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AN OBSERVATION OF THE SUBMILLIMETER 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 atmospﬁeric molecular line emiésion, and placing limits on

the contaminétion from sources of continuum radiation such as the
apparatué itself énd the eatth. The observations were made on 24

July 1974 using a fuily calibrated liquid-helium-cooled balloon~borne
spectrophotometer. Important features of the apparatus includé 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 to the observed

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

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

atmospheric contribution. The resulting spectrum covers the frequency
, . -1 _ - k

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

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

+.07

~ 14 K is déduced from our data.

A blackbody temperature of 2.99

cet i opbk0f00
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We also analyze the present status of the cosmic background observa-
tions, which span more than threé decades-in frequency, and conclude
that they are all consistent with a blackbody temperature of
2.90¢.04K (ilO).. This firmly supports the Big Bang cosmological

model of the universe.

)



I. INTRODUCTION

v 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 the mo;t fasinating developmeﬁts in observational
.cosmolog§.> The only cosmologicai’model which satisfactorily explains

' the existénée of tﬁis>radiation i§ the “Big Bang"’tﬁeory of the universe.
The CBR, accOraing to'this theory, is é remnant~from the Primordial |
Firéball. Fifmly establishing the épectrum of the CBk-will aid in
uqderstanding the details-of ;he evolution Qf the universe and will

place severevlimits on any proposed cosmologicél moéel. |

This paﬁer describgé:tﬁe first successful-measuremeﬁt éf the

Submillimeter CBR spectrum. The data were obtained on July 24, 1974

using a .cooled balloon-borne spectrophotometer..'The data show fhat

the CBR has the.spectral shape and intenéity of a 3K blackbody in the
ffeqﬁency range from 4 tq.l7_cm—l,. 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

iﬂ the literature. Peeble's book, Physical Cosmoipgy (1971), gives an
éxéellent . "description of the accep;éd "Big Bang"'cosmological model
and its relationsﬁip to the observed universe, A 1eﬁgthy chapter is
devoted to the Primoraial Fireball. The monumental works by Weinberg
(1972) and Misnér, Thorne, and Wheeler (1973) cover the general

relativistic  aspects of cosmology in greatvdetail.

c 8t 1 opPPOODD



Historically, the first discussion of the behavior of blackbody
radiation in a nonstatic oniverse was given by Tolman_(l934,‘p.427).
As early’as 1948, Alpher and Herman (1948)'calco1atéd_a value of 5K
for the presént temperature of the CBR. The identificétion of the first
measorement 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 estimafed
-helium abundaocevto calculate the‘thermal history of the universe.

ﬁBig Bang' cosmology is based on the assomption that the universe
is homogeneous and isotropio. These assumptions together with Einstein's
gravitational field equations.yield the equations which govern tﬁe

evolution of the universe. In comoving coordinates these equations are

R2 + k = %F GpR2

(1.1)
d 3, _ _apn? '
3R (pR™) = -3PR

(Weinberg, 1§72,p.472); P and p are the pressure and deosity of fhe
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 equai to -1, +1

or 0 which détermines whether the universe is open (will expand forever),
closed (will évehtuallyvcollapse ubonvitself) or exactly in between

(will expand forever accofding to the Einstein-de Sitter model). The
evolution of the universé.ié determined.once the equation of stato

(relationship between density and pressure) and the initial conditions

-,



are specified. Since the expansion pargmeter, R, must be either
increasing or decreasing, a static universe is precludéd by these
equations. -
Obsefvationvof the relationship between red-shift and distance for
distant galaxies indigates that the universe is presently expanding.
An extrapolatinn back in time predicts that the universe was denser
and hotter in the pést and that it possibly started-near a singularity
of infinité density and temperature. Fairiy reliable extrapolations
haﬁe been made back until the temperature was NlOlzK; At. this
temperature, the populations of:the elementary parficles (nhotons,
neutrinos, muons ,‘elecfrons, nucieons, etc.) were in tnermal eqnilibrium.
The evolution can be iraced forward frnm this timé (some 10,_4 sec
after the singularity). The unstable particles, Suqh as mnonS';
gnnihilated or decayed as thé universe expanded and the thermal energy
(kT) dropped belnw their équiValent rest energy (mcz). fhere were only
photons, neutrinos, elegtrons, protons, and a few light nuclei'
(2H and He) left by the time the temperature had dropped to %3X103 K
(zlo12 séc after the singularity); at which timé the electrons combined
with the protnns and nuclei to form neutral atoms. Previous to this
time, the photons were kept in thermal equilibrium with the matter by
various annihilation, bremstrahlung, and compton pronesses.'_This was

