

eter. Minimizing the radiation from extraneous objects requires that 

the antenna sidelobes, caused principally by diffraction, be suppressed. 

The antenna emission problem is one of making a low loss, cooled antenna. 

The antenna we use consists of two parts. A long, cooled cone defines 

the primary beam in the limit of geometrical optics. Above the cone, 

aa apodizin1" horn reflects the diffraction sidelobes back into the 

primary beam. 

The 70 cm long primary cone is made from electroformed copper. It 

has an entrance aperture 6.0 cm in diameter and a 0.3 en diameter exit 

aperture. The cone half-angle is 2.2°. It serves as a nearly ideal 

light condenser; providing Lambertian illumination at the exit aperture, 

and defining a nearly rectangular beam profile. Moller and Rothschild 

(1971,p.72) describe the properties of such conical light condensers, 

and Mather (1974) gives a simple explanation of their characteristics in 

terms of symmetry and conservation of angular momentum. The smallest 

possible beam half-angle for a 6.0 cm aperture with a thruput of 
2 0.25 cm sr is 3.1°. For our cone, the extremal limit for the geometrical 

rays is 5.8° off axis. The whole cone is cooled to liquid helium 

temperatures. 
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The apodizing horn starts from the top of the primary cone at a cone 

half angle of S.4° and continues for 25 en, giving it a 15 cm diameter 

entrance aperture. This horn is outside the geometrical Unit of the 

primary beam. Only those rays which are diffracted at the 6 cm aperture 

interact with the horn. The geometrical limit for rays accepted by the 

horn is 37° off-axis. Thus, rays coming from outside this angle must 

be diffracted twice before they reach the spectrometer. The horn makes 

the transition from ambient temperature to liquid helium temperatures. 

It was constructed from a laminated sheet composed of 125 urn stainless 

steel, % 25 Mm copper and 50 urn polyetheylene. The st-.inless steel 

provides mechanical strength with low thermal conductivity, the copper 

gives a high reflectivity surface, and the polyethylene serves as a 

proreflection coating for grazing incidence rays. The construction 

technique is described in Appendix A and the theory of the proreflection 

coating is discussed later in this chapter. 

1. Antenna Pattern 

The antenna pattern for this system has been measured out to nearly 

70* off-axis. The technique used to make the measurements is described 

by Mather (1974) and Mather, Richards and Woody (1974). It employed a 

large cylindrical reflector to greatly increase the effective solid 

angle of a small spherical source. A flasfc of liquid nitrogen served as 
T.M. 

a broadband thermal source with a piece of Fluorogold at the detector 

to serves as a low pass scatter filter. The high frequency limit was 
K 40 cm with a weighted average frequency of 18 cm . The measured 

antenna pattern is plotted in Fig. II.5. The vertical axis, which covers 
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eight decades, is the response to a point source normalized such that Che 

integral over 4ir steradians gives unity. 

Theoretical calculations of the antenna pattern have been made 

using a simplified model of the diffraction effects. The model is a 

modification of the chejry of geometrical diffraction developed by 

Keller (1967). It allowed us to uso a very efficient Monte Carlo ray 

training program to compute the antenna response. 

Keller's theory treats diffracted rays as ordinary rays which 

originate at the diffracting edge. There is a sea tering amplitude which 

determines the magnitude and phase of the diffracted ray. This 

scattering amplitude is a function only of the local geometry (ie. an 

edge, surface or point) and the wavelength. It is determined by 

matching the far field results for problems where rigorous diffraction 

calculations have been made. 

Mather (1974, p.114) presents a version of this theory in terms 

of scattering cross sections. All the radiation coming within a distance 

5 of the edge is assumed to be diffracted by an angle greater than 9(6). 

The relationship between 6 and S is choosen to give results in agreement 

with rigorous calculations. The oscillating interference effects in the 

diffracted radiation are lost since there is no phase information in the 

seal'tering cross section. An interesting point of this treatment is the 

close agreement between 8(5) calculated for a circular aperture and for a 

straight edge. 
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This line of developenent can be extended one step further for 

Che purpose of ray tracing, by assigning a one-to-one relationship 

between the distance from the ray to the edge and the angle by which it 

is diffracted. A ray is traced to the plane of the aperture, its 

distance 5 from the edges determined; its direction then altered by 

an amount 6(6); and finally traced through the rest of the optics. 

He are interested in diffraction from circular apertures, so 1 will 

use the results for scalar Kirchhoff diffraction to determine the 

relationship between S and 6. The diffracted power for normal incidence 

is 

_i_dP ,v .2 1 /i±cose\2| ̂ V i l ^ l 2 

P.. . dfi * * ' 41T \ 2 / k a sin6 
to t 

(H.13) 

where "a" is the aperture radius and k»2Tr/X the wavevector (Jackson, 

1967, p.296). The large argument limit for the Bessel's function can 
2 be used if a » A and 0 is not small. Averaging over the cos (k a sin6) 

term then gives 

- i _ <E . _ X _ (1+C086)2
 ( n w ) 

Ftot d f i 81T2« sin 36 

The same result is obtained if the following rule is used: rays which 

pass at a distance fiia-r from the edge are diffracted by an angle 6, 

where r is given by 

,„, J 2 X. P + COS8 „_9 -1)1/2 
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In the limit 5 = (a-r) « a, this simplifies to 

6«» ' i RsTnf " ¥ ] • 

The antenna pattern was calculated by tracing a large number of 

rays through the antenna in the time reversed direction. The rays 

were traced through the cone starting from a Lambertian distribution 

of rays at the small end. Their distance from the edge was determined 

as they passed the junction between the cone and horn, and a corresponding 

diffraction angle was added to their angle off axis. These rays were 

then traced through the apodizing horn and similarly diffracted as 

they passed through the large aperture of the horn. At this point, 

the net angle off-axis was recorded. On the order of 10 n y s were 

traced through the antenna to obtain information about the antenna 

pattern at large angles where the response is very small. Several sets 

of rays corresponding to different wavelengths were traced to provide 

spectral information. 

The calculated and measured antenna pattern are shown in Fig. 11.5. 

A weighted average of tour wavelengths was used to approximate the 

broadband thermal source used in the measurements. The agreement is 

quite remarkable for a calculation containing no free parameters and 

covering six decades. 

These results tempt us to apply the simplified diffraction theory 

to angles beyond 70* where there are no measurements. The net effect 

of the antenna system is to illuminate the entrance to the horn 
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nonuniformly. The intensity is high near the center where the 
geometric beam enters and tapers off to a small value near the edge; 
ie. the beam is apodized. The diffraction is determined by the 
intensity at the edge, but should have the same angular dependence as 
that of a uniformly illuminated hole 

- L _ g§ - const x <2±Sf*>i . ai.11) 
p — . . dS2 _j_3o 

3 This angular function is closely approximated by 1/9 from 8-0 to 
nearly TT radians. The constant is determined to be *3.5xl0 by fitting 

3 the measured and calculated antenna pattern to 1/0 in the region past 
0.7 radians (10°) where diffraction dominates. This is drawn as an 
analytic continuation of the calculation in Fig. U.S. The ray tracing 
calculations show that this constant scales as A as expected for double 
diffraction. Using 16 cm - as the weighted average frequency, the far 
off-axis pattern is given by 

.2 
tot o 

for X in cm and 6 in radians. 
2. Antenna Emission 

It is necessary to determine the emissivities of the antenna 
surfaces in order to calculate the contribution the antenna makes to 
any observed signal. The theory of reflection from a conducting medium 
is treated in Jackson (1*67, p.222). Applying Ohm's law and Maxwell's 
equations, we obtain the classical result that fhe fields decay 

http://ai.11
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exponentially from the metal surface in a characteristic distance, 

called the "classical" skin depth, given by 

2~ 
6 c i s \izz • < n - 1 9 ) 

Here u[rad-an/sec] is the optical frequency and a[sec ] is the 

conductivity. The absorption in the metal can be found by calculating 

the Ohaic losses in the thin surface layer. Ohm's law breaks dovn 

when the electron mean free path I is much greater than 6 or the 

electron relaxation time T is much longer than 1/u. These situations 

arise in the case of good conductors at high frequencies and are 

referred to as the anomalous skin effect and relaxation effect regions 

respectively. 

At 4.2K the measured D.C. conductivity of the electroplated copper 
22 -1 cone Is greater than 1.6x10 sec . This Is 300 times larger than the 

room temperature value. Applying the simple free electron gas theory for 

metals (Kittel, 1966), this Implies a mean free path of 1.3x10 cm 

and a relaxation time of 8.1xlo" sec. Thus, at a frequency of 10 cm" 
3 we have urt > 15 and &/&- > 1.9x10 , and we are well into the region 

where both the anomolous skin and relaxation effects are important. 

There arc several good articles on the relaxation and anomolous 

akin affect*. The pioneering article is that of Reuter and Sondheimer 

(1948). Dingle (1953) presents some useful series expansions for doing 

All formulas in this section are given in esu. 
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calculations and an excellent summary and discussion is given by 

Pippard (1954). 

The absorption and reflection properties of a semi-infinite 

medium can be determined if the complex surface impedence Z is known. 

Tlie surface impedence of a medium filling the +z region of space for 

radiation with electric field in the x-direction is given by 

E . 
Z - 4n 5*- , (11.20) 

"y 'z-+0 

where E and H are the complex field amplitudes at the surface. The 

references mentioned above jse a nonlocal integral form of Ohm's law 

to calculate the surface inpedencc. The transmissivity across the 

conductors surface (ie. absorptivity of the conductor) for normal 

incidence is obtained from the transmission line analogy 

2 

(11.21) 
* - Z 
^ + Z 

4n/c is the impedence of free space. 

The surface impedence can be used to calculate an effective 

complex index of refraction for the conductor. The relationship between 

impedence Z and index of refraction n is obtained by applying the 

differential form of Faraday's law to a homogeneous plane wave propagating 

in a medium of refractive index n. The result is 

cf • <"" 2 2> 
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The Fresnel formulas can now be used Co calculate the reflectivity and 

transnissivicy at the conductor's surface. For normal incidence these 

agree with the transmission line formula. Dingle (1953) shows that for 

good conductors the complex index of refraction computed above is 

valid for use in the Fresnel formulas at arbitrary angles ct incidence. 

We have written a simple program which calculates the complex 

index of refraction for a metal. It is based on the series expansions 

given by Dingle (1953, Eqs. 6.3 and 6.A). It is valid for diffuse 

reflection of the electrons fron the metal surface and takes into 

account both the anomalous kin effect and the relaxation effect. 

The input parameters are the electron number density, Fermi velocity 

and the D.C. electrical conductivity. The computer code is a 

subroutine in the program STRAD described in Appendix B. 

A plot of the calculated absorption in room temperature copper as 

a function of the angle of incidence Is shown in Fig. II.6. The calcula­

tion was done for a frequency of 10 cm" with the TH and TE modes treated 

separately. The important feature of the plot Is the high absorption 

for the TM mode near gracing incidence. This is similar to the 

Brewster's angle phenomenon for reflection from glass. It occurs in 

•atals near grazing incidence because of the very large magnitude of the 

index of refraction. 

One way to avoid the large absorption near grazing incidence is to 

coat the metal surface with a dielectric. The grazing incidence rays 

are then refracted towards normal incidence before striking the metal. 
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Fig. IT.6. Emissivity of copper as a function of incidence 
angle at 10 cm 
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To exaraii ; this and similar problems, wo have written a program which 

rigorously calculates the reflectivity, transinissivity and absorptivity 

in a plane stratified medium. The program is based on the method of 

characteristic matrices for a homogeneous medium described by Born and 

Wolf (p.51, 1970) and Stone (p.415,1963). Appendix B contains a 

description and listing of the program. 

The apodizing horn is coated with 50 ym of polyethylene to 

decrease its emission. Its calculated absorptivity is also plotted in 

Fig. II.6. The polyethylene was bonded to the copper surface without 

additional adhesive. The recipe is given in Appendix A. 

The copper cone could not be coated in this way. It was polished 

in a chemical polishing solution (100 ml glacial acetic acid, 100 ml 

phosphoric acid, 200 ml concentrated nitric acid, 0.5 gm sodium nitrate, 

and 0.5 gm ammonium chloride) and rinsed in - ̂ cuaivating solution 

(4 oz. of sodium dichromate, 1/2 oz. nitric acid, and 1 gal. of water). 

The passivating solution kept the surface shiny and had no measureable 

effect on the submillimeter absorption. 

The emissivity of the cone and horn surfaces were measured using a 

cavity transmission technique. The usual method of measuring emissivities 

is to construct a resonant cavity of the material to be tested and 

measure its Q. If the cavity has only a few modes, then you can calculate 

the fields at the surfaces and deduce a surface impedence from the 

measured Q. Another approach is to construct a nearly random cavity 

so that the energy density will be nearly uniform and measure the 

transmission through the cavity. This is the technique we used. 
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It is broadband and useful in the submilliraeter frequency range where 

single mode resonant cavities are difficult to construct. If the 

cavity is fad with a 2TT steradian beam (Lambertian source) and the 

exit port accepts a 2TT steradian beam, then the transmission can be 

written simply as 

_AM«_Of_.xit._ ( I I 2 3 ) 

Area of exit + Area of input + £ x Area of cavity 

This is just the ratio of the signal reaching the detector to that being 

absorbed in the cavity or lost out the cavity pores, e is the emissity 

of the cavity surface averaged over 2TT steradians and is given by 

•f. 2 e(6)2TT sin6 cosOde (11.24) 

The i*xit and entrance ports should have the same area for easy normaliza­

tion. A transmissivity in the easy to measure range from 10 to 90% is 

easily achieved by adjusting the cavity surface area. 

We performed transmission measurements using the antenna itself as 

a cavity. The results of these measurements together with the theoretical­

ly calculated values for the eraissivity are shown in Table II. 1. The 

measured emissivities are slightly above the theoretical values. This 

could be a result of imperfections in the surface (roughness., impurities, 

strains, etc.) which increase its D.C. conductivity above that for the 

bulk material. Radiation leaks in the cavity would have a similar effect. 

The temperature and frequency dependence of the emissivities are in 
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Table II.1. Average Surface Emissivlty of Copper 

Calculated 

Bare Cu i at 4, .2K 
10 -1 

cm 
30 -1 

cm 
Bare Cu at 300K 

10 cm 
-1 

0.07Z 0.14±.062 

0.13Z 0.30±.09% 

0.20% 0.28±.082 

30 c m " 0.33/5 0.41±.07% 

D i e l e c t r i c coated Cu at 300K 

10 c m - 1 0.18%* 0.31*.062 

30 c m - 1 OMX 0.46±.06Z 

This calculation doesn't include any loss in the dielectric. 
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reasonable agreement with the theory. 

We can calculate the antenna emission for an arbitrary temperature 

profile along the antenna by combining the emissivity calculations with 

the ray tracing program. This calculated emission can then be compared 

to a measured emission. The difficulty is that it is very hard to 

obtain a low enough background that the cone emission can be seen. 

In the laboratory, a liquid helium temperature blackbody which completely 

covered the top of the horn would be required. The necessity of having 

a low emissivity window and a high thermal conductivity radiation absorber 

makes the construction of such a blackbody impractical. However, 

measurements of the antenna emission can be made during the flight. 

At 40 km altitude the night sky flux is small enough that the emission 

from a heated antenna should be measureable. Our model for the antenna 

emission was tested by changing the temperature profile during the 

flight and looking at the difference in signal. The results of this 

test will be discussed in Chapter IV. 

E. Cryogenics 

The spectrophotometer is mounted in a " 60 liter liquid helium 

oryostat. The inside dimensions are 125 cm tall by 30.5 cm in diameter. 

The loss rate is only 0.25 liters/hour without the spectrophotometer 

inserted. With it, the loss rate is on the order of 3 liters/hour. 

Most of the increase in loss rate is a result of cooling the antenna. 

Two superfluid helium pumps are used to transport liquid helium 

to the top of the copper cone and maintain the helium level in the can 
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concaining the spectrometer and detecror. These pumps operate on the 

thermomechanical effect of superfluid helium (Uilks, 1970,p.3S). In 

this effect, a pressure difference across a semipermeable membrane (one 

which allows only the superfluid component through) can be maintained 

by establishing a temperature difference across that membrane. This 

pressure difference can be used to raise the helium level on the warm 

side of the membrane relative to that on the cold side and thus 

provide a pumping mechanism. The effect is analogous to the osmotic 

pressure effect in salt solutions; the temperature difference produces 

a gradient in the concentration of the superfluid component. The 

construction and operation of the pumps is described in Appendix C. 

The temperature drop is established by a heater which can be adjusted 

to determine the pumping rate. Several liters per hour of helium can 

ba pumped at a cost of only a few tenths of a watt. 

The boil off gas from the liquid helium can be used very effectively 

to cool parts of the antenna. A useful fact to remember is that the 

heat required to raise the temperature of one gram of helium gas 

3.8K is the same as that required to convert one gram of liquid to gas 

at 4.2K. The gas flow in the cryostat can be vented past the antenna so 

as to aid in cooling it or diverted away so that the antenna can be warmed. 

There ia a resistance heater at the top of the copper cone to help in 

heating the antenna. The temperature at the top of the cone can be 

varied from 3.5 to 20K during a flight by using these techniques 

together with turning the superfluid pumps off and on. 
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A third option on the gas flow is to close the normal vent tube. 

This forces all the gas to flow out through the antenna itself. This 

is necessary when the protective window over the apodizing horn aperture 

is removed. In this case, the outrushing helium gas is sufficient to 

prevent the flow of air back down the antenna where it could condense 

inside the cold horn and cone. A one-way valve in the normal vent path 

maintains a > 1 torr over-pressure in the cryostat so that all leaks 

vent helium gas outward and do not leak air into the cryostat. 

F. Calibration 

The calibration procedure requires a determination of both the 

flux responsivity and the zero level of the spectrophotometer as 

functions of frequency. The flux responsivity is set by the transmission 

efficiency of the instrument* thruput and detector responsivity. The zero 

level is that spectral flux which gives no output signal. Our 

polarizing interferometer measures the difference in intensity between 

the two polarization states after the entrance polarizer. One 

polarization coming from the input radiation transmitted by the wire 

grid and the other coming from the reference beam reflected off the back 

of the grid. The entrance polarizer is tilted so that the reference 

radiation comes from the black cavity surrounding the interferometer. 

Thus, the zero level is the spectral flux from a blackbody at the 

temperature <-f the liquid helium which fills the cavity. 

A blackbody ijmersed in the helium bath is used to check the 

zero level. This blackbody immersed in the helium bath is used to 

check the zero level. This blackbody is shown in Figs. II.1 and II.2. 
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The spectrometer can be fed with radiation from this blackbody by 

rotating the mirror used to direct the radiation into the spectrometer. 

In this condition, the box containing the spectrometer and detector is 

a radiation sealed isothermal chamber. No signal has been detected by 

the bolometer in this configuration. The bolometer itself runs a Few 

tenths of a degree warmer than the bath but the polarizing chopper does 

not modulate the unpolarized radiation emitted by it. 

The flux responsivity can be determined by measuring the spectrum 

from a blackbody at a known temperature. The room serves as a blackbody 

at " 300K for laboratory calibrations. Figure 11.7(a) shows the 

measured spectrum of Che room. This spectrum together with the zero 

level determination was used to calculate the flux responsivity shown 

in Fig. 11.7(b). This is also done in chapter III using inflight 

•pectra. The inflight calibration spectra are obtained by looking at 

the small moveable blackbody shown in Figs. II.1 and II.2 and at the 

large calibration body shown in Fig. II.3. The inflight calibration 

is necessary since both the electrical responsivity and the detector 

absorptivity depend when the bath temperature and the radiation loading. 

Laboratory spectra were also taken of a cold blackbody inserted down 

the long copper cone. This measurement established that the spectro­

photometer response is linear over three decades of flux intensity. 

The spectral shape of the flux responisity shown in Fig. II-7(b) 

is determined by several different components. The low frequency roll-

off comes from the decreasing bolometer absorptivity and waveguide 

cutoff at the small 3 mm aperture in the copper cone. The Fluorogold * ' 
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scatter filter establishes the high frequency roll-off with the falling 

beamsplitter efficiency and decreasing radiation coupling efficiency 

between the germanium condensing cone and bolometer also contributing 

to this roll-off. 

The measured flux responsivity and bolometer electrical responsi-

vity can be used to compute the optical transmission efficiency for the 
2 nominal thruput of 0.25 cm sr. The formula used is 

« « — » » - J, E l e c t r i c a ^ e s ^ ^ * Thruput • (»•»> 

The numerical factor comes from converting a square-wave chopped signal 

to an r.m.s. voltage output from the lock-in amplifier. At 12 cm 

this gives an efficiency of 1.22. Table II.2 gives an accounting of 

this efficiency from the different components. Table II.2 also lists 

various other performance characteristics of the spectrophotometer. 
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Tabie II.2. Spectrophotometer performance parameters. 

Frequency range 3-40 cm 

Beamwidth at half-power points » 6° 
2 

Thruput (Afl) 0.23 cm sr 

Detector sensitivity (NEP ) 6xl0~ W//Hz 

Detector responsivity 7x10 V/W 
Broadband Rayleigh Jean's temperature 0.02 K/«Wz 

sensitivity (at zero path) 
Operating temperature = 1.6K 

Chopping frequency 17.1 Hz 

Het efficiency at 12 cm" 0.012 

Approximate breakdown: 
antenna .95 
lenses (.93)2 

input polarizer .5 
vignetting .5 
low pass filter .8 

Subtotal .16 

chopping efficiency .8 
detector syBtem efficiency .09 

Net .012 
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III. FIGHT DATA 

A. Flight Sunmary 

The spectrophotometer described in chapter II has been flown 

twice. The first flight was on October 26, 1973. During that flight 

there was a failure in the system which moves the interferometer nirror 

and no spectral data were obtained. The flight nevertheless provided 

useful tests of many parts of the system, and integrated spectral 

intensity measurements were obtained. The results of the flight are 

described by Mather (1974) and by Mather, Richards, and Woody (1974). 

The second flight on July 24, 1975 was a complete success. This chapter 

describes the data obtained during the second flight and the data 

reduction. 
5 3 The spectrophotometer was carried aloft by a 3.3x10 m balloon 

on the evening of July 24, 1974 from Palestine, Texas. The launch was 

uneventful, except for a telemetry antenna failure which was quickly 

diagnosed and corrected by Henry Primbsch a few minutes before leftoff. 

A float altitude of 39 ka waa reached three hours after launch. The 

apparatus remained at a float altitude of 38.9.5 km for four hours 

before termination over Balaorhea, Texas. The last hour of the flight 

was monitored from the down range station at Midland, Texas and suffers 

from an excessive number of "telemetry dropouts" (loss of telemetry 

signal). The apparatus sustained only minor damage upon landing and 

was recovered in good condition. 
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The limited flight time allowed only a very simple flight 

scenario. The basic parameters under our control were the zenith 

angle, the temperature profile of the antenna, the presence or absence 

of the protective window over the horn and the interferogram scan length. 

These parameters were varied to give seven different configurations plus 

calibrations using both the large and small calibrators. The various 

configurations and calibrations are referred to as "Cases" and are 

listed in Table III.l along with the time spent in each configuration. 

The best conditions for obtaining a spectrum of the cosmic background 

radiation were during Cases V and VI when there was no window in the 

beam and the antenna was cold. These two cases were combined by averaging 

the 64 points in Case V with the first 64 points of Case VI. This 

combination is designated as Case V H- VI. The zenith angle of 24° was 

determined during the first flight to be the angle at which the integrated 

flux from the balloon, atmosphere, and earth is a minimum. 

A chronological summary of the flight is given in Fig. III.l. 

The major events during the flight are identified in the time chart shown 

in Fig. III.1(1). Figure Ill.l(ii) shows the atmospheric pressure at 

the gondola after float altitude was reached. The temperature at 

various points on the apparatus is plotted in Fig. Ill.(iii). The 

positions range from the helium bath (a) up through the cone-to-horn 

junction (e) to the gondola frame (h). The helium vapor pressure for 

the 1.65K bath temperature is 9.3 nbar. The * 6 mbar pressure drop 

between the bath and the outside atmosphere is a result of the gas 

flow impedence in the vent paths. 



Table III.l Liat of observational configurations 

Case 
designation 

Zenith 
angle 

Temperature 
of antenna 

Window 
position 

Interferogram 
length 

Duration Number 
of scans 

I 24* cold on short 75 min 25 

II 24* vans on short 24 min 8 

III 
mall calibrator 24* cold on short 3 min 1 

IV 45* cold on short 15 min 5 

V 24* cold off short 69 min 23 

VI 24* cold off long 24 min 2 

VII 
large calibrator -15* cold off short 2 min < 1 
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X8L 759-7229 

Fig. I I 1 . 1 . Flight summary: (i) flight scenario; (11) atmospheric 
pressure; (ill) temperature profile of the apparatus, 
(a) helium bath, (b) bottom of cone, (c) middle of cone, 
(d) top of cone, (e) lottom of horn, (f) mlddl of horn, 
(g) top of horn, (h) gontola frame. 
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Figure III.2 is a map of the shy observed by the freely rotatin? 

apparatus. The chin line is the beam center with the beam profile 

covering * 5° on each side. The map was constructed using the readings 

from two magnetometers for the azimuthal angle and a pendelum for the 

zenith angle. The resulting calculation of equatorial coordinator 

should be accurate to ±5°. 

B. ^'anal Averaging 

Many separate interferograms were obtained in each Case or con­

figuration which were averaged together to produce a single interfero­

gram. The polarizing interferometer was operated in an automatic step 

and integrate mode in which each individual interferogram contained 

either 64 or 256 separate data points. Each point in the interferogram 

took 2.56 sec; of which .16 sec was spent moving the mirror (increasing 

the optical path by 0.0082 cm), 0.4 sec waiting for transients to damp 

out and 2.0 sec integrating the detector signal. After a preprogrammed 

number of steps the interferometer mirror was returned to its initial 

position and another scan started the total time required for a 64 

point interferogram, including returning the mirror, was 3 minutes and 

that for a 256 point interferogram 12 minutes. 

The first step in the data reduction was to replay the audio 

tape recordings of the flight through the ground station. The signal 
T M and reference channels were fed into a FAS 124A lock-in amplifier 

whose output was connected to our PDP-11 computer. The computer 

performed a 2 sec time average of the signal at each interferogram 
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point and produced a digital tape of each interferograra scan. Electrical 

zero and gain checks were made every few scans. These offsets were 

subtracted and gains divided out to give voltages referred to the 

detector. 

The next step in the data reduction was to remove "glitches" 

from the data. Potentially bad points vere identified by a program 

which averaged together all the scans from a given Case and computed 

the deviations of individual points from the average. Points deviating 

by more than 30 were examined. Telemetry fade-out (particularly from 

the downrange Midland, Texas receiver) and magnetic tape dropout were 

a major source of glitches. These were clearly recognizeable since 

all telemetry channels wuuld vary widely. Points associated with such 

"glitches" were replaced with ones from a better magnetic tape copy or 

not included in subsequent analysis if no better copy existed. A more 

subtle cause was mechanical or electrical transients in the gondola. 

These were usually seen only in the detector signal but vere correlated 

with issuing commands to the various stepper motors on board. Points 

associated with these transients were also rejected. Out of the total 

of 4,480 data points, 59 were rejected, 28 of which were associated 

with known glitches or transients. The remaining 31 points appeared 

to be randomly distributed throughout the data. The standard deviation 
-0 

for the points not rejected was 22x10 referred to the detector. 
-9 This is close to the expected value of 20x10 V based on the detector 

noise of 40*10 V/</Uz measured in the laboratory and a 2 sec 

integration time. 
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It is interesting to speculate as to whether the point.s rejected 

on statistical grounds were submillimeter sources transiting the field 

of view of the spectrophotometer. The gondola rotation rate was on the 

order of 1 degree/sec so that a point in the sky spent on the order of 

6 sec crossing the 6" wide beam; just long enough to be seen in two 

or three interferogram points. At zero path, the spectrophotometer 

can be used as a broadband radiometer with a temperature responsiviry 

to a Rayleigh Jeans source of 2*10~ V/K. A 10~ V(*4tf) glitch would 

thus correspond to a .05K source filling the beam. The problem is chat 

the rejected points aren't at zero path but at a finite distance from 

zero path where the spectral response function is actually a positive 

and negative going cosine function. The responsivity to a broadband 

source is greatly diminished and could be zero. This increases the 

temperature of the source required to produce a 4:1 glitch. Such a 

source would hopefully show up in the 2nd harmonic detector signal 

which retains a broadband spectral response but with a factor of ten 

less sensitivity. A cursory check of this signal showed no clear 

indications of an increase in the intergrated flux at the positions of 

the glitches. 

The Individual scans in each flight configuration were averaged 

together to obtain a single interferogram. This produced an interforo-

gram for each case with the noise decreased by the square root of the 

number of scans taken. Cases V and VI were averaged together to 

obtain a single interfergram of 256 points but with a factor of *=4 less 

noise in the first 64 points than in the remaining 192 points. This 
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Interferogram is shown in Fig. III.3 with the data points connected 

for ease of viewing. The noise is approximately twice the line thickness 

from -0.35 to 0.18 CQ and ten times the line thickness above 0.18 cm. 

Apodization is a standard technique used to eliminate "pedes" and 

reduce the resolution (and thus to decrease the noise) in the calculated 

spectrum. This involves multiplying the interferogram by a weighting 

function which gives more weight to the points closest to zero path. 

The convolution theorem tells us that this is equivalent to convolving 

the spectrum obtained without apodization with a resolution function 

which is the Fourier transform of the apodizing function. Thus the 

decrease in noise is obtained by sacrificing resolution. The mathematical 

details of apodization are discussed by Bell (1972, p.51) and Mather 

(1974, p.157). Mather has derived an expression for the spectral 

noise from an apodized interferogram 

2 2 
<H2(V) > - n 2 £ |A(jAx)| -*£& (III.l) 

J CJ 

where n is the detector noise, A(jA) the apodizing function and t. the 

observing time for the jth point. He have used artificially generated 

gaussian noise interferograms to verify that the spectral noise predicted 

by Eq. (IZI.l) is correct. Usually, quadratic apodization of the form 

, 2 
A(x) - [1 - (x/x^) 1 (III.2) 

was used in our data analysis. 
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The magnitude of the spectral noise can be estimated from the high 

frequency part of the spectrum where there Is no optical signal. The 
^g 

spectral noise corresponds to a detector noise of 4.4x10 VA'Hz 
—8 (or 2.2*10 V per point) when the spectrum is computed from a single 

interogram scan. But the spectral noise corresponds to a value of 

7.8xl0 - 8 V/i/fiz for n in Eq. (II1.1) (or 3.8xl0~ 8 V on any data point 

in a single scan) when the spectrum Is computed from the averaged 

interferogram for Case V and VI. The error in this number is ±15% 

since only 43 independent spectral points were used, but is still 

nearly twice as large as the varltlon of any particular interferogram 

point measured in successive scans. That is, the spectral noise 

does not scale as the square root of the number of scans. This 

indicates that the interferograms contain reproducible but apparently 

random errors. That is, the error in the jth interferogram point is 

the same from one scan to the next but is uncorrelated with the 
-q 

error In the j+lth point. It takes only an error of 5x10 V (one 

fifth as large at the detector noise) to explain the behavior we see. 

Such errors could arise from mechanical errors in the Interferometer, 

non-llnearlty in the detector, or most likely errors in the telemetry 

and interferogram recording system. The magnitude of this error 

corresponds to "IX of a telemetry bit In the preamp channel at the 10 

gain that we were using and Is at the limit of the nonlinear!ty 

specification of the analog-to-digital and digital-to-analog converters 

In the telemetry system. 



-65-

C. Interferometer Errors 

Michelson type Fourier transform spectrometers are subject to 

several different types of errors. These errors distort the measured 

interferogram so that the spectrum computed using Eq. (II.2) (or its 

discrete step version) differs slightly from the true spectrum. Although 

the deviations are small, they can hinder attempts to fit a model of 

the spectrum to the measured data. In particular, the merit of a 

model used to simulate the observed spectrum is best judged by looking 

at the residuals from the fit and seeing how close they are to the expected 

random noise. To do this correctly requires that even the errors in 

the interferometer be included in the model, hopefully as fixed 

parameters. The errors determined in this section will be included in 

the model calculations used in Chapter IV to analyze our data. 

Some of the errors are best determined from the imaginary (or 

sine) transform of the interferogram. The complex version of Eq. (II.2) 

is 

(I(x) - constxl(o)) e
i 2 l I V X dx . (III.3) 

The imaginary part of G(v) is the result of interferogram noise or 

errors since we now that the true spectrum is strictly real. 

The most prevalent error is the deviation of the baseline (the 

constantxi(o) appearing In 2qs. (II.2) and (III.3)) from the ideal 

value. In the ideal polarizing interferaeter, the baseline is zero. 
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Stctlon C of chapter II shows that errors in Che baseline are proportional 

to the integrated signal strength and are a result of alignment errors 

and polarizer imperfections. A baseline shift causes errors in the 

zero frequency spectral point by contributing a d.c. term to the 

integral in Eq. (Ill 3). It also leads to an error in the zero level 

for the computed spectrum through the shift in the value used for the 

zero path point I(o). 

It is common practice to use the average value of the last several 

interogram points for the baseline. This works well in the case where 

all the spectral features are well resolved and the noise is small. 

In the case of unresolved features, the Interferogram is still 

oscillating and this average is not well determined. A better method 

can be use if there is no spectral energy within one resolution width 

of zero frequency. This is the case with our spectrophotometer since 

there is a waveguide cutoff in the long cone at ~ 3 cm . The baseline 

can be set by requiring that C(o)-0. This gives a baseline that is 

correct to within *n/*ff , where n is the noise on an individual 

Interferogram point and H is the total number of points. 

Another common error is that the zero path point is not the same 

for all spectral frequencies. This can happen if there is an uncompensated 

dispersive dielectric in one of the interferometer beams, the interfero­

meter is misaligned, or in the case of a discretely sampled interferogram, 

when there is no sample exactly at zero path. These errors cause the 

measured interferogram to be asymmetric and Introduce an Imaginary 

component to the computed spectrum C(v). (The imaginary part of G(v) 
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is identically zero if I(x) is symmetric). The true spectrum can be 

recovered by multiplying G(v) by the correct phase function e ' . 

The true spectrum is completely real so that $(v) can be determined 

by requiring that the resulting spectrua G(v)xe be real, ie. 

just use the amplitude of G(v). This requires that the interferogram 

be sampled nearly symmetrically on both sides of zero path and that 

there be no noise or ghosts (see below) in the data. There are several 

phase correction techniques which work to varying degrees for asymmetrical­

ly sampled lnterferograms and in the presence of noise. These are 

discussed by Bell (1972) and Mather (1974). 

The situation with our interferometer is much simpler. The phase 

errors from mirror misalignment and missampling of the zero path point 

are a simple "unction of frequency. Missanpling of zero path by a 

distance £[cm] contributes a linear tern (Bell, 1972) 

6(v) - 2ntv. (III.4) 

Misalignment by an angle a(radians) contributes a quadratic term 

(Goorvltch, 1975) 

•(v) - 2 n 2 R 2 a V (III.5) 

where R ia the radius of the Interferometer optics (2.5 cm for our 

interferometer). Minimization of the rns value of the imaginary 

spectrum (sine transform) can be used as a criterion for proper phase 

correction even in the presence of noise. The two constants in the 

quadratic phase function can be accurately determined using this 

criterion. 
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There is a short algorithm for determining the linear phase error 

alone based on the criterion that the average of the imaginary 

spectrum be zero. Using ' ->e small argument expansion of the exponential, 

this criterion becomes 

UncvRe G(v) + la C(v)Jdv - 0 (III.6) 

giving r im G(v) dv 

vRe G(v) dv 

This procedure can be applied iteratively to obtain e. Fast monatonic 

convergence to the correct value will occur if s is less than one half 

of the step size for a discretely sampled interferogram. 