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

the -radiation energy in determining the expansion rate. With only

neutral atoms present, the interaction between the 3,000K blackbody

radiation and the matter became limited to those photons with energy

b8l 1lokbk0O®0O



equal to the resonant atomic transitions or greater than the ionization
‘energy. Thus, the radiation and matter became effectively de;oupled and
they evolved separately; the matter formed galaxies and stars, while

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

The evolution of the Primordial Fireball after it became decoupled
froﬁ the matter can be followed by exémining the covarianﬁ photon dis-
tribution funétion. This is the photon number density in phase space
(momentum and position). It is measured at the oBservefs position and
is a function of the momentum, ;, of the phétqns as seen by the observer.
It reduces to a fﬁnction of the .energy, E=|;[, for an isotropic
distribution. An invériant scalar quantity, N(;), is obtained if the
distribution function is multiplied by a contravariant phase space
volume element. If the volume used is that of a single quantum mode, h3,
then the scalar quantity is just the‘photon occupation number. Thus the
number of photons in any mode remains constant és the universe evolves,
although the ﬁomentum or energy of the mode may change. Thisbcah be
derived rigorouslj'by applying Liouville's theorem in curved spacetime

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

1973, p.584).

t

The energy of a photon (or mode) scales as the inverse of the
expansion parameter, R, for an observervfixed to the matter ofvthe
universe kcoﬁoving coordinates). This is a geometrical effect in the
homogeneous and isotropic universe and gives rise to the red-shift
versus dist?nce relation observed for distant galaxies. Thus the

photon occupation number for photons of energy Et now is given by the



- ?

~occupation number at the time of decoupling for photons of energy

=

E = E

t .
o t R : : (1.3)
o

The occupation number for a blackbody retains its blackbody
character as the universe expands. Initially, it is given by Bose-

Einstein statistics

' Eo -1 - e
N(EO,TO) = [exp (iﬁr—> - 1] . : | (1.4)

o

At a later time, the occupation number is given by

N(Et) = N(Eo’To) (1.5)
E )
= [exp (E‘fo—) - 1] L
o
= [exp LR ) _ l]_l
kT
o .
rl E :
t Y -1
= [exp (—"—) -1] =
th |
= N(Et, Tt)'
where
'Ro v
TF =T, i—t- . : (I.6)

Cetllabpb0n00



Hence, the Primordial Fireball remains a bladkbody but has a temperature
which scales as the inverse of the scale parameter. This transformation
conserves the nﬁmber of photons and entropy, but does not conserve
energy; the photons do work against the expanding universe.

This same analysis can be applied fovan observer moving relative
to the comoving éoordinate system. In this case, an anisotropic
Doppler shiff isrseen. The observer still measures radiation characteris-

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

direction of’qbservation V2 1/2 .
| 1-—=3 | . |
T(v,8) = T_ - ' . ‘ (1.7)

' (1 - E-cose)

The CBR'plays a key role in establishing a self cénsistent picture
of.the origin of the universe. Many of the events ip the early history
of the universe'bccurred over a relatively small temperafure range,
and a 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
temperature of =~3,000K which is 103 higher than the presént radiation
temperature."Tﬁus the universe waé 103 times smailef, or 109 times
more dense, then than it is now.

Another critical point was at a temperature -of QIOlOK when the
thermal creation of electrons and positrons stopped énd the neutrons
began to decay. The expansion rate and density of fhe universe at this
time determines how many neutrons form 2H and He nuclei before decaying.

The helium abundance is fairly insensitive to the density and is predicted



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 CBR can be divided into three categories:
microwave radiometer measurements, indirect measurements based on
interstellar molecules, and broadband submillimeter observationms.

Penzias and Wilson (1965) used a ground based microwave radiometer
operating at a frequency of 0.136 cm—l (7.35 cm)'to make the first
observatiop of the CBR. This first measurement was quiekly followed by
many other gtound based microwave radiometer measdrements covering the
range from 0.013 to 3.00 cm_l. Peebles (1971, p.134) analyzes these
measurements and arrives at a value of 2.72t0.08K for the CBR temperature.
Althougﬁ these measurements allAlie on thellow frequency side of the
6 cm—l peak in the 3K Planck 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. I.1 along with
the indirect measurements and the spectrum of a 3K blackbody. These
measurements appear to be ia good .agreement with the "Big Bang" hypothesis.