A more subtle error which can occur is a periodic modulation in 

the size of the step used to sample the Interferogram. Interferometers 

whose mirror position is controlled by a screw sre prone to this kind 

of error. Screws which are not straight or have a nonuniform pitch 

around their circumference impart a modulation to the step size which 

has a period of one resolution. This introduces sidebands or ghosts 

on each aide of a spectral feature in the computed spectrum which are 

shifted in frequency by * 1/2 At, where At is the pitch length. These 

sidebands are similar to the Rowland ghosts found in ruled gratings. 

The magnitude of the sidebands for a step modulation of amplitude 6[cm] 

I 

L 
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ls 

|g(Vo±l/2 AH) | - TFVO« |G(vo)| (III.7) 

Similar sidebands are introduced if the transmission efficiency 

of the in'erferometer is nodulated by the rotation of the screw. In 

this case, the fractional magnitude of the sidebands is just one half 

of the fractional modulation of the efficiency and is independent of 

frequency. 

The ghosts can have any phase in the complex spectrum depending 

upon the phase of the modulations relative to zero path. They can't 

be removed from the real part of the spectrum without additional 

information about tie true spectrum. However, in the absence of large 

phase errors or noise they are easily detected in the imaginary 

spectrum. The real spectrum is a close approximation to the true 

spectrum and can be used to calculate a model for the imaginary ghosts. 

This aodel can be used to determine the magnitude of the imaginary ghosts 

based on the same criterion of minimizing the rms value of the 

imaginary spectrum. This doesn't provide any information about the 

real ghosts, but does give an estimate of how large they might be. 

The interferometer errors In our data were calculated by a program 

called IMFIT. The program first determined the baseline from the 

requirement that G(0) " 0. The complex spectrum waa then calculated 

using a short two sided interfexogram and a minimization program was 

used to determine the phase errors and ghosts. This involved four free 
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parameters for the linear phase error, the quadratic phase error, the 

imaginar; hosts due to step modulation and the imaginary ghosts due to 

transmission efficiency modulation. The results for the flight data 

are listed in Table III.2. The errors are within expected tolerances. 

The phase errors imply less than a 1Z correction to the real spectrum 

in all Cases except Case IV where the correction exceeds 1% above 25 cm 

The rms values of the imaginary spectra after correction are slightly 

larger than that expected from the measured interferogram noise 

(detector noise plus reproducible random errors); except for Case III 

which was liken at lower gain and is limited by bit noise. This 

indicates that our model of the interferometer errors is incomplete. 

The uncorrected errors are probably random versions of the ones 

already discussed. 

The corrections shown in Table III.2 are not made to the raw 

interferogram, but are only applied to the computed spectrum or to a 

model spectrum that is to mimic our data. The results of applying 

these corrections to Case V + VI are shown In Fig. III.U. This is a 

low resolution spectrum computed from a quadratically apod1zed 

Interferogram consisting of only 22 points oa each side of zero path. 

It shows the sine spectrum before and after correction and the cosine 

spectrum. 
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Fig . I I I . 4 . Case V + VI before and af ter applying interferometer 
correct ions . 
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D. Calibration 

The primary calibration of the spectrophotometer is the spectrum 

of the small calibration body obtained in Case III. This calibrator 

is a conical cavity with a 17° half-angle whose walls are coated 
T.M with Eccosorb * epoxy Co provide a high absorptivity surface. The 

entrance aperture is 2.54 cm in diameter. It was expected to fill 

=15% of the beam according to rough calculations. The purpose of the 

large calibration body attached to the gondola frame was to measure 

what fraction of the beam was actually filled by the small calibrator. 

Unfortunately, the flight was terminated in the middle of the first 

interferogram scan of the large calibrator (Case VII) and its spectrum 

was not measured. 

Other means of determining the relative size of the small calibrator 

had to be found. This is when the 2nd harmonic signal discussed in 

section of chapter II proved of great value. The signal at twice the 

fundamental chopping frequency is proportional to the integrated signal 

strength and is not modulated by the Interferometer scan. Using this 

signal, the small calibrator was measured to fill 17% of the beam. 

It was now a simple matter to calculate the spectral responsivity 

of the instrument from the Case III spectrum using the calibrator's 

measured temperature of 19 5K. The resulting spectral responsivity is 

plotted in Fig. III.5. Corrections for the bath temperature of 1.65K 

and the night sky filling the remaining 83% of the beam were used in 

calculating this spectral responsivity. Dividing by this spectral 

resp^nsivity and adding the emission from a 1.65K blackbody converts our 
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to small calibrator, (b) computed flux responslvity of the 
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raw spectra to units of spectral flux. 

The curve in Fig. III.5 differs from the laboratory calibration in 

Fig. II.7 by less than 102 over the frequency range from 5 to 30 cm . 

The laboratory calibrations used the room as a 300K blackbody. This 

close agreement indicates that the small calibrator is indeed a 

blackbody. The inflight calibration was used for our data analysis 

since it was obtained under the same conditions as the rest of our 

flight data. 
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IV. DATA ANALYSIS 

The procedure used to recover the CBR spectrum from the observed 

night sky emission spectra is discussed in this chapter. The observed 

night sky emission spectrum calculated from the averaged interferogram 

from Case V + VI is shown in Figs. IV.1(a) and (b). The detector 

response is plotted in (a) while the log of the spectral flux is plotted 

in (b). This spectrum contains the molecular line emission from the 

atmosphere in addition to the cosmic background radiation. Radiation 

from warm objects in the wings of the antenna pattern and emission 

from the antenna itself may also be present in the observed night sky 

emission spectrum. The techniques used to correct for these extraneous 

sources of signal are discussed in detail. The resulting CBR spectrum 

and the best fit blackbody temperature are presented along with error 

limits 

A. Antenna Emisalon 

The spectra from Cases 1 and II were used to determine the antenna 

emission. The antenna in Ca±>? I was cooled so that the temperature 

at the junction between the cone and horn was only 4.5K. while the 

temperature in Case IX was 16K. The difference in signal between the 

two Cases is just the difference in antenna emission for the two 

temperature profiles. The spectra calculated for Cases I and II are 

plotted in Fig. IV.2 (a) along with the difference spectrum. This 

difference spectrum has been converted to a spectral flux in Fig. IV.2(b). 
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A model for the antenna emission was needed before the difference 

in spectral flux could be used to calculate the absolute antenna emission. 

Such a model was provided by combining the ray tracing program used in 

the antenna pattern calculations and the surface emissivity program 

(see Appendix B) used in the antenna emissivity calculations. In this 

combined program, a large number of rays were traced through the antenna. 

The flux contributed at each reflection from the antenna was calculated 

using the temperature at that point and the calculated emissivity for 

the ray's angle of incidence. The flux contributed by all the reflections 

was summed and normalized by the total number of rays. Typically, 10 

rays were used. The program had to be run once for each spectral point 

calculated since the diffraction at the cone to horn transition is 

frequency dependent. This model has no free parameters once the tempera­

ture profile is given. Using the temperature profiles of Cases I and II, 

the difference in spectral flux was calculated -it several frequencies. 

These points are represented by X's in Fig. IV.2(b). 

The points calculated from the model are within *30X of the measured 

spectral flux. This is consistent with the discrepancies between the 

calculated and measured average emlssivlties in Table II.1. The 

agreement was close enough that the model could be used to produce 

realistic calculations of the absolute antenna emission without any free 

parameters o* alterations. The antenna eml- -ion calculated for the 

temparsture profile of Case V is shown in Fig. IV.3 along with a 3K 

blackbody spectrum. (Note that the antenna was colder in Caje V than 

in Case I, the cone to horn junction being only 3.SK). The eutenna 
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eaission is negllgble out to 20 en . Beyond 20 cm , the atmospheric 

emission is several orders of magnitude larger than this antenna 

emission and the antenna contribution can be neglected. 

A note of caution concerning this model calculation is in order. 

The calculated fluxes shown in Fig. IV.2(b) and Fig. IV.3 are dominated 

by different parts of the antenna. Host of the difference in flux 

between Case I and Cise II cornea from the top of the long copper cone 

where there is a large difference between the temperature profiles. 

Whereas In the calculations of the absolute flux, the horn contributes 

moat of the radiation. Thus the inflight measurement gives only a 

partial check of the important part of the model. Thia would be 

particularly Important if loaaea in the SO wm polyethylene coating were 

large. The measurements discussed in chapter II indicate that these 

losses are small below 20 cm - , being less than the absorptivity of the 

copper. 

The presence of tha protective window over the horn also complicates 

the meaauraaents. The reflectivity of the 25 urn TPX film i- 4% at 

10 cm" . "hue some radiation emitted by the antenna in the upward 

direction could have bean reflected back down tha antenna. This source 

of radiation would have Increased when the temperature of the antenna 

was increased, thus making the measured flux difference in Fig. IV.2(b) 

larger Chan would occur without the window. This could explain the 

discrepancy between the observed and calculated flux differences. 
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In summary, there Is some room for error In the measurements and 

model calculation which may be of Importance at frequencies above 

15 cm but are insignificant in the region near the peak in the 3K 

blackbody spec m m . The antenna emission will be treated as negligble 

throughout the -est of the data analysis. 

B. Atmospheric Emission Model 

The dominant feature in the observed night sky emission spectrum at 

an altitude of 39 km is the molecular line emission from the atmospheric. 

This emission Is due alaost entirely to water, ozone and oxygen. Water 

and ozone emit by electric dlpole transitions between rotational levels, 

while oxygen emits by magnetic dlpol* transitions between the fine 

structure states of different rotational levels. Water contributes 

about tan lines in the frequency range of Interest with many of them 

having an optical depth such greater than unity. There Is a forest 

of hundreds of lines from ozone, soma of which have optical depths larger 

than unity. Oxygen has several triplets of lines with optical depths 

on the ordar of unity. 

We have developed a modal of the atmospheric emission which 

accurately fits the olserved spectrum. The modal Includes the exponential 

dependence of the atmospheric pressure on altitude and Its effect on 

the pressure broadened Una widths. However the model has been 

simplified by assuming that the atmosphere Is Isothermal and that the 

emitting molecules ara homogeneously mixed throughout the atmosphere 

above the balloon. The developeaent of the model and validity of Its 
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assumplions are ciiscussed below. A good reference for atmospheric 

emission is volume I of Goody's book Atmospheric Radiation (1964). 

The atmospheric emission is somewhat easier to calculate for 

balloon altitudes than it is at ground leve1. The vertical column 

densities are smaller by nearly a factor of 200. The pressure broadened 

line widths are also 200 times narrower; the line widths being less 
-4 -1 thsn 5x10 en at a pressure of 3.4 nbar. This leaves even the 

tightly spaced 0, lines separated by more than ten line widths. Thus 

the emission from each line can be treated separately. This is in 

contrast to the problem at ground level where many of the lines are 

heavily saturated and the overlap from neighboring lines is important. 

The resolution of the spectra we obtained <Av > .25 cm~ ) was 

such too low to observe the line shapes. The details of the Individual 

lines are lost when the instrumental resolution is convolved with 

the actual emission spectrum. Only the total flux emitted by the 

Individual lines need be calculated to construct a model spectrum. 

The absorption (or emission) Is calculated from the absorption 
2 

coefficient k(v)[cm /mol.). The frequency dependence of the absorption 

coefficient Is given by the line shape and is normalized so that the 

line strength S[cef cm/mol.] Is given by 

S £ f k(v) dv . (1V.1) 

The line strength Is Independent of the line shape. The change In 

Intensity of a beam traveling In the s-dlrectlon Is given by 
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r £ - - k ( u , n < i v - 2 > 
3 

where n[mol./cm ] is the number density of absorbing molecules. The 
absorptivity (or emissivity) for a beam traveling a path I is then 
giv>n by 

A(v) - 1 - e " 1 ^ (IV.3) 

with tha dlnensionleaa optical depth i(v) defined as 

• J f T(v) = I fc(v)ndz . (IV.1) 

Both k(v) and n «ay ba functlona of z. The total emitted flux is 

obtained by a frequency integral of the emiaelvity (Eq. IV.3) times 

tha spectral flux froa a blackbody at tha temperature of the atmosphere. 

• / : 
B<V,T) Aiv) dv . (IV.5) 

This asauaaa that tha path t la iaotharmal. In our caaa, the blackbody 

apectral flux can ba traatad aa a conatant aqual to ita value at the 

Una cantar u . Tha Integral of tha ealaalvlty over frequency is called 

tha equivalent width WJcaf J, 

•r A(v)dv . (iv.6) 
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Thus the total flux emitted by a single molecular line is equal to the 

equivalent width tines the blackbody spectral flux at the line center. 

It is convenient to divide the emission lines into two categories; 

unsaturated and saturated. The unsaturated lines are ones in which the 

optical depth is small enough that the linear approximation to Eq. (IV.3) 

is valid. Then the equivalent width can be written as a double integral 

/: -i dz k<v) n(z) (IV.7) 

- SXU . 

2 U[mol/cm 1 is the column density of molecules along the path t . Thus 
for unsaturated lines the emitted flux is simply proportional to the 

number of molecules and is Independent of the line shape (as long as 

T(v) remains much leas than one). For saturated lines, the exponential 

in Eq. (IV.3) must be used and the emitted flux depends upon the line 

profile. 

The Una profiles which are important to our problem are the 

pressure broadened profile and the doppler broadened profile. The 

pressure broadened line has a Lorentiian shape with a line width parameter 

a which la proportional to the pressure. The absorption coefficient 

Is 

k(v) - PrY» { I V. 8 ) 

(v-v„) + or* 
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(Coody, 1964, p.106). The doppler broadened line has a line width 

parameter which is given by 

vfi?r. 
In this case, the absorption coefficient Is 

s -(0>-v/V2 (iv.io) k(v) - - 2 - e 

(Goody, 1964, p.96). The doppler width for a K,0 line at 230K is 

1.54x10" V and the widths for O and 0 are smaller yet. This is 
-4 -1 to be compared with the typical pressure broadened width of 2x10 cm 

-3 at a 3.4x10 bar pressure. The pressure broadening is dominant for 

llnee In the submillineter range. 

It is helpful to have an analytical expression for the equivalent 

width which is valid for both the saturated and unsaturated lines. 

Computing the Integrals in Eqs. (IV.4) and (IV.6) numerically for the 

nearly one thousand lines would be very tine consuming on even the 

largest of computers. 

An analytical expression for the equivalent width can be derived 

for the case of a pressure broadened Lorentlzian line shape in an 

isobarlc and isothermal atmosphere. This ie done by Goody (1964, p.126) 

with the ••esult expressed in terms of Bessel , functions of the first 

kind with imaginary arguments, 
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W= S Ue-/--| l o(^) + I l(^)] . 

The equivalent line width can also be derived for the case of 

a pressure broadened line in an atmosphere with an exponential pressure 

profile. The absorbing molecule is assumed to have a uniform mixing 

ratio throughout the atmosphere. This problem Is also treated by 

Goody (1964, p.233). The optical depth for an atmosphere extending 

from a pressure F (at the balloon) to zero (outer space) is 

2 

""•Hr"!'^) • < I V - 1 2 ) 

"o \ < V - VJ / 
a is the line width at the pressure P . The equivalent width expressed o o 
in terms of the Gamma function is 

r (A. JL + l\ 
V2" % V 2^Ta — V s TTv • (IV.13) o r (* B-) 

In the limit of IHO, U behaves like an unsaturated line despite the 

logarithmic singularity in Eq. (IV.12). The singularity arises from 

neglecting the doppler and natural widths when the pressure widths 

goes to zero. 

The isobaric and exponential atmospheres are compared in the 

Matheson diagram shown in Fig. IV.4. The normalized equivalent width 

(W/SxU) is plotted as a function of the strength column density product 
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Fig. IV.4. Matheson plot for Isobaric and exponential atmospheres. 
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(S*10 divided by a parameter (Z) related to the line width. There is 

vciy little deviation between the isobaric and exponential atmospheres. 

They agit'L> exactly in the weak limit (unsaturated) and in. the strong 

limit (saturated) if the isobaric line width a is taken to be half 

o£ a . o 

The situation with our atmospheric emission is somewhere between 

thiTio two rases. The scale height of the atmosphere at an altitude 

of 40 b Is 7.7 km, Data from the Handbook of Geophysics (1961) gives 

the scale heights of 0„, H. 0, and 0 at the same altitude as 7.7 km, 

3.5 km, and 4.8 km respectively. 0 satisfies the conditions for a 

homogeneously mixed atmosphere very well while H-0 and 0. have mixing 

ta Litis which decrease with altitude. In our model calculations, we 

wil! ust> tfif exponential atmosphere with a constant mixing ratio. 

The temperature of the atmosphere enters into the value used 

fnr the line strength (S) as well as in the backbody spectral flux 

in Rq. (FV.1)). The line strength scales according to 

-hE /kT / -hv /kT 
S v f, _ * o 1 (IV.14) Q(T) 

/ -hv /kT\ 
( i - . • ) 

Q(T) is the partition function; E is the lower state energy for the 

transition: and hv is the resonant transition energy. The first term o 

accounts for the Boltzman distribution of molecules among the various 

energy states. The second term appears when you write the absorption 

coefficient in terms of the Einstein coefficients. The temperature 

dependence of the partition function scales as the 1 or 3/2 power of 
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the temperature depending upon the molecule (McClatchey, et al.,1973). 

The line width scales as the temperature to the -1/2 power for 

pressure broadened lines (McClatchey, et al., 1973) in addition to 

scaling linearly with pressure. The atmospheric temperature increases 
K 4 Z in one scale height at balloon altitudes (U.S. Standard Atmosphere 

Supplement, 1966). To make the problem tractable, the atnosphere is 

assumed to be isothermal in our calculations. 

We can now enumerate the parameters required to calculate the flux 

emitted by a single molecular line. The line strength S and line width 

a for some standard conditions of pressure and temperature are required. 

The lower state energy E„ and transition frequency V are needed to a o 

scale the line strength to a different temperature. [These parameters 

have been tabulated for the infrared and submillimeter lines of the 

common atmospheric molecules (including H_0 and 0 ) by McClatchey, 

et al. (1973). The parameters for 0, in the submillimeter region have 

been measured by Gebbie, Burroughs and Bird (1969) and were kindl> sent 

to us on cards by Bill Mankin at the High Altitude Observatory in 

Boulder, Colorado. The parameters for 0, in the microwave region 

were measured by Meeks and Lilly (1963).] The line strength and width 

can now be scaled to the conditions at balloon altitudes. The flux 

emitted is then uniquely determined by the column density U of the 

emitting species. 

The calculated emission spectrum consists of the sum of the emitted 

flux from all of the lines. Each molecular transition contributes a 

rectangula line of height equal to the blackbody spectral flux and width 
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equal to the equivalent width for the given column density and located 

at the resonant transition frequency. This spectrum can be convolved 

with the instrumental resolution function for comparison with the 

observed spectral flux; or multiplied by the instrumental response 

curve and then convolved with the instrumental resolution for comparison 

with the detector response spectrum; or simply multiplied by the 

instrumental response curve and Fourier transformed for direct comparison 

with the raw interferogram. In the last case, any interferometer 

corrections should be applied before computing the Fourier transform. 

The key features of the atmospheric emission calculation are 

summarized below. The calculations are based on four assumptions: 

1) The atmosphere is isothermal, 2) the atmospheric pressure depends 

exponentially upon the altitude, 3) the emitting molecules have a 

uniform mixing ratio, and 4) the emission lines have a pressure 

broadened Lorentzian line shape. The published line parameters for the 

three molecules H.O, 0 and 0„ are used. The input data required are 

the atmospheric temperature (T), atmospheric pressure (P ) at the 

gondola, and the column densities (tl) for H.O, 0 and 0,. The 

temperature and pressure were measured during the flight. This leaves 

the column densities as the only free variables in the model. 

C. Basic Fitting Procedure 

Fitting a model of the night sky emission spectra to the observed 

data is the heart of the data analysis. The model consists of the 

atmospheric emission plus possible simulation of continuum contributions 
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such as the CBR and earthshine. The fitting procedure determines values 

for the model parameters which aren't set by other measurements. 

Some of the considerations that arise in fitting a model to 

measured data can be demonstrated with a 2-dimensional problem. First, 

consider the case of fitting an incomplete model to the observed 

data. Let the measurement be represented by a point M in the xy-plane 

and the complete model by two vectors a and b which have fixed orientations 

but variable magnitudes A and B. There is a unique value for the 

magnitudes such that the sum of the model vectors yields the measured 

point. [This discussion is illustrated in Fig. IV.5]. For an 

incomplete model consisting of the vector a alone, a value for the 

magnitude A 1 can be found which comes closest to the measured point 

(least squares fit). The magnitude A' will in general not be the 

same as A and the Incomplete model will produce an erroneous result. 

The two values A and A' will be the same for the special case where 

the vectors a and b are orthogonal. This is a corollary to the fact 

that a fitting procedure which minimizes the magnitude of the residual 

between the model and the measurement produces a residual which is 

orthogonal to the model vectors. 

We can also illustrate the case in which there are error limits 

on the measurement. This time the measurement is a circle in the 

xy-plane. If the two model vectors are close to parallel, then there 

Is a relatively large range of magnitudes which will fit the observation, 

aa Is demonstrated in Fig. IV.5(c). Once again the orthogonality of 

the vectors Is Important since the range of magnitudes is a minimum 



• 9 3 -

(a) 

M 

B 

(c) 

M B ' 
B 

A 
A 

XBL759-7230 

Fig. IV.5. Illustration of 2-dlmenslonal fitting procedures. 



- 9 4 -

for orthogonal vectors. The adequacy of the one vector model is judged 

by how close it comes to the circle. There is no justification for 

adding a second vector if the single vector producer a point within 

the error limits. 

It is useful to develop a measurement of the orthogonality of 

the parameters in a model. The N-point interferogram in our experiment 

can be treated as an N-dimensional vector. Over any small range in 

column density, the separate interferograms for H.O, 0 and 0 are 

vectors whose magnitude is a function of the column density. The 

interferogram for a blackbody spectrum or any other source can be 

added to the set of moc'< vectors. Computing the scalar product 

between these vectors grves a measure of their orthogonality. It is 

found that the model vectors are closer to orthogonal when longer 

interferogrrms are used. This is in agreement with our intuition 

that as the resolution is increased the various spectra become more 

distinguishable. 

The requirements of obtaining high resolution spectra and low noise 

are conflicting. This is easily seen when a step apodizing function 

(A(x)=l for x < x and A(x)-0 for x > x ) is substituted into 
x p max 
Eq. f l l l . l ) for the spectral no i se , g iv ing 

<M2(v) ) U 1 - ^ ™ <™.15> 
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where n[V/v4fz] is still the detector noise, T[sec] the total observing 

time, and Av[cra ] the nominal resolution given by Eq. (II.4). Thus 

for a measurement of fixed duration, you gain resolution at the 

expense of increased noise. The height of a sharp unresolved feature 

increases linearly with resolving power (longer interferogram) so that 

the signal to noise ratio restrains constant if the total observing 

time remains constant. Of course the increased resolution aids in 

identification and separation of features. For a broad resolved 

feature, decreasing Av doesn't change its height and the signal-to-

noise ratio decreases linearly with increasing resolution (assuming 

a constant total observing time). Mather (1974, p.157) shows that the 

minimum noise for a given apodizing function (or equivalently, a given 

resolution function) is achieved when the time spent measuring a given 

interferogram point is proportional to the apodizing function at that 

point. 

The organization of the interferograms we took during the flight 

was designed to maximize our ability to measure the CBR in the presence 

of atmospheric emission. Interf erogram scans consisting of 64 and 256 

points were measured with the zero path at the 43 rd point in both cases. 

This produced interferograms with effective lengths of 22, 43, and 214 

points from zero path, corresponding to nominal resolutions of 2.8, 

1.4, and 0.28 cm . In Case V + VI, the points closest to zero path 

were measured more often; 50 times for the 22 point interferograms, 

27 times for the 43 point interferograms, and twice for the 214 point 
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interograms. The long path data allowed us to separate and quantify 

the atmospheric lines, while the extra observation time near zero path 

increased the signal-to-noise ratio for low resolution features. The 

longest interferograms were high enough resolution to make the model 

interferograms nearly orthogonal; the normalized scalar product being 

less than 1% for any combination of molecular line emission and 3K 

blackbody Interferograms. This orthogonality greatly diminished the 

model fitting problems discussed above. 

The relationship between spectral resolution and spectral noise 

in the flight data is demonstrated in Fig. IV.6. This is a sequence 

of spectra computed from the averaged interferogram for Case V r VI 

with apodization varying from long (21a points) unapodized at the bottom 

to short (43 points) quadratic apodization at the top. The spectral 

noiso can be estimated by looking at the region above 40 cm where 

there Is no optical signal. The resolution (FWHM) and spectral noise 

(i lo) are indicated in the right hand side of the figure. Note the 

dramatic decrease in noise at low resolution when the apodization 

emphasizes the points near zero path which have the longest intogtation 

time. 

There are several different procedures which could have been used to 

fit a calculated spectrum to our flight data. We chose to Fourier 

transform the calculated spectrum and do a least squares fit to the 

measured interferograa. (The interferometer corrections determined 

were applied to the calculated spectrum before taking the Fourier 

transform. J The difference between the calculated and measured 
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Fig. IV.6. Observed night sky emission spectrum at different 
resolutions. 
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interferograms was Fourier transformed to obtain the difference between 

the two spectra. 

Making the comparison in interferogram space offered several 

advantages. Et was not necessary to convolve the calculi ted spectrum 

with the instrumental resolution curve computed from an apodizing 

function. This was already taken into account by comparing interferograms 

of equal length. The proper weighting of the data points was also 

easily done. The points near zero path which had more integration time 

were simply given more weight in the least squares fitting procedure. 

In addition,, no information or integration time was lost from the use of 

an apodizing function. 

The basic model we used to simulate the night sky spectrum consisted 

of the emission spectra for the three molecular species 9_0, 0 and 0 

plus a blackbody spectrum to simulate the CBR. The vertical column 
22 2 22 2 

density of 0~ was fixed at 1.54x10 mol/cm (or 1.69*10 mol/cm for 

a zenith angle of 24°) by its mixing ratio of 21£ and the measured 

pressure of 3.4 rabar. The concentrations of H-0 and O vary from day 

to day, so their column densities are left as free parameters to be 

determined by the fit. The temperature of the blackbody used to simulate 

the CBR wa's also a free parameter. 

This model was fit to the composite interferogram for Case V + VI-

The best fit values for the three free parameters were as follows: a 

vertical column density of 3.92*10 mol/cm (4.30x10 mol/cm at a 

zenith angle of 24°) for H O , a vertical column density of 3.50*10 
2 17 2 

mol/cm (3.87x10 mol/cm at a zenith angle of 24°) for 0 and a 



-99-

temperature of 2.99K for the blackhody temperature of the CBR. The 
—8 rms value of the residual from the fit was 4.12*10 * V when normalized 

to the error in aî y single data points in a single scan. 

There is no evidence of systematic deviation between the calculated 

interferogram and the measured data. The residual is within the error 

limits for the interferogram noise discussed in chapter III. A 

statistical analysis showed that both the residual interferogram and 

its Fourier transform are consistent with a gaus^ian distribution of 
—8 errors with a standard deviation of 4.0*10 V. 

The spectrum of the CBR is obtained by subtracting the atmospheric 

contribution to the night sky spectrum from the observed spectrum. 

This is done in Fig. IV.7. The top spectrum is the observed spectrum 

and the one below it is the best fit atmospheric contribution determined 

above. The CBR spectrum is shown c several different resolutions. 

Figure IV.8 shows the * 2a error limits on the CBR spectral flux computed 

from the residuals shown in Fig. IV.7 (e), (d), and (e) together with 

the spectral flux for a 2.99K blackbody. 

D. Earthshlne Correction 

The contributions to the observed night sky spectrum from earthshine 

and other sources of continuum radiation In the wings of the antenna 

pattern are difficult to determine. We obtained a rough estimate of 

the earthshine contribution using the spectra obtained at two different 

zenith angles and the analytic formula for the acuenna pattern in 

Eq. (11.18). The increment in earthshine upon increasing the zenith 

angle from 24° (Case I) to 45° (Case TV) was used to check the validity 
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(a) Nl^ht sky emission spectrum, (b) calculated best fit 
atmospheric spectrum, (c,d and e) CBR spectrum 
(residual of (a) - (b)) at three different resolutions. 
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Fig. IV.8. The ±2a error limits on the CBR spectral flux together 
with the Planck curve for a 2.99R blackbody. 
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of calculations based on the analytic form for the antenna pattern. 

It was necessary to correct the spectral difference between 

Case IV and Case I for the increased armjspheric emission since the 

column densities scale as the secant of the zenith angle. This was 

done using the atmospheric emission model discussed in section B and the 

vertical column densities determined in section C. The original spectra 

from Cases IV and I, the difference spectra, and the difference spectra 

corrected for atmospheric emission are all shown in Fig. IV.9(a). 

The increment in earthshine has been converted to a spectral flux in 

Fig. IV.9(b). 

This measurement has some large uncertainties in it. Only four 

scans were made in Case IV so that the noise is much larger than in 

Case I where twenty five scans were made. Another problem was the 

variation in column densities as the balloon altitude changed (see 

Fig. III.l), which made it hard to compare spectra measured at different 

times. Since we are computing a small difference between two large 

signals, these errors are greatly amplified. The phase correction used 

in Case IV alone increased the high frequency increment in the earth-

shined by a factor of ten. 

This measured increment in earthshine can be compared with that 

calculated from the analytic formula for the antenna pattern in Eq. (11.18). 

The calculated earthshine Is also uncertain because there is no direct 

information about the backlobe response of the antenna. If the 

backlobe is ignored. the increment in earthshine in going from a zenith 
-12 2 -1 angle of 24° to 45* is 1.5x10 H/cm sr cm independent of frequency. 



-103--

Fig. IV.9. 

Frequency (cm"') 
40 50 

XBL759-7306 
Spectra used to estimate the earthshine contribution; 
(a) observed detector response a two different zenith angles 
and calculated differences, (b) increment earthshine calculated 
from inflight observations shown above ( ) and calculated 
from measured antenna pattern ( ) . 
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This is shown as a dashed line in Fig. IV.9(b). The increment in earth-
-12 2 -1 shine is 1.3x10 W/cm sr cm if Eq. (II.IS) is assumed to be valid 

out to 9=7T radians and the radiation coining from more 6=TT/2 off-axis 

(the backlobe) is included. The measurement is within a factor of three 

of the calculated increment over the range from A to 20 cm . But 

the spectral shape is more nearly that expected for scattering than for 

double diffraction. 

We can now calculate the absolute magnitude of the earthshine 

at the zenith angle of 24 s where our best observations were made. 

Again the backlobe is important. If the backlobe is ignored, the 

earthshine increases by a factor of «*3 upon going from 24° to 45°. 

Whereas the earthshine only increases by a factor of ^1,5 if Eq. (11.18) 

is used all the way to the backlobe. Thus the calculated earthshine 
-13 -12 2 -1 at 25° ranges from 7.5 10 to 2x10 W/cm sr cm . 

This analysis hasn't produced any reliable value for the earthshine 

contribution, but has shown that it could be as large as one tenth of 
-11 2 -1 the peak in a 3K blackbody spectrum (1.5^10 .7/cm sr cm ) and should 

probably be put in the model for the night sky spectrum as a free 

parameter. The earthshine is simulated by a power law continuum in the 
fitting procedures discussed in the following section. 

E. Error Analysis 
Both the random and possible systematic errors in the CBR spectrum 

prouueed in section C have been Investigated. The random errors are 

in the measured interferograms and show up as spectral noise. This was 

treated in chapter III. The systematic errors are in the calculated 
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model, either in the form of incorrect spectra calculations or imperfect 

simulation of the spectrophotometer. 

There are several possible sources of systematic errors in the 

model. The most obvious is that something was left out of the model, 

such as earthshine; although the small residual for the fit done in 

section C indicates that it can't be anything very large. Another 

possibility is that including a blackbody in the model somehow biased 

the results. This is unlikely in light of the orthogonality between 

the blackbody interferograms and the atmospheric interferograms. 

The atmospheric model could also be in error. 

A series of fitting procedures was used to check for such systematic 

errors. The basic model was extended to six parameters; three column 

densities, a blackbody temperature, plus two parameters for a power law 

continuum (Av ) . Any of these could be set to fixed values with the 

remainder being free parameters determined by the fit. The procedures 

used are tabulated in Table IV.1 along with the best fit values for the 

various parameters. 

The quality of the fit is judged by the normalized rms residual 

r in the last column of Table IV..I. The statistical errors in this 

number are quite small since it is the result of averaging over the 256 
2 independent points in the interferogram. In fact, the x value for 

the fit is given by 

X 2 - 256 x (r/n) 2 <IV.16) 



Table IV.1. Fitting Procedures and Parameter Values 

1 Vertical Column Dens 
[molecules/en2 

Itles Blackbody 
Temperature 

m 

2 -1 Continuum [W/cm sr cm ] Normalized 
Residual 

H 2O[10 1 7] o 3[io 1 7] o 2Uo 2 2] 

Blackbody 
Temperature 

m Coefficient frequency exponent 
[10~8 V) 

1 3.93 3.53 1.54 2.99 5 0 5 0 4.12 

2 3.92 3.51 1.66 2.99 S 0 i 0 4.11 

3 3.76 3.58 1.54 2.83 -12 H 2x10 " 5 0 23.8 

4 3.92 3.51 1.67 2.98 6.49X10"14 0.338 4.09 
5 3.71 3.22 1.54 = 0 -12 

1.27x10 0.785 5.27 

6 3.93 

4.02 

3.75 

3.90 

3.66 

3.52 

3.61 

3.53 

1.54 

1.54 

1.54 

1.54 

5 0 

H 0 

E 0 

2.94 

= 0 5 0 6.88 3.93 

4.02 

3.75 

3.90 

3.66 

3.52 

3.61 

3.53 

1.54 

1.54 

1.54 

1.54 

5 0 

H 0 

E 0 

2.94 

use limited data 

7 

3.93 

4.02 

3.75 

3.90 

3.66 

3.52 

3.61 

3.53 

1.54 

1.54 

1.54 

1.54 

5 0 

H 0 

E 0 

2.94 

resolution Av < 3.0 cm .. 
8 

3.93 

4.02 

3.75 

3.90 

3.66 

3.52 

3.61 

3.53 

1.54 

1.54 

1.54 

1.54 

5 0 

H 0 

E 0 

2.94 

frequency v > 17.0 cm -

3.93 

4.02 

3.75 

3.90 

3.66 

3.52 

3.61 

3.53 

1.54 

1.54 

1.54 

1.54 

5 0 

H 0 

E 0 

2.94 

include ghosts 

3.93 

4.02 

3.75 

3.90 

3.66 

3.52 

3.61 

3.53 

1.54 

1.54 

1.54 

1.54 

5 0 

H 0 

E 0 

2.94 

step 
modulation 

thruput 
modulation 

9 

3.93 

4.02 

3.75 

3.90 

3.66 

3.52 

3.61 

3.53 

1.54 

1.54 

1.54 

1.54 

5 0 

H 0 

E 0 

2.94 2.57X10-2 -1.92*19~3 4.08 

Parameters values which are fixed are preceded by = . 
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uhere n is the actual normalized standard deviation for that interferogiam 
2 noise. The expected value of x f ° r a fit limited by random noise is 

256*16. Thus a variation in r of more than 3% is significant. We have 

no accurate way of calculating n other than using the lowest value of 

r obtained in the various fitting procedures. 