The indirect measurements come from an entirely different kind
of observation. The relative intensity of 6ptica1 transitions from
different rotational levels in interstellar molecules is measured.

This yields a temperature which corresponds to the CBR temperature at the

o et inprOONDO
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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_1 (see tabulation by Peebles, 1971, p.134) and 7.58 cm_l
(Hegyi, Traub ahd Carleton, 1974). Upper limits are provided by

FCH and CH+ at‘frequencies of 17.9 c:m—l and 27.9 cm_l_(Bortolot, Clauser,
ané Thaddeus, 1969)._ These results are Significant in that they are
beasufements‘of the CBR at distant points in our galaxy.

Observations on the high frequency side of the Planck curve have
been partiéularly difficult. Thelfeature whigh makeé these observations
important (large deviation of the Planck curve from a Rayleigh Jeans
spectrum) also makes them difficult (the signal is'decreasing‘with:
freqpency while contaminating radiation fr;m warm objects is still
increaéing).‘ In addition, the atmospheric radiation in thé submillimeter
region requires that the measurements be carried out above most of the
atmospherg. .Three groups have been especially active in ﬁaking
broadband observations of the submillimeter CBR: a balloon group at
M.I.T., a rockét gfoup'at Cornell, and anotﬁer rocket group at Los
Alamos. The published results of these groups are tabulated in Table
Ifl. The earlieét measurements indicated that the CBR was much larger
than that of a 3K blackbody. As the measurements were repeated. the
deviation from a 3K blackbody diminished. The status of the broadband

submillimeter measurements at three different times is shown in

Figs. I.2(a), (b) and (c).
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Broadband submillimeter observations.

Flight Date Croup Frequency Spectral Equivalent Reference
Band rlu5“ Blackbody .
[ew~1} 11012 y/cn? sr em™l) Temperature
K}
+300° +2.3
11 Nov. 1968 Cornell 7.7-28 300_150 8.3_1'3 Shivanandan, et al. 1968
29 Sept 1969 M.I.T. 1 -l0 < 12 <3.6 Muehluer and Wein, 1970
" - 10 -12 < 300 <7 "
" " 12 -18 < 50 <s.5 "
. , b :
19 Dec. 1969 Cornell 7.7-25 3007350 83723 Houch and Rarwit, 1970
2 Dec. 1970 “ 6.7-25 707> -— Pipher, et al., 1971
29 May 1971 Los Alamos 1.7-12 15¢7 3ty Blair, et al., 1971
5 June 1971 M.I.T. 1 - 5.4 6.5¢3.5 z.sfg'g Muehlner and Welss, 1973
" " . +0.3 "
$.4-7.9 11£5 25700
" " = +4 +0.3 "
7.9-11.1 (3 2.670-3
" ] 11.1-18.5 60t10 4.3:0.2 "
29 Sept 1971 " 1 -5.4 83 2.7fg': "
" " 5.5-7.9 123 2.8:0.2 "
“ . 7.9-11.1 < .6 < 2.7 "
" . 11.1-18.5 < 20 < 3.4 "
17 May 1972 Los Alamos 1.7-13 <16 <4.8 Williamson, et al. 1973
" . 1.7-17 23017 s.at0d "
" " 1.7-33 .612.59 3.80-2 "
18 July 1972 Cornell 7.7-25 < 20 — Houch, et al.. 1972
1 oct M.IT. 1 -11.5 6.0:3.0 2.5%0-23 Muehlner and Weiss, 1973
L] ” - A +0'45 "
1 -13.5 4.924.3 247002
- " 1 -18.5 <16 < 3.6 "

aThe spectral

flux wis deduced from the reported total flux and bandwidth when the spectral flux was not reported.

These values were later decreased by a factor of two after recalibration.
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Our initial motivation for undertaking a measurement of the
submillimeter CBR was the early report of a large excess flux in this
frequency range. As the reported measurements impfoved,_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.gdequately subtractuout tne atmospheric emission in any
ballbdn-bo:ne‘ekperiment (Muehlner and Weiss, 1973). We believe our
coqled spectrophotometer with its fully characterized antenna is
ideally suited for this measurement. |

A balloon group from Queen Mary College, University of London has
recently reportéd the preliminafy results of an observation of the
submillimeter CBR (Robson, Vichers, Huizinga, Beckman; and Clegg, 1974).
Their results are from the flight of a balloon borne cooled spectrometer
on MaFch 13, 1974. The spectrum they give includes a large amount of
continuum émission but appears to show the CBR tnrning over above 9 cm_;
and following'the curve for_n =3K blackbody. We can not evaluate the
significance of their results from the information given in the one

page article.