The first six fitting procedures are straight forward. The first 

entry is the fit discussed in section C. The next five have different 

sets of fixed and free parameters. The upper estimate of the earthshine 

was put into fit #3 as a fixed parameter. 

The fitting procedure was modified in fits #7 and #8 to increase 

the orthogonality between the atmospheric emission and the CBR, Only 

high resolution (Av < 3 cm ) data was used in #7; that is only the 

interferogram points more than 0*17 cm from zero path were used. This 

prevented broad features such as the CBR from influencing the tit. 

Fit #8 was restricted to high frequency (V > 17cm" 1) spectral information. 

Thus the CBR was again excluded, since it is assumed to be negligble 

above 17 cm . These fits suffer from a decrease in signal-to-noise 

in the fitted parameters because of the loss of the data not used in 

the fit. The rns residuals in these fits include the unfitted part 

of the interferogram and thus are very large. 

The last fit tested for the presence of ghosts by including 

parameters for step size modulation and thruput modulation In the 

cosine (real) spectrum. The results show no Indication of significant 

ghosts. In addition, the corrections to the sine (Imaginary) spectrua 

discussed In chapter III had no effect on the best fit value for the 
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parameters in any of the fits. 

There are several important conclusions that can be drawn from the 

data in Table IV.1. 1) The three free parameters in fit 111 (HO and 

0. column densities and blackbody temperature) were necessary and 

sufficient to produce a good fit. None of the fits had a significantly 

lower residual and leaving out the blackbody (#5 and #6) gave a residual 

more than ten standard deviations too large. 2) The column densities 

of H ?0 and 0 showed very little dependence upon the fitting procedure 

used. Comparing fit #1 and #6 shows that the column densities increased 

less than 3% when the blackbody is not included. The largest change was 

a 6% decrease when an large continuum was forced into the model (fit //J) 

and when the continuum was left in and the blackbody removed (fit #5). 

Both of these fits had an rms residual much larger than the incerferogram 

noise* These results verify that the atmospheric model parameters are 

indeed orthogonal to the other fitted parameters. 3) The atmospheric 

model is a close approximation to the actual atmosphere. The model 

produces a value for the 0, column density which is within 17, of the a 

priori value calculated from the mixing ratio and pressure. This is 

well within the accuracy of the calculation. The column densities 

of H,0 and 0. are In agreement with the values obtained by Muehlner and 

Ueias (1973) at a similar altitude. 

The limits on the vertical column densities due to systematic 

errors in the model are 3.9*"Jxl017 for hy,, 3.6*.1»10"17 for 0^ and 
-22 1.61.1x10 for 0,. Figure IV.10 shows the CBR spectrum obtained 

when the upper end lower column density limits are used. For the upper 
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—13 1/Z 2 —1 limits a continuum of 6x10 V W'cm sr cm was included (this is 

ten times larger than the value given by fit #4). These limits have 

almost no effect on the CBR near the peak in the Planck curve and do 

not degrade the turn over of the spectrum at higher frequencies. 

Errors in the measured atmospheric parameters can effect the fit. 

While the pressure is measured to a few percent, the atmospheric 

temperature is difficult to measure accurately and could lie in the 

range from 205 to 250K. The largest effect from changing the temperature 

is in the blackbody part of the atmospheric emission calculation. 

This changes the column densities required to achieve a given spectral 

flux but has almost no effect on the spectral shapp or intensity of the 

CBR. There is a small effect on the spectral shape because a change 

in temperature alters the lower state occupation numbers which changes 

the relative strength of the molecular transitions. 

An error in the effective size or temperature of the inflight 

calibrator will also effect the fit. The product of the calibrator 

temperature and effective size is the calibration factor. Changing this 

calibration factor rescales the flux responsivity which will result 

in a shift in the column densities. Again there is no effect on the 

spectral shape of the CBR, but its magnitude is altered. 

We have estimated the errors in the calibration factor and 

atmospheric temperature and calculated the resulting errors in the 

fitted parameters, A similar calculation was done for errors in the 

amount of earthshine continuum included in the model. The uncertainties 

in the most important parameters and the implied errors in the 
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blackbody temperature are shown in Table IV.2. The dominant error in 

this temperature comes from the uncertainty in the continuum contribu­

tion . An rms sum of the errors gives a best fit temperature for the 

CBR of 2.99 + -?' K at the 90% confidence level. 
-. 1.4 

We can now combine all of the error estimates to produce the limits 

or. the CBR spectrum. The errors which are included are the interferogram 
—8 noise of 4.0*10 V for any point in a single scan and the systematic 

errors in the model which would effect the spectral shape plus a ±10% 

error for the calibration factor uncertainty. The decrease in noise 

at low resolution can be exploited by plotting the spectrum on a 

log-log plot at a 20% constant fractional resolution. This improves 

the signal-to-noise ratio at high frequencies where the signal is 

diminishing. This shown in Fig. IV.11 with the error limits. 

These reB-lLs differ only slightly from the results we reported 

earlier (Woody, Mather, Nichioka and Richards, 1974). Previously we 

had used the results of fitting procedure #2 in Table IV.1 to calculate 

the CBR spectrum. In this work the number of free parameters was 

reduced by using the results of fitting procedure 111 which has the 

oxygen column density fixed at its a priori calculated value. This 

produced no noticeable change in the CBR spectrum. The only observeable 

change Is in the error limits. The nore thorough error analysis discussed 

In this work has produced slightly tighter error limits. 

Our observations clearly show t.'.at the submillimeter CBR spectrum 

definitely does turn over and follow the 3K Planck curve at high 

frequencies at least until the curve has fallen to 20% of Its peak 



Table IV.2. Model parameters and errors 

Value with 90% confidence limics Error In blackbody temperature 

Fixed Parameters: 
Atmospheric temperature 215 _ 1 Q K _ ' K 

Calibration factor1" 33.2 * ̂ K t 'o6 K 

Earthshine 0 +_ \ * 10"»v l / 2 - ^ - ^ ~+ ^ K 
cm sr cm 

Fitted Parameters: 
H 20 vertical column density 3.92 +;j» x l o 1 7 S2le£ules - .001R 

cm 

0 , ver t i ca l column density 3.50 + • " * 1 0 1 7 B ^ c u l e s - .02 
J ~ .IB £ + . UZ 

cm 
t. , , . . t , ,, + .17 „ l r t22 molecules - .01,, 

0_ vertical column density 1,67 ._ * 10 ~ + 01 

cm 

Blackbody temperature0 2,99 *.,K 

Error induced in fitted blackbody temperature by parameter errors quoted in column tvo. 
Product of calibrator temperature and filling factor. 
Error determined by the rms sum of the detector noise plus the errors shown in column three. 
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value. The signal-to-noise in our measurement is greater than two in 

Che range from A to 17 cm 
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V. CONCLUSION 

A. Present Status of the Observations 

We have measured the night sky emission spectrum at an altitude 

of 39 km and analyzed the data to produce the first moderate resolution 

spectrum of the CBR in the submillimeter frequency range (see Fig. IV.11). 

The instrument used was a fully calibrated liquid helium cooled 

spectrophotometer carried aloft by a high altitude balloon. The 

spectrophotometer was thoroughly characterized before the flight» 

including a measurement of the antenna pattern out to nearly 70° 

off-axis. This allowed us to determine the possible sources of 

contaminating radiation, mainly antenna emission and earthshine, and 

make corrections to the data based on inflight measurements. The 

calibration of the instrument during the flight agreed with the prefllght 

laboratory calibration. The data were analyzed to remove the atmospheric 

contribution to the observed spectra and to check for other possible 

sources of radiation. The 256 independent data points were successfully 

fit to a model containing only three free parameters; the column 

densities of water and ozone (the column density of oxygen was fixed by the 

atmospheric pressure and known mixing ratio) and the temperature of the 

blackbody used to simulate the CBR. The residual from the fit was 

within the expected noise level. Both the random noise and possible 

systematic errors are included in the 95% confidence limits shown in 

Fig. IV.11. 
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Our measurement can be combined with previous observations to 

establish the CBR spectrum over three decadej of frequeacy. Figure V.l 

is a log-log plot of the microwave, interstellar CN and our subraillimeter 

data. Also shown is the spectrum of a 2. 9K blackbody. These 

measurements extend from the Rayleigh Jean's limit well into the 

quantum cutoff region. Our results show that the CBR does turn over 

and follow the Planck curve on the high frequency side of the peak. 

All of the measurements are consistent with a 2.9ft blackbody tem­

perature. A convenient way to check this consistency is to convert the 

observed fluxes to equivalent blackbody temperature. The results of 

this conversion are shown in Fig. V.2. All of the data are in close 

agreement with a temperature of ̂ OK. This can be made quantitative 
2 by carrying out a X squared analysis similar to the one Peebles (1971) 

used for the microwave data alone. The data point provided by our 
+ 04 measurement is 2.99_ „ 7 K. He conclude th.-.t all ot th-> measurements 

over a frequency range from 0.013 to 17 cm are consistent with a 
2 

blackbody temperature of 2.90*.OIK (la error limits). The value of x 

from the fit is 16, which is within the range 18*6 expected for 

19 independent measurements. The most recent broadband submillimeter 

measurements (Muehlner and Weiss, 1973; '.touch, et al, 1972; Williamson, 

et al., 1973) are in agreement with this value and don't affect its 

precision. The Los Alamos work (Williamson, et al., 1973) extends the 

measurement to 33 cm but at low precision. The Queen Mary College 

report (Pi.bson, et al., 1974) did not provide any temperature or error 

limits which could be included in this analysis. 
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Many i.x|>eri»ci..i. have been carried out to Measure any anisotropy 

in the CBK (Peebles, 1971. p.39 and the references given there). These 

measurements have been Made usinn groundbascd aicrowavv radiometers 

with sensitivities as high »* 0.12. No definite unisotropy lus been 

detected at angular resolutions ranging froa a feu ninutes oi arc 

to a full 2b hour sidereal variation. 

These spectral and anisotropy Measurements finely support the 

"Big Bans" eosMOloglcal model and requires chat any . Itcrnatlvu model 

produce a universe filled with *2.9 blackbody radiation. 

B. Future Experiments 

The next step is to improve the sensitivity of the measurements 

and look for deviations from an ideal blackbody. Just as the present 

observations tell uo about the general evolutionary history of the 

universe, any deviations frrai a blackbody will have to be explained 

by the details of that evolution at the tiac the radiation last 

Interacted with the matter. 

A promising approach is to look for anisotropy in the CBR. The 

next generation of Microwave measurements will have greatly lncteased 

sensitivity (Alvarez, et al., 1974). They expect to detect the notion 

of the earth relative to the comoving reference frame of the Universe: 

in particular, the notion of the earth around the sun. Muclilr.cr and 

Weiss at H.l.T. have modified their apparatus to aeasure the anisotropy 

of the submilllmeter CBR (private communication). The fractional 

change in signal for a given change in temperature should be larger at 
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the higher frequencies where the flux depends exponentially upon the 

temperature. 

It is also of interest to look for deviations in the spectral flux 

of the CBR. A convenient way to display the data for analysis of such 

deviations is to plot the photon occupation spectrum, since this is 

an invariant scalar quantity. The occupation spectrum is derived from 

the observed spectral flux by dividing by the density of states and 

the photon energy 

N(v) - I(v)/2hv3c2 (V.l) 

where I(v) is the spectral flux and v the frequency in cm . This can 

be compared with a universal plot plot of the occupation number as a 

function of x H hcv/kT for a blackbody. Figure V.3 is a plot of this 

universal curve (N(x) " (exp(x) -1)~ ]. The observations in Fig. v.l 

have been added to the plot assuming a value of 2.9K for temperature 

in the equation for x. Altering the temperature corresponds to shifting 

the data to the left or right. Decreasing the blackbody emissivity 

corresponds to shifting the universal curve downward. 

A possible perturbation to the CBR is that it interacted with natter 

sometime after the initial combining of the electrons with the nuclei 

to form neutral atoms. This might have occurred during the formation 

of galaxies if the matter became re-ionized. The CBR could establish 

equilibrium with the natter through photon conserving Compton scattering. 

but with the Bremsstrahlung process too slow to establish an equilibrium 
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nurober of photons. There vould not be enough photons to produce a 

blacfcbody distribution if the matter were hotter than the radiation. 

In this case, Bose-Einsteln statistics would still apply, but with a 

nonzero chemical potential \t 

N<v,T,u) - [exp *&& - i f 1 . (V.2) 

The chemical potential is set by requiring the total number of photons 

to be correct. As the universe expands, the number density distribution 

is retained, but u scales the same way as T; so chat u/kT can be added to 

the universal curve of N vs. x and are shown in Fig. V.3. The biggest 

effect is seen at low frequencies where the photon modes are depleted. 

The data put a limit on of u/kT < 0.001. 

This type of analysis has been carried out in much greater detail 

(and in terms of the spectral flux) by Chan and Jones (1975 and 1975). 

They carry out a time-dependent numerical analysis which includes 

both Compton and Bremsstrahlung processes. 

Other as yet unexpected perturbations in the early evolution of 

the universe may be revealed as the precision of the spectral measurements 

improves. 

Contrary to the work of Hoerdlinger (1973), the observed data don't 

give information about the secular variation in Planck's constant in this 

interpretation. The density of states is determined locally and the 

occupation number Is a function of the single dimenslonless quantity 

x-hcv/hT. The consistency between different types of measurements may 
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test for variation in the speed of light, however, sine? the microwave 

observations Measured the frequency and we aeasured the wavelength. 

The future of measurements of the CBR promises to be very 

Interesting. The sensivity of the measurements is steadily improving 

and significant unexpected features are bound to be found. We are 

repeating our experiment with a factor of ten improvement in sensitivity 

in 1976. Dr. J. Mather is proposing to repeat our measurement from a 

satellite. There also are satellite proposals for anisotropy measure­

ments. A satellite measurements would avoid the one large problem 

of the atmospheric emission and provide for many months of observation 

time. It will still have the same problems of instrumental and earthshine 

contaaination that we observed. With our oetter sensitivity and higher 

altitude we will come close to reaching the limit for terrestial 

submillimeter measurements of the CBR spectrum. 
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APPENDIX A 

Low Emlssivlty Material for Use in Cryogenic Applications 

We have fabricated a laminated material with a very low emlssivlty 

ae sub-nullimeters wavelengths and low thermal conductivity which can 

be cycled to low temperatures. It consists of a stainless steel 

backing which is electroplated with copper and coated with a pro-

reflection coating of polyethylene. The low eaissivity {high 

reflectivity) is produced by * 25 ym of copper which has a high 

electrical conductivity. The copper also dominates the transverse 

theimal conductivity. Mechanical strength is provided by the 127 pra 

thick stainless steel sheet. The theory and aeasurement of the optical 

properties of this composite is discussed in part 2 of section D in 

chapter II. 

The difficult part of the fabrication procedure for this material 

is applying the SO lim polyethylene coating. The starting material is 

50 |Jm polyethylene film heated to » 115*C. No additional adhesive 

Is required. Figure A.l shows how the layers are assembled before 

heating In a vacuum oven. The layers are tightly wrapped around a 

cylinder to bring the polyethylene into good contact with the copper. 

It is critical that the surfaces which are to be joined be clean. The 

polyethylene is wiped with xylene which actually removes a surface layer 

of material. The copper la vapor degreased in trichloroethylene. A 

teflon sheet is used to keep the polyethylene from sticking to the 

back of the stainless steel. This assembly is evacuate to *10 um of 

Hg for * 12 hours and then heated to 115*C for *> 1 hour. This 
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produces a firm bond which can withstand the stress of cooling to liquid 

helium temperatures. 
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APPENDIX B 

A Program to Calculate the Optical Properties 
of a Stratified Medium 

STRAD is a program which calculates the reflectivity, absorptivity, 

and transmissivity of a plane stratified medium. It uses the method of 

characteristic matrices described by Born and Wolf (1970, p.55). A 

single homogeneous layer is characterized by a 2*2 complex matrix 

whose coefficients are a function of the complex index of refraction, 

thickness, optical frequency and direction of propagation. There are 

separate matrices for the TE and TM modes. This method is valid for 

any medium in which the propagation of a plane wave is described by 

a conplex index of refraction. A combination of any number of layers is 

characterized by the product of the individual matrices. 

The version of STRAD listed below is a general purpose program. 

It has been written in modular form to make it easy to follow and 

modify. The input data cards can direct the program to perform a large 

number of different calculations. The optical properties of a plane 

stratified medium consisting of up to ten layers can be calculated for 

a series of frequencies, angle of incidence and thickness of the layer. 

The complex index of refraction for each layer can be derived from a 

choice of input parameters, such as the dielectric constant or the d.c. 

electrical conductivity. Even the anomalous skin and relaxation effects 

described in chapter II can be included in the calculations. The 

results can be displayed in several different different ways, including 

in the form of a Cal-Comp plot. 
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Program Control Cards 

A set of data cards is required for each series of calculations 

about a given stratified medium. Any number of different calculations 

can be done by in including additional sets of cards, 

1. Title: Any title in col 1-80; a blank field in the first 10 columns 

terminates the program. 

2. Execution data: Data telling the program what to calculate; 

col. 1-2 (12) number of layers (10 or less) 

col. 3-4 (12) variable for x-axis 

1 = wavenumber 

2 = angle of incidence 

1+2 = thickness of the Ith layer 

col. 5-6 (12) variable for y-axis, same code as for x-axis 

col. 7-8 (I2> property to be calculated (z-axis) 

1 = reflectivity for TE mode 

2 = reflectivity for TM mode 

3 = transmissivity for TE mode 

4 = transmissivity for TM mode 

5 * absorptivity for TE mode 

6 * absorptivity for TM mode 

col. 9-10 (12) whether to average over angle of incidence 

0 = don*t average 

1 = weighted average 
F * / F(6)2TT cos6sin6d9//2TTcos6sinede 



-129-

col. 11-12 (12) what to print in output 

0 = no printing 

1 = density plot, y-axis across page (upto 20 
different values), x-axis down page, the value 
of the calculated property (z-axis) is printed 

2 = straight listing, one line for each calculation, 
all six properties are calculated and printed, 
the x-axis variable is varied most rapidly. 

col. 13-14 (12) plot information 

0 - no plot 

1 = plot calculated property (z-axis) as a function 
of x-axis variable 

2 - special plot of calculated property as a 
function of angle from grazing incidence 

Note: If a plot is done, there is no printing of 
the calculated results. 

Wavenumber limits: 

col 1-10 (E10.3) smallest wavenumber 

col. 11-20 (E10.3) largest wavenumber 

col. 21-30 (E10.3) wavenumber increment 

Angle limits: 

col. 1-10 (E10.3) smallest angle from normal incidence 

col. 11-20 (E10.3) largest angle from normal incidence 

col. 21-30 (E10.3) angle increment 

Incident Medium: 

col. 1-2 (12) code for calculating complex index of 
refraction N 

col. 3-22 (2E10.3) D., , D data from which the complex index 
of refraction is to be calculated 
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code = 0, complex index of refraction is given 

= 1, complex dielectric constant is given 

= 2, real dielectric constant and conductivity in esu 
units in given 

= 3, conductivity in esu is given as D ? 

= 4, impedence in ohms per square is given as D 1 

= 5, conductivity and electron density is given for use 
in anomalous skin effect calculation 

6. Exit medium: same data as required for the incident medium. 

7. Layer data: one card for each layer 

col. 1-22 (12, 2E10.3) complex index of refraction data, 
same data as required for the incident medium. 

col. 23-32 (E10.3) minimum thickness of layer in cm. 

col. 33-42 (E10.3) maximum thickness of layer. 

col. 43-52 (E10.3) thickness increment 

If no plotting is to be done, another set of cards starting with the 

title card can be added. A blank card here terminates the program. 

If a plot is to be done, a set of plot data cards is required. 

These cards are the input data for a general purpose plotting subroutine 

(SKETCH) based on the LBL Cal-Comp plotting package. 

1. Title Control: 

col. 1-10 (A10); determines plot sequence 

NO P L O T , nothing is plotted. 

, nothing is plotted. 

N E W £Lp_T_ , plot on a new section of paper. 

SAiLl £k°_Z_> Plot on top of last plot using same coordinates, 

cards 2 thru 7 are not used. 
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5 A M £ S.!Z > plot on a new section of paper using coordinate 
data from last plot, cards 6 thru 7 are not used. 

U S E RA-NGES, P l o t o n t o P o f t n e l a s t Plot D u t with new 
coordinate data, cards 4 thru 7 not used. 

Lk9.lL Q.&LS.-1 Piot just the coordinates. 

Anything else in interpreted as N.E_W P.L9.I. • 

col. 11-16 (A6); determines whether or not to write the values for 
the coordinate variables. 

IJAIJISLS^ write the values. 

lifitSt^ don't write the values. 

col. 17-20 (14); character size for title (usually 2). 

Letter height * character size * 0.06 inches. 

col. 21-24 ( 1 ^ ; maximum number of characters in title (usually 80) 

col. 25-28 (14); character size for program identification (usually 1) 

col. 29-32 (14); maximum number of characters in identification 
(usually 40) 

col. 33-52 (2E10.3); x and y paper coordinates in inches for 
locating title (usually 0.0, 10.2) 

col. 53-72 (2E10.3); x and y paper coordinates for locating 
identification (usually 0.0, 10.4) 

2. Coordinate ranges: determines coordinate limits. 

col. 1-10 (E10.3); minimum for x coordinate. 

col. 11-20 (E10.3); maximum for x coordinate. 

col. 21-30 (E10.3); minimum for y coordinate. 

col. 31-40 (E10.3); maximum for y coordinate. 

col, 41-50 (E10.3); determines whether a linear or log x-axis is 
to be used. 

< 0.0 gives a linear plot. 

> 0.0 gives a log plot. 

http://Lk9.lL


col. 51-60 (E10.3); determines whether a linear or log y-axis is 
to be used. 

3. Plot location: determines the size and location of the plot in 
inches measured from the lower left corner of the 
paper. 

col. 1-10 (E10.3); beginning of x-axis (usually 1.0) 

col. 11-20 (E10.3); end of x-axis 

col. 21-30 (E10.3); beginning of y-axis (usually 1.0) 

col. 31-40 (E10.3); end of y-axis (usually less than 10.0) 

4. x-axis data: 

col. 1-4 (14); number of divisions separated by grid lines (> 1). 

col. 5-8 (14); number of subdivisions separated by large tic 
aw rks (** 1) . 

col. 9-15 (14); number of subdivisions separated by small tic 
marks (> 1 ) . 

col. 13-16 (14); character size for x-axis label. 

col. 17-20 (14); maximum number of characters (usually SO). 

col. 21-40 (2E10.3); paper coordinates for locating x-axis label 
(usually 1.0, 0.1). 

5. y-axis data: same data as for the x-axis. The maximum number of 
characters is usually 40 and the coordinates are 
usually 0.0, 1.1. 

6. x-axis label: 

col. 1-80 (8A10); anything 

7. y-axis label: 

col. 1-80 (8A10); anything 

Another series of calculations can be done by starting again with 

the title card in the program control card set. 
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STfiAI}*7* 7io J5 • <*0bfll2 thU^uV 
•USEKPK 
•NCS1AJE 
M F . 
L INK.P=ST3L l lJ ,« . 
E K I T . 
D U K P . l . 

c 
c 

^ROix-H SThACltl ' .PJT.OOTFUT.c'UNCrt.Pt.CT.TAPCSa.TAPEWPl.nT) 
C3HHUN / - S « n / J t l lw£(> l iJ IUt>4T I<>> 
Jlnt>:>l . ,r . H i n a n U J ) , P S T » I ( i i i i P - u i i j i . -DLTSC12I . F o u l 161 
COHHLtX CIf.CJN«Cl/.uJi:I.Ci>;aE * 
COHt40N/l»VU-llA/i>-tv rfJf.ANOLE. IMI C< UC * t RTE .3TF 1»ITE . TTM, ATE .ATI* 

i , N U - L « v , I K J i v , - J I ; I . 1 . ; : ' . , n 3 c j i o i i j i , c i ; 3 L ' t , i s o ( i c i r O K i o i 

COMrluN/PnrIK/,<:WSTai.AN55T,<T,TnSWT<13l, l l tVtN0.ANGENC,THENOI101 
1 . K A V Q I . t 4 , l - . « C L l A . l H 3 l T A I U l 

1 H i » £ N U I , ( ? D L I i ( l l , a A « O L T « l , ( F O u r i l l , « I E 1 
J l t l E M U l s l O * P<JGF<AH 
J101NTC2M1GH S T M U l 
CULL 0 A T E U I C E N T I 3 I I 
CALL H U U H J : C L M ( i . l ) 
P I = 4 . 1 ) ' H U M 1 . 3 ! 

10 RtA3 IOC. J U T L t 
100 FtlxHAT I8A10) 

IF ( J T I U E I 1 I . E j . 1GH ) GO TO 1000 
PRINT S i . J I ITLE .J IUENT 

so FORM*i (ihi,=x,a;ia,<.>.".ai3,//) 
READ 1 1 0 , NuCLAT.K . I r .U .KAi lRG.^oaNT.KOLOT 

110 FOKHAT ( - . U l 
IF ( IX . 1 1 . I I IK=1 
IF (IZ . 1 1 . I I 12=1 
RtAU 1 2 0 . HAVSTRT.aAUENO.uAVCLTA 

120 FORMAT l . - E l O . j l 
PR1UT 1 * 5 , UAVST4I,UAVtNO.KAV3t.i l 

12b FOknAI I * h»»NUH3ER RANGE • < F > . 2 . > Cn-1 10 • . F 8 . 2 . ' CM-1 IN STEPS 
10F • , F B . 2 , « CM-1»I 

KCAO 1 2 0 . ANCSTrU.ANCEKC.ANGO' TA 
P R I M 1 2 7 . 4bGSIRI,A.NGEND,ANCm.rA 

122 FORMAT I ' AhCLE rKJK NORMAL ' , F « . 5 , ' RAOS TO S f l . 5 . < RA3S I N STE 
IPS UF • . F D . 5 , ' HAUS'I 

IF IKAVHC . E C . I I PKINT 120 
120 FUKnAT ( • < I t r t d t H U A N AVERAGE OVER THE ANGLLAR RANCE IS PEfFCUNE 

1U • ! 
PRINT 125 

12» FORrlAT ( / / • • INOtJl COMPUTATION COOE AND DATk».20X 
1 , • LATER THICKhbSS OATA IN CENTIMETERS'! 
RCAU 1 3 0 . I K C I N . a i I f l . 0 2 I N 

130 FORMAT I I 2 . S E 1 0 . j l 
PRINT 1 3 S . I N 0 I i l . 0 1 I N . D 2 I N 

135 FOfiHAT ( • IF.CI0ENT rK-UIUn • , { 2 , 2 « . 2 U X . 1 P 0 1 « . » J 
REAO 1 3 d . lNC0UT t 010UT,020UT 
PKINT t « 0 . Ik0OUI.O10UT.D20UT 

1*0 FOkHAT ( • EXIT rltOlUH • , I 2 . 2 K . 2 I 1 I C . 1 P G 1 0 . 3 I I 
IF IhUHLAT . L T . I I GO TO 300 
DO 200 I M . M J H L A r 
REAO 1 3 0 . l N 0 U I . J l U ) . 0 2 ( l > , T H S I R T f I I , T M E N ( M I I . T H 0 L T A I I I 
PRINT lOOi I . I N D ( l > . t ) l < I I . 0 2 ( I > . T H S T K T I I I . T M C N 0 I I > . T H D l T A I I > 
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18C FORMAT ( • LATER :.0 . • • I 2 . 4 X . I 2 . 2 X , 2 ( 1 X . 1 P C I 0 . 3 ) . 4 « . * F R 0 n • 
1 . l ' - u l j . i , ' C.1 TO ' i l P 5 . l t . 3 , • CMM IN STEPS OF • . 1PG10. 3 t * CM»1 

200 C O M l N J i 
46L COMINJL 

hUMPRM=NLMLAVt2 
JO <*;>0 l-~.,KL1Ph1 

<,0u PARAMUl^f S l f i l t i l 
IL = 1 
IF I I I . 1 . 1 . J I l L = I « - i 
I f ( I Y . i t . •:! U = I f - 2 
IF IK:'I.OI . i : . ?i sP-ii.irC 
IF I s P n M .GE. 21 CALL L : S I : u T < k P » I , < ; « R » . U , I Y , ! . Z . l L I 
IF IKPRM . L i . 11 CJII . <»2PSNT< « A V R G . I X , l r , I 2 . I L 1 
I F (*PLG1 .EC. 1> C 4 U PLC1FILCI • 112,IL.KPRN1.KAVRGI 
IF IkFLuT . L i . 21 CALL LUGPLCTI I i .KPRrl l ) 
GO I „ 111 

1000 :or.ui>Jl 
IF IHPLul . 0 1 . 01 CALL CCENC 
STOP 1 ttiC 

C 
C 

SuaROUlUE LIST CUT (sPKNT»KAVNG»lA, rYt :^ i IL l 
u IHthSICF PASAMl I2 ) ,P . . : i T l l , > l . r -EhCU<! l iPDLTA 1121 ."OUT 16) 
COMPLEX ClNCiN.CIrOUUT.CINUEX 
COI1HGN/LATUAlA/nAV.<i i l ' ,AM>LLi lHlC^I:ai .RT£,RTr > TIE . T I N , ATE, ATP 

1 , N U H u a i , l r . ' j l N , L > l I r . . U j ; : i , l N J O U l , J 1 0 ' j T , 0 2 a U l i l N D ( 1 0 l , D l l i a ) 
2 • U i l l O l . C I H C I l l . C n O C U T . C I F J i X l l O ) 

CUMMON/P^f I r / r fJv i rnT . t . ' iGSTRT.THSISTt lD ) ,H»VEt.O,AHG[NCiTHf N O H 0 I 
1 . f c A V U l l A . ^ l G L l T A . T H J i l A l i a ) 

EQUIIfAiEKCt l , > A N A n l : l , > A . > < u M I , ( P 5 m t l ) .KAVSTRTI , (PEND (1 ) • 
1 H A t f E N C l , f P J b T A ( A l , k A v : L T A ) f t F O U I U I «RTE1 
PRINI 1 0 J . I I 

100 FJkHAl l / / / / , l ? x . > KEFLECTI l / IT I TRAhSHISSI U I IT ABSCRP 
m n n • , / • • HAk.iar AI.GH IF. IH TE TH 
2 Tt. i n EXIT INUbX LATER N 0 . » i I 2 . » INDEX 
3ANU I H I C K I . c S i ' . / l 

ZOO CONTINUE 
IF UAVRC . L i . 11 GC1 10 300 
CALL RTA 
PRINT 2 1 0 . nAl/mjM.ANCLE.RTE.RTH.TTE.TTH.ATE.ATH.CINOCUT 

1 . C I N U E I I l L l . T r i l C K I l L ) 
210 FORMAT t l X . F ' : . l . l x , F S . i . l x , 3 l l X < l P 2 G < l . 2 > . l K l 5 l l X . l P G 9 . 2 l l 

6 0 TO <.U« 
300 CALL A N O A V R G K P H M I 

PRINT 31 i i , BAITNUH, RIE.RTM.ITE.TTM.ATE.ATM.CINDCUT 
1 . C l M J E X U l l . I t t l C K U L 

310 FORMAT ( I X , F t . 1 . I X , » A V t R . C E O ' . I X , 3 I 1 X , I P 2 G 1 . 2 ) . I X . S f 1 X . 1 P G 4 . 2 1 1 
<|00 P A R A H ( I A I - f ' A f i t n < U t » P U l . l - U X > 

IF I P A R A M I X I . L t . P E N O I I X I I GO TO 200 
P A K A K I I X I s F S I R I I l x l 
IF (IV . I T . 1) bO TO 1000 
PARAM 11»1=P»KAM(IT I»PUL TA I IT 1 
I F ( P A R A M I r l . L t . P C K D t m i GO 10 200 
PARAHUi i = F 5 I K T U r ) 

1000 CONTINUE 
RETURN i EkO 

C 
c 

SUOROuMKE x r 2 P R N T < * A V K t . I X . I Y , I 2 , I L > 
DIMENSION V I20) ,HiHt 
COMMON / J l a e t L S / J P A R A H I 3 I . J 0 L l T I 6 l 
DIMtNSICX PASA,1<i2>,PSTRTU2>,PEND<121 .POLTA ( 1 2 1 . F 0 U T I 6 I 
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COHPLEX CU01N,CINOdUI,CINOE> 
COHHON/LAYOATA/hAUNUH, ANGLE, THICK (10 >>RT£,Rlr.TTE,TTI<,ATE>«TI< 

1 • N u n L A Y . l l i U I N , I U I N , U 2 I N , n o O U T , O l O U T , U 2 a u T i I N O ( 1 0 > l O l ( 1 0 ) 
2 ,U?tlQ>,CI<iUlH,CltOCdT,ClH)E*llOI 

C0HMUN/P«l'TI</hlAVjT*I,ANuSTRI,TH3THTI13; ,HAI/ENO,ANGENC,THENO( 10) 
1 .HAVUlTA.ONtiULTS.IHOLTAtlGI 

tuul . 'JLtNCc (POKAnil | ,WAVNJI i l , (P3TKT( l ) .U1USIRT) , ( P E N O ( l l . 
1 MAi/tNDI , (POLTA<ll,HAVL-LTA), ( F O U T d ) *RTE> 

l )AU JQUI/lQt- &FLCT TE *10H RFLCT TH • 10H TRANS IE • 
1 10H TkAtvS TH ,10H ASSORB I E . 1 0 H ABaORS TH/ 

UATA JPARAX/IOH HAVNUH , 1C« AOGtE ,10h THICKNESS / 
IF 111 . L T . II K - l 
PRINT 1 0 0 , JCUTU2I 

10U FORrlAT ( I H l . l O X , * INTENSITY PLOT OF * , « 1 0 l 
I F ( I T . I T . ;> prfi-u I I O . I L 

n o F J R H A T I / / , 2 0 X , « T H I C K N E S S OF L A T E X N O . • , 1 2 1 
IF ( I T . L E . i l PRINT 120 , JPARAM1IYI 

120 l-ORMAT l / / , 2 x , A l l l l 
PARAMUYJzFiTRTUf 1 
UO 200 1 :1 ,20 
» l l ) = P A h A H i i r ) 
HAk«H( lY|=p»f iAMl I r I . P C L T A ( K ) 
IF ( P A R A M H 1 . » ( . PENO( IV I ) GO TO 300 

200 CONTINUE 
300 I E N U - I 

PARAH<IT>=FSTRI( IT) 
PRINT 3 1 0 , ( Y ( U , I = l U t N O , 2 l 

310 FdRHAT ( e x , 1 0 ( l P u l 0 . 3 , 2 x ) l 
PRINT 3 2 0 , ( Y ( I ) , I = 2 , I E N b . 2 > 

320 fUKMAI ( l < . x , l u U P & l i ) . 3 . 2 X 1 1 
PRINT 3 J D . JFASAHIIX) 

33(1 FORMAT (1X .A10 I 
350 CONTlNUt 

UO O00 1 = 1,16:40 
P A R A N t t y l s V t I I 
IF(KAi(RG . ( . t . I t CALL ANCAVRG(O) 
IF (KAUNG . 1 1 . I I CALL RTA 
2 ( I ) = F C o T < I 2 > 

1,00 CONTINUE 
PRINT <*10, PAkAHUK) , [ 2 ( 1 > « I = 1 , I E H 0 I 

1110 FORMAT I1<,1F( .9 .2 ,1X, I )P20F6.<>I 
P A K A H ( 1 X > : P A K A H ( I K I < P O L T A ( I A ) 
IF I P A N A M I ! ) . I E . P E N D U O ) GO TO 350 
PAKAH(I>lsFSTRT( IXI 
P « R » H ( I H = P S T R T ( I t l 
REIJRN I END 

C 
C 

SUUROJTIAE F lO IF lLMX,12 , lL«KPRNI a KAVRG> 
COHNON /FLTIAFO/ x d O O O I . 2 ( 1 0 0 0 ) 
COMMON / . I A E E L S / J P A S A H ( 3 ) , J 0 L I ( 6 I 
COMMON /JOATA/ JTI T L E ( 8 I . J I O E N U U 
DIMENSION PASAM(12l ,P5T«T112) ,PEHO(12l .P0LTAC12I ,FOUT(6) 
COMPLEX CINO)N,ClNjauT,CINUEA 
COHNON/LA YOATA/kAVNUI',ANGLE. THICK ( 1 0 ) . RTE.Rir .TTE.TTN,ATE,ATP 

1 .NUMlAr, IkO I N , 0 1 I N . D 2 I N , I ( . 0 0 I | T , D 1 0 U I . 0 2 0 U 1 . 1 M 0 ( 1 0 1 , 0 1 ( 1 0 ) 
2 ,021101 ,CINUiN,CH>DOU(«CItl)EX(10> 

COMMON/PSPIR/rtAVSrRT.ANGiTRT.THSTRTUOJ.IIAVENO.ANCENC.THENOUO) 
1 ,HAVULTA,ANGULTA,THOLTA(10I 

EQUIVALENCE IPASAH(1),NAVNU>1I,(PSTRT ( l l , M A V S I R t ) , ( P E N O ( l ) . 
1 H A V t N U > , ( P O L I A ( l ) , N A V O L I A I , ( F O O T ( l ) , R T E ) 

IF ( I X . I E . 21 P R I M 1 0 0 , JOUTI I2 I . JPARAMI IX I 
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I O C F a . , . « i ( / / / , s x , » C L O I OF • , o l J . * AS A F U N C T I O N OF ' . n o t 
IF ( I n . C I . 21 ?*lHt HO, J O U T t l l l i l L 

l i t FOKhAT < / / / . 5 « . » P L U I OF ' . A l O , " S i A FUNCTICN OFTHE THICKNESS OF 
1 I A l l 4 Nu. * . : < ! l 

I X A X I } = i 
2 0 0 I « A » I » - [ » 1 A I S - 1 

IF K A V R G . b e . 1) CALL S'.GauBOlOl 
IF UAI/R.C . L I . I I C t l i . STA 
X l l x i X l J I - t ' A i c A n i l a l 
Z < I « A « I i l ; f ( . L r i I 2 l 
PAKAHtlAI=P4RAMIlx)«PULTAIXJl 
IF l « « M i i l , U . P E N L I M I I GO TO 2(|3 
f>AfcdHIIK» = FiTi<TllA> 
CALL S < t l C N I I < A X I S , A , 2 , J I I T L E . J I D E N I I 
KEIUfth I El>0 

s u b x o u r u E L C o c L u r i i ; f K P i c N r i 
CUtUlON / F L l l N r i / X I I O O C I , 2 ( 1 3 3 3 1 
COHHQN / .LAdcLS/JPARAP. I I I .JOUTIG) 
COtMON / * 3 £ T A / J T I T L c l f t l . J I J c N T I f c ) 
DIflENSILI> P i t i n i l i ! .PS1KT U 2 ) i P E M ) < W> ,POLT»112) . F 0 U T I 6 I 
COMPLf.x C J N C I N . C I N U C U T . C I I . U E X 
COrlHON/L ATuAl A/»A»N,iH. ANGLE. H I C K ( 1 3 1 . R T E ^ H - . I T E . T T I I , A T E , ATI-

1 « h J H L A T , I > > : > I N , l i l l : < , 0 2 I N , U J O U I , : > 1 0 j T , i ) 2 0 U I , I H O I 1 0 l , 0 1 l l O ) 
2 , O 2 l l 0 I . C l N 0 l . l . C I » . . . ; u I . C I A O E X I i a ) 

COHKCN/Ft l - lS/»i»STSI . l l .GSKI . IHSIRTCIOI .UAVtt .O,AKOENC.TMEND1101 
I .UAUCl lA .A ' IO ' . lTJ , 1MDLTAI1D) 

EtlUlVALtkCE ( P S * i M l > . l i A i n U > l ) . I P S T R T I l l . « A \ / S T R T > . < P E N O U I , 
1 N A i l E N U I . I P U L T A I l l . f c A v C L T A t . l F O u I l l l . K T E ) 

P I s t . ' d ' C T A M l . O ) 
PRIK. Hi, „CUI(iAt,JPAIi«M12> 

100 fORNAT l///.5I.» PLGT OF •.410." AS » FUNCTICN OF ••(101 
II.1 
PRINT l t 5 . I I 

105 FORMAT 1 / / / / . 1 7 A , " KtFLECTIVITT TRANSHISSIVITV A8S0RP 
I T t H l r • , / , • KAVNUn ANGLE TE Til TE TH 
2 T t IK EXIT INOEX LATER N 0 . « , I 2 , « tNOEX 
JANO T H I L K N t S S * . / ) 

IF CANGilRl .EQ. 01 ANGSIRTsANGOLTA 
GANG lANGSIXI 
FAClORs 1.0>Ah.GUL U/AfcGSIRT 
IXAXISsC 

ZU 1XAX1S>IXAXIS»1 
A N O L E ' ( P I / 2 . 0 ) - G A N G 
CALL RTA 
PRINT 1 1 0 . ktVNUH.ANGLE 

1 , R t E . H M , T T t , I T N , A T E . A T M . C I N U O U r , C I N O E X ( l ) , T M t C K l l l 
1111 FORMAT ( I X , F t . l . l X , F « . 5 , l X , 4 l l X , l P 2 0 9 . 2 l , l X , 5 l l X , l P C 9 . i l ) 

X I I X A X I S I . C A M , 
Z I U A A I S I ' F C L H U ) 
GAMGiGANC'FACTOR 
I F (GANG . L t . AUGEHO) GO TO 200 
CALL S K F I C M I K A X l S . X . i t . j T I T L E . J l O E N l ) 
RETURN I EM) 

C 
C 

SUBROUTH6 AhGAVSG 1KPRNTI 
COUPLEX CINUlN.CINJOUT.ClNliEX 
COHIION/LA TUA IA/1.JVNJN,ANGLE , THICK (101 .KTE .R IN .TTE . TTM, ATE.ATN 

1 . N U N L A r . I S J l N . O I I N . 0 2 I N . I K 0 0 J T , 0 1 0 J T . 0 2 0 U T , I N 0 ( 1 0 ) , 0 1 ( 1 0 1 
2 ,U2I10I,C1NDIN,C1I-OOUT.C1M>EXC10> 
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COHHUN/l-«nTf</>iAVSTRliAt<Gsm,THSTRT(ll]),HAmDiANGENL', THENOMO) 
1 ,hAVOLTA,ANG0LTA, THOLTAUO) 

JIHENSltO T0LTIf i>, lUTZ<6> 
EUUlVALtrvCE <KTE,FOUI( l>) 
P 1 = « . . 0 » M A M 1 . Q ) 
UO iU 1 = 1,o 

5C r o i z ( i ) = o . o 
ToionGA=s.o 
A N G L E - A N G S I K I 

U u CALL «T» 
IF KPKNT .EC. 3) PKINT 110 . HAVWUM.MNULE 

1 , « U , K T » , l I I ,TTH.OI t ,ATH.CINUOUT.CINUEXI11 .THICK! I ) 
111 FQKHAT U X , F E . 1 , 1 X , F < ) . £ , 1 X , 3 I 1 X , 2 E ' ) . 2 > , IX ,5 < 1 X . E 9 . 21) 

uum,A=2.u*PI«C03(AUGLEI*SIMANGLE) 
DO 2ua 1 - l t b 

20u T o m i U m i l l X J O H G A ^ F O U T I I ) 
TOTUfli>A = lCTC)-GA*JGMl,A 
ANbLE<=AMLt*ANGOLIA 
IF CANGLt .LE. ANGENC) GO TO 100 
IF (TOTChGA .EQ. 0.0) GO TO 1000 
UO JuO 1-1.6 

300 F0UT<I) = T0T2<I)/T0T0M;» 
1000 CONTINUl 

KETUhN i EMJ 
C 
C 

SUB*QUTUE NTA 
COHPLEX CIltOlN.CINOOUTiCINOEX 
CCtlMON/LirDilH/fcOVNUCANGLE, THICK (10 I . R T E . R T f . T T E , TIP.ATE,ATM 

1 • N U H L A Y , D . D l N , D i : N , l ) 2 X N , I H D O U T , 0 1 0 U r l 0 2 0 U T , I N D I 1 0 l l 0 1 l l O I 
2 .D2<li]>,ClN01H,CIk0OUT,CI).0EK<10> 

CALL C0Hi r .DUNUlN ,U l IN ,U2 IN .NAI /NUH, l . 0 .C IN l ) I l i > 
CALL CCnISu(lt lDUUT.U10UT.020UT.HA«NJH,1.0.CIHDOUT) 
IF INUHLAT . L T . 1) GO TO 200 
UO 11)0 Jsl.hLMLAV 
CALL CGHINUI IN0 IJ ) ,DM.» t02 IJ ) .HA\ INUM.THtCKIJ<»CINDEX<J I> 

100 CONTINUE 
200 CONTINUE 

CALL OPTICS(r.UKLA»,CINOIN,CI•OOUT.CIkDEX,ANGLE,HAVNUf.THICK 
1 . l . R U . I I t . A T E l 

CALL OPTICS I KunLAV,CINDIN,CIM>OUI,CI»DEX>ANGLEi>>AVNUIS THICK 
l . - i . R i r . i i f . A i n i 

KcTUKN 1 bhi> 

SudROUlIhE OPTICSINUrLAY.CINCIN.CINDOJl.CINOEX,ANGLE,HAVNUH, 
I ThlCK,HCCE,K.T,A) 

COKPLtX C I N C E X I l l , C n A I l l 2 , 2 l , C N A T 2 l 2 , 2 l , C H A T 3 l 2 < 2 l i C O H S I N I l ) , 
1 CINUH>,Clr.DOUT,CSlNIN,CSlM)UT 

OIHENSIO). Tt-lCKIl) 
CMAT1I1,1)31.0 
C H A T l ( l , 2 ) s O 
CMAT1(2 ,1 ) *0 
CMAIK2,21 = 1.0 
CSINlN=Ci IN(CMPLX«ANCLf .0 .0) ) 
CSINUUT:CINU1N*CSINIK/CIN00UT 
UO 100 LNUHM.NUKLAY 
IF (NUHLAV . L T . 1) GC TO 300 

100 COHSIMLKbH):ClNDIN>CSINiN/CINOEX<LNUX> 
DO 200 LHLH=1.NUHLAY 
CALL i lATHXIhAVNUM,THICKILNUI-) ,CINaEX(LNUH),CONSIN(LNUH), 

1 HOOE.CHAT2) 
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CALL MULT1<CFAT1,CI1AT2.CIUUI 
C n 4 I l H , l > = C B A l i ( l , t ! 
t n A U u . i i s i . n M . J l l . i l 
C n A t l l S . l l J U M A t i C i . l l 
CrtAUt<;.2> = Cr'AT.S<.;,JI 

2DU CONTINUE 
3uC CALL RtSLLUCHAU,MUCS- .CSIMr . ,CSlN0UT,ClHLHh,CINO(Rn,R. t .«> 

rftlUKh i CM) 
C 
c 

SUIjRCUTIM. CCr l IhUI I»Ul .O* .NAJNU«. THICK .CINOEX) 
COMPLEX CINUEX 
J A U CLlt>l-T/<?.'H/'J.::>E»lu/ 

C » " U 0 COMPLEX IHCEX niVLN 
IF ( I . t U . 0) CIMJtX=CMPLX I D l i O Z I 

C " » l = l CUNPLIX ^ l t . L C I i ( K . GIVEN 
IF I I . t C . I I CIKUtXsCSJf.TICrPLXCOliU.-MI 

C ' " U i RtAL O I E l t C I R I C »HC COMDUCTIVIT* GIVcN 
IF ( 1 . E C . 2) C lN0LX:CSQkl lC I - l 'LX IU l .2 . l ] > a2 / lkAVNUH>CLlGHI> l l 

C " > 1 = 1 CUKUUC11'.'[I« UIVCH 
IF I I . E C . 3> CUUEI;CHPL>IS<lRTIU2/(HAt/NUH>CLIGHTII . 

1 i ; « I |U£ / l> l»V I IUH»CLH,HT) ) ) 
C"M=<> CHHS PER SCUARt GIVEN 

IF I I . L C . Al t lMJ-. -CCI-PLKISuRII J i l . i l / I U l ' H A U K O H ' I H I C K ) ) , 
l S O R T I sa.a/iui'HUt.ui'imcKU) 

C " » I = 5 ANOKCLCCS SKIN EFFECT FROM OINGLE 
IF I I . t C . '- I CALL A 5 K I N ( H A V » U H , 0 1 . J I , C I N O £ X | 
KETURN 1 IMJ 

C 
C 

SUBROUTINE A S K I N I H N U M . C O N O . E O E N S . C I N U L X I 
CUHPLtX L.IMJIX• XI .« , *1 ,0UM.ADHMGR,A|JH 
U»T» CHCFT t £n»SS,r.CFRG.PLANCK/2.997M25E* 10.9. lOS^SOE-JS 

1 ,<..l>(>J2!>t-ig f1.0>li5<J11lC-27/ 
PU«.S>ATANI1 . I> ) 
FREUONUMCIIGHT 
TAU=SCS1 l3.0"Pl*EMAS5/ltO£NS«£CHR0'ECHRC,l > 
V F E « n I ; ( J . O » P I ' P I » t U E N S > " l l . : / J . J I ' P L A N C < / t n « S S 
VNgtt=VFESHl/CHtHT 
FREUNOk-FriECTAU^.O/U.OOVKORI 
CON)lliR-LCNU>IAU*4>lUI< 
ALPHAifRtCNCt' lCCHNOft ' -Sl 
XJsCKPLKtl.fl.FRtUIIIW'CONhOfO 
XiiCMPLX10.u.ALPHA) 
X1»X2/(X4»XJ»K5> 
X2*CSURTI«1I 
X J . C E X F I C L C G U l « P I I / . i . O I 
IF I C A t l S l x l l . L E . ( l . » 

1 0U««l.l!>'i7'K2-ll.25a«»lll«».15i.(l««Z«3-(l.i26!*m»*l 
2 •0.1iea»»2"5-0.m'i«xl"3t0.«07»K2«7-l).li ,8»xl«li 
i »0.l6«5»xi"9 

I F ( c A a s i x n . G I . e e l 
1 U U M j l . H - A ? ' X J - | J . l i i l « C C Q l i ( P l » X l l - l ! . 5 J S 0 t 0 . 0 i . l ( , / X j 
2 -O . I )b< .9 / IX3»X.J I»» . l> / IP I«Xl> AunuoR" Io.g,-uci•OUM'CHPIXIl.a.CONHOR'FREQMOHi 

AUIfcAOnNCS'CLIGHI/IH.O'Pl'FREQNOR'COWNUR'VNOSI 
CI(lOtX»<..D»PI»ACH/CL IGHT 
CIMIEX'CONJGICINOEX) 
RETURN 
END 

C 
C 

http://nM.Jll.il
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iUbROUlHE PHTB[X(HOVN, THICK ,CN,CSlNt i«ODE,CfAr i 
COMPLEX CN,UHAT<2,2> .CNCOS,C3ET«,CI,C3IHE 
C I s d J . U . l . U I 

CNCOisCStRI U - C 5 1 N l " 2 ) •CN"PODE 
C8trA-2»FI»WAUN»rHli;K«CN»CSai<TH-CSINE»«2> 
C M A m , i i = c c o 3 < C - ) E t a ) 
C « A T U , 2 l = -CI»CiINICBETA)/CNCOS 
CNAtl^, l ) - -Cl»^31N<CaETAI»CNCOS 
CltATI i . iJsCCCSICUEIA) 
KEIURN 
tNu 

bUSrtOUTItiE <*ulTI(Ci1AM.Ct1AT2.CrtATJ) 
COMPLEX C H A i i < 2 , 2 ) , C « A r 2 < 2 , 2 l , C H A : J 1 2 . 2 ) 
C M A T J U . l ) = C M A I U l . l ) * C H A T 2 ( l . L I « C ' t A U ( l < 2 ) > C H A T 2 ; 2 , l > 
C n A T 3 ( l , 2 1 = C : f A T l ( l , l t » C H . ; T 2 U , 2 > » C : ) A I l ( l > 2 ) ' C . H A T 2 ( 2 I 2 l 
CMAr.i<2,l> = « A T l < 2 , l > » C M A U l l , l . > >CNA; 1 ( 2 , 2 1 'CHAT2C2. i l 
CMAI.iC2.2l = C t ' A T l < 2 , l l » C N A T 2 ( l , 2 ) » C M A T i l 2 , 2 > CNAT2(2,2) 
KETUKN 
END 

SUUP.OuTUE htSULHJHAT.Hor jE .CSlN I .CSINE.CNI .CNE.R.T .A l 
COMPLEX C H A K 2 . i l . CR. C t , CA, Cd, CNCOSI, CUCOSE 

1 , C S I N l . CSIHE, C N I , CNE 
CNCOSI=CSU«lll-C:>IIU<>»2l«CNI»»HaOE 
CNCOSE=CS0KIU-C5IhE ,»2>»CNE»»HODE 
C»= ICMAT( l , l l ,CMOHl .2 )»CNC0SEI 'CrJCO; t 
Cfi=CMAT[2,1)«CNAT(2,2>»C>ICUSS 
CR=ICA-Ct) / (CA»CB] 
R=CA8SICR)»»2 
CT = 2>CI.CCSI/ICA»Ca> 
MCAUS(CI)»»2»REAL(CHOOSE1/REAL(CNCOSII 
A= l -R -T 
NETt/RN 
END 

SUOROUTlAt SKETCH(NPIS,X ,» ,J I ITLE.J IUENT> 
UINENSlOh X l l l , T ( l l , J I I T l . E l a ) , J f . O E t U ( i . l 
COHHON / F I O I C A T / X S , X I , YS,rL,XL0G,YLOG,A ( 2 0 5 0 ) < 3 ( 2 L ; ill 
CONNON/CCPOCt./XHIN.Xt1AX,YMIN,YHAX,CCXIlIN,CCX*AX,CCYHIN,CCYNAX 
COHHON/CCFACT/FACTOR 
OIHENSIOK IC0NTtS>, IREA0(») .JXLA8El .C«l , JrLAEtL(S) .NREADISI 
FACTOK=100.0 
PRINT S t , K P I S . J I I I L E . J I O E N I 

90 FORMAT W / . 5 X . I 4 . 1 2 A 1 0 I 
NGRFsNPIS 
REAG 1 1 0 , IftEAO 

110 FOkHAT 18A10) 
PRINT I I S , HEAD 

116 FORMAT (10X.8A10) 
IF I I R E A D ( I ) .EQ. 10HNO PLOT t SO TO 901) 
IF U R E A O U l . E Q . 10K I GO TO 900 
IF ( I R E A O t l ) . E U . 10HSAHE PLOT ) GO TO 21)0 
IF U R E A O t l ) . E H . 10HSAHE SET ) GO TO 150 
HEAD 110, NREAO 
PRINT 115, NREAO 
OECOOt (60 ,120 ,N«£AO(1 I> XS.Xl .YS,YL,XLOG,TLGG 

120 FOftrtAI IEE10 .3 ) 

http://'CHAT2C2.il
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Rc.AU 11(1* NREAO 
PRINT 1 1 5 , NREAO 

LCuGE(cl(i,120, NKEAOIDl C C X M I N , C C X H A X , C C Y M I N , C C > Y H : A X 
A I I I N = XS 
XMAX=XL 
y MIN=Y3 

»AxsYL 
-F ULOC . 0 1 . G.J) X«IS-«LOG10(XS> 
IF (XLOG ,GT. O.OJ xnAXsALOGlQ(XL) 
IF [YLOG . G I . 0 .01 YM1N=ALOG10IYS> 
IF (VLOG . G I . C O ] YMAXrALOGlO [ Y D 
IF ( I R E A C ( l ) . E j . 10MNEW RANGES I GO TO 200 
UEa>DE(7u,10a, IREAU(2>l 

1 L a e Y O K N , l T I T i Z , l I l T C H R , I I C S Z . I I D C H R , T I T X , T I T r 
1 . Z I O X . Z I D I 

l u . FuKMAt ( «o , i . U , - 4 E 1 0 . 3) 
RtAU l i d NfiEAO 
PRINT l i b , NGEAD 
OELUOE(»B,l .J0,NRcAO(ll) Nxi ,NX2,NXj . IXSZ, IXCt-R.XLABX,XLA8Y 
KEAU 1 1 0 , hfiEAO 
PRINT 1 1 = , NhtAO 
J E C U D t ( B U , l J b , I H t A O ( l l l NY1,NY2,NYJ,1(SZ, IYCHR,YLABX,YLABY 

130 FORMAT im,iCli.il 
READ 1 1 0 , NKEAO 
PRXNI H E , NREAU 
0£L0UE(8Q,1U ,NREA0(1M JXLAEEL 
READ 1 1 0 , NREAO 
PRINT l i b , NREAU 
UELUUEl»a,110,NKEAO(l l> JYLAEEL 

130 CALL CCNEXT 
ISO CALL CCCRIUUX1,NX2,NX3.LA8YCRN,NY1,NY2,NYJ> 

CALL CCLTR(XLAtjX,XLAEY,0,IXS2,.JXLASEl.,IXCHR) 
CALL CCLTR(YlAex ,YLAeY, l , IYSZ,JYlAaEL, IYCHR) 
CALL C C L T R ( I i r x , T I I Y , 0 , n i T S Z , J I I T L E i I T I T C H R ) 
CALL C C L T R ( Z 1 0 X , Z I O Y , 0 , I I D S Z , J I O E N T , U D C H R > 

200 CONTINUE 
IF UREAL'U> . E U . 10HPLOT GRIO ) GO TO 100 

".00 CALL L I H I I S U G R F . X . Y l 
CALL CCPLOT(A,8,HGRF,.»HJOIN,0 
PRINT <4l0, NGKF,XS,XMIN,XL,XMAX.YSiYHINiYL,YMAX 

1.10 FiIRHAT ( 5 X , K , » POINTS PLOTTED " . B E l l . S I 
400 CONTINUE 

RETURN i END 

SUllROUTIKE LIHITS<NPTS,X,Y) 
OltltNSIUfc X ( 1 ) , Y ( 1 > 
COMMON / l -LCTCAr/XS,XL,YS,YL.XLOG,YLOG,A(2050) ,8 (2050> 
C0MMON/CCPO0L/XMIN,XtlAX,YmN,YHAX,CCXmN,CCXhAX,CCYHIN,CCYMAX 
J - 0 
DO 200 I - l . S P T S 
XXsXIXl 
IF (XX . L I . XSI GO TO 200 
I F Ixx . G I . XL) GO TO 300 
IF (J . G E . 2050) GO TO 260 
J = J U 
A ( J ) = X U > 
I F ( X L O G . G T . 0 . 0 ) A ( J ) : A L O G 1 0 ( « ( J ) ) 
t ) (J) = Y ( I ) 
IF ( 8 1 J ) . L T . YS> 3 I J I - Y S 
I F <B1J) .GT. Y D B ( J I = YL 
IF (YLOG .GT. 0 .01 3 (J )=ALOG10(B(J I ) 

http://Rc.AU
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2 0 0 CONTINUE 
GO TU 300 

£50 PRINT 27G» J 
270 FORMAT l//t//,bt,' TOO MANY POINTSt FIRST » i l 6 i » HERE U S E O « > / / / l 
300 NPTS=J 

KETURN i END 
C » » » « » « 7d-a CArJ 
C 
( ; • • * • • CONTROL CARDS WHICH PRODUCED PLOT IN FIGURE I I . 6 
C 

EMISS1VITY AS A FLNCUCN CF ANGLE FOR BARE COPPER 
0 2 0 3 0 2 i. 
1 0 . 0 
1 . 0 E - 0 4 l . 5 7 0 ? ^ b J 3 0 . 1 E-0". 
0 1.0 0 . 0 
5 5 . 3 y t + 1 7 0 . 5 k * 2 2 

NEH PLOT NULULS 2 do 1 <*0 0 . 0 1 0 . 2 0 . 0 1 0 . 4 
1 . 0 E - 0 « 1 . 5 7 u ? 9 t ; 3 1.0 E-0I> 1.0 1 .0 1 .0 
1 . 0 8 .7 t t l . C tf.<»C 

1 1 1 2 1 1 1 .1 0 . 1 
1 <• 1 2 10 0 . 0 1 .1 

ANGLE FROM GRAZING INCIOEf.CE (RADIANS) 
EHISSIV1TY 
EH1SSIV1IY AS A FLNCTION CF ANGLE FOR BARE COPPER 
0 2 0 »* 0 2 2 
1 0 . 0 
1 . 0 E-0<t l .57u7 '9S i33 O . l E-CH 
0 1.0 G.3 
5 5 . 3 9 t » 1 7 0 . 5 E»22 

SAI-l PLOT 
EHISS1VIIY AS A FLNCT1GN CF ANGLE FOR OIELECTRIC COATED COPPER 
1 2 0 3 0 2 2 
1 0 . 0 
l . D E-0<*1.5?C7<*&33 u . l t-G<* 
0 1.0 C O 
5 5 . 3 * E<17 0 . 5 E«22 
0 1 .5 (1.0 0 . 0 J 5 C 8 

SAHl PLOT 
EMSS1VITY AS A FUNCTION CF ANGLE FOrt DIELECTRIC COATED COPPER 
1 2 0 i. 0 2 2 
1 0 . 0 
1 . 0 E - 0 H 1 . 5 7 U 7 9 6 3 3 0 . 1 E-Ofc 
0 1 .0 0 . 0 
5 5 . 3 9 E H 7 0 . 5 E«22 
0 1 .5 0 . 0 0 . 0 J 5 G B 

SAKE PLOT 

http://INCIOEf.CE
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APPENDIX C 

Superfluid Helium Pump 

We have developed a simple pump for transporting superfluid helium 

ins.^e ciir crystat. It operates on the superfluid fountain effect which 

is jriefly described in section E of chapter II. The pump is capable 

of puirping 3 liters of liquid helium per hour a height of 1 meter while 

dissipating less th'ti 0.1 Watts of heat in the bath. 

The pump is very easy to construct. Figure C.l is a scale drawing 
TM of the device. The lower inlet chamber is machined out of Lava Stone 

(American Lava Company). This is a ceramic material which is porous 

to the superfluid component of liquid helium but impervious to the normal 

component. It is an easily machined material before being fired which 

turns into a hard ceramic after firing. The heater in the chamber is 

a metal film resistor used to establish the temperature gradient 

required to run the pump. Glass tubing is used to convey the helium to 

the desired location. The various parts are fastened together with 

Miller-Stephenson 907 epoxy. The only part that requires any care is 

the exit nozzle in the glass tube. This nozzle must offer enough gas 

flow impedence that the desired temperature gradient (and thus a 

corresponding gradient for the vapor pressure) can be achieved without 

excessive power dissipation. We found empirically that an aperture 

of % . 7 mm worked well. None of the other dimensions are critical. 
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Superfluid Pump 

~ 0.7 mm 

I meter 

Heater 

Glass Tubing 
lOmmO.D., 6mm LD. 

I cm 

Lovo Stone 
Chamber 

XBL 7510-7518 

Fig. C. l . Scale drawing of superfluld helium pump. 



-144-

ACKNOWLEDGEMENTS 

I am greatly indebted to ray thesis adviser, Paul L. Richards. 

He initiated this project and provided invaluable assistance and advice. 

His conscientiousness and patience made hira an excellent adviser. 

Dr. John C. Mather was my partner in developing the spectrophotometer. 

His ability to identify and critically analyze ..he problems in the 

measurement was important to our success. Norman S. Nishioka assisted 

in the environmental testing and operation of the apparatus, lie also 

provided the expertise in computing required for the data analysis. 

I want to thank especially Henry Primbsch whose assistance and expertise 

in electronics and ballooning proved to be indispensable. His enthusiasm 

and friendly disposition made the experiment more enjoyable. I want 

to thank Dr. Richard Aurbach for interfacing our experiment to the PDF-11 

computer. 1 want to thank Prof. Kinsey Anderson for his support .of 

our ballooning program. 

This work was done under the auspices of the U.S. Energy Research 

and Developement Administration. Parts of this work were supported by 

National Aeronautics and Space Administration grant NGL05-003-A97. 



-145-

REFERENCES 

R. A. Alpher and R. Herman, Nature 162, 774 (1948). 

I,. Alvarez, et_ a^., "Aether Drift and the Isotropy of the Universe," 

research proposal, University of California Space Sciences 

Laboratory and Lawrence Berkeley Laboratory, 1974. 

R. J. Bell, Introduction Fourier Transform Spectroscopy. (Academic Press, 

New York; 1972). 

A. G. Blair, et al., Phys. Rev. Lett. 27, 1154 (1971). 

M. Born and E. Wolf, Principles of Optics (Pergamon Press, New York; 1970), 

4th edition. 

V. Bortolot, J. Clauser, P. Thaddeus, Phys. Rev. Lett. 22^ 307 (1969). 

J. P. Casey and E. A. Lewis, J. Opt. Soc. Am., 4£, 971 (1952). 

J. Chamberlain and H. A. Gebbie, Infrared Phys. U., 57 (1971). 

K. Chan and B. Jones, Astrophys. J. 195, 1 (1975). 

K. Chan and B. Jones, Astiophys. J. 195, 245 (1975). 

R. Dicke, P. Peebles, P. Roll, and D. Wilkinson, Astrophys. J. 142, 

414 (1965). 

R. B. Dingle, Physica 19, 311 (1953). 

P. Fellgett, J. Phys. Radium 19, 187 (1956). 

H. A. Gebbie, W. J. Burroughs, and G. R. Bird, Proc. Roy. Soc. A. 310, 

579 (1969). 

R. M. Goody, Atmospheric Radiation, vol. I, (Oxford at the Clarendon 

Press; 1964). 



-146-

D. Goorwitch, Appl. Optics 4^ 1387 (1975). 

J. Gott, J. Gunn, D. Schramm, and B. Tinsley, Astrophys. J. 194, 543 

(1974). 

Handbook of Geophysics, C. Z. Campen, et al., Ed. (MacMillan Company, 

New York; 1961). 

D. Heggi, W. Traub, N. Carleton, Astrophys. J., 3̂ 90, 543 (1974). 

J. R. Houck and M. Haruit, Astrophys. J. 157, L45 (1969). 

J. R. Houck, B. L. Soifer, M. Harwit, J. L. Pipher, Astrophys. J. 178, 

L29 (1972). 

J. D. Jackson, Classical Electrodynamics (John Wiley and Sons, Inc., 

New York; 1967). 

J. B. Keller, J. Opt. Soc. Am. ^ 2 , 116 (1962.1. 

C. Klttel, Introduction to Solid State Physics, (John Wiley and Son, 

New York; 1966) 3rd edition. 

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

J. C. Mather, Ph.D. thesis, University of California, LBL-2258 (1974). 

J. C. Mather, P. L. Richards, 0. P. Woody, IEEE Trans. Microwave Theory 

Tech. 22, 1046 (1974). 

R. A. McClathchey e_t al., Air Force Cambridge Research Laboratory 

Atmospheric Absorption Line Parameters Compilation, AFCRL-TR-73-

0096, Environmental Research Papers No. 434 (1973). 

M. L. Meeks and A. E. Lilley, J. Geophys. Res. 68, 1683 (1963). 

C. Misner, K. Thorne, and J. Wheeler, Gravitation (W. H. Freeman and 

Coup., San Francisco; 1973). 

K. D. Moller and W. G. Rothschild, Far-Infrared Spectroscopy (John 

Wiley and Sons, Inc., New York; 1971). 



-14*7-

D. Muehlner and R. Weiss, Phys. Rev. Lett, .24, 742 (1970). 

D. Muehlner and R. Weiss, Fhys. Rev. D T_, 326 (1973). 

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

P. Noerdlinger, Phys. Rev. Lett. 30, 781 (1973). 

P. J. E. Peebles, Physical Cosoology (Princeton University Press, New 

Jersey; 1971). 

A. Penzias and R. Wilson, Astrophys. J. .14J2, 419 (1965). 

J. L. Plpher, J. R. Houck, B. W. Jones, and H. Harwit, Nature 231, 375 

(1971). 

A. B. Pippard, Advances in Electronics and Electron Physics (Academic 

Press, Hew York, 1954), vol. 6, p. 1. 

G. E. H. Reuter and E. H. Sondheimer, Proc. Roy. Soc. A 195, 336 

(1948). 

P. L. Richards, Spectroscopic Techniques. D. H. Martin Ed. (North-

Holland Publishing Comp., Amsterdam; 1967), p. 33. 

E. Rot-Jon, D. Vickers, J. Huizinga, J. Beckman, and P. Clegg, Mature 

251. 591 (1974). 

K. Shivanandan, J. R. Houck, H. 0. Harwit, Phys. Rev. Lett. 21, 1460 

(1968). 

J. M. Stone, Radiation and Optics (McGraw-Hill Book Coop., New York; 1963). 

R. Tolaan, Relativity, Thermodynamics, and Cosmology (Oxford at the 

Clarendon Press; 1934). 

P. S. Standard Atmosphere Supplement, Environmental Science Services 

Administration, National Aeronautics and Space Administration 

(1966). 



-148-

A. N. Vystavkin, V. N. Gubanhov, V. N. Listvin, and V. V. Migulin, 

Proc. Polytech. Inst. Brooklyn Conf. Submillimeter Waves, 

J. Fox, Ed. (Polytechnic Press, Sew York; 1971)vol. 20, p. 321. 

S. Weinberg, Gravitation and Cosmology (John Wiley and Sons, Inc., 

New York; 1972. 

J. Wilks, An Introduction to Liquid Helium (Clarendon Press, Oxford; 

1970). 

C. S. Williams, Appl. Optics 5, 1084 (1966). 

K. D. Williamson et al., Nature Phys. Sci. Ul, 79 (1973). 

D. P. Woody, J. C. Mather, N. S. Nishioka, and P. L. Richards, Phys. 

Rev. Lett. 34, 1036 (1975). 