C. Thesis Organization

The purpose of this thesis is to describe our measurement of the
submillimeter CBR in enough detail that 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 deécribed, iﬁcluding
the advantages and peéuliarities of the polarizing:in;erferometer uéed
for Fourier transform spectroscopy. Special emphasis is placed on fhe
characterization of the beam pattern and emission of}the_antenna.

. ChapterFIIiipresents the raw data obtained»during the flight.‘
The first order data reduction énd signal averaging:are‘also:déscribed.

The analysis of the data is described in cﬁaptef‘IV. This includes
the determination of the antenna emission, earthshine, and atmospheric
radiaéion. The'quel used to simulate the atmosphere and ;he'fitting
procedure is discussed in.detail. Finally, the'observed CBR spectrum
together with error limits is presented.

The last chapter discusses the significancé of .our méasuréménq and
its relation to previous observations. A'short,diSCQSSion of possible
deviations from'aﬁ ideal blackbody is given._ Lastly, future developements,

problems, and limitations of measuring the submillimeter CBR are examined.

1

o1 o000 O
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IT. 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 submiilimeter frequenéy range the flux from a 3K blackbody
- falls nearly ekponentially while that from.a room téﬁperature blackbody
increases as the frequency squared. At 15 cm-1 ;he fiux from a 300K
blackbody is 18,000 times larger thanﬁthat from a 3K blackbody. Hence,
it ié necéssary that the apparatus reject by many qrders 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 obéerved spectrum. The presence of.stfong atmospheric
emission lines in the submillimeter frequency range requires that the
measurement be dpne above most of the atmosphere.

Much of the description of the apparatus presented in this chapter
has been given elséwhere (Mather, 1974; Mather, Richards, and Woody,
1974). The work by Mather (1974) is his Ph.D. thésis, It contains a
large amount of useful information, including a detailed description of
the detector development and the techniques used to measure the-anfenna
pattern. It also contains a good discussion of Fouriér transform
spectroscopy in the presence'of noise.

The insfrumént we developed for measuring the cosmic background
spectrum is a balloon-borne liquid helium cooled spectrophotometer.

Figure 1I-1 is a schematic diagram of the instrument. A scale drawing
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Fig. IT.1. Schematic diagram of the submillimeter spéctrophotometer.
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is shownvin Fig. II.2. The radiation is collected by the reflecting
horn and cone antenna;lthen 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. Thisbkeeps the &etector and interferometer immerged in
liquid heliumrand cools the antenna. On the ground and during the
ascent, the antenna is protected from atmospheric condensation by two
removeable Qindows at the top of the hqrn. Two blackboaies are used
for inflight calibration.

The flight configuratidn is shown schematically in Fig. II.3.
The cryostat containing the instrument is mounted on pi&bts in the
balloon gondola which is suspended below the balloon. This allows the
"zenith angle of the instrument to be varied. Ailarge‘plywood
calibration body mounted on the back of the gondola serves as é
calibration source when the cryostat is tilted backwards. At the'
same time, a small glass mirror allows us to check for atmospheric
condensation'iﬁ the antenna by taking photographs looking down the
throat of the hdrn and cone. The gondoia is suspendéd 0.6 km below
the balloon by méans of a let-down line deployed after launch. This
keeps.the 3.3><105 m? balloon well out of the field of view. The
azimuthal angle is monitored by two magnetometers, but the gondolavis

free to rotate aboﬁt 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 detectér preamp output and chopper reference éignai along
with 32 channels of housekeeping data, 6ne of which is multiplexed
into 16 additional channels, are received on the ground and decoded
by-thé groundvstatioﬁ. The preamp and reference signals are each
sampled 250 times per second. A PDP—llTM computer'intérfaced and
programmed to do Fourier transform spectroscopy provides us with
spéctra during the flight. The raw bit stream is fecordedlon an audio
"recorder for replay after the flight. The commapd system is a tone-.
reed system with ten tones multiplexed to give 40 different commands.
The pelemetry 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 germénium bolometer purchased from
Infrared Laboratories, Inc. At the operating conditions of a 1.6K
bath temperature and 17 Hz chopping frequehcy, the electrical noise

equivalent power (NEPe) is 6><10'-14 W//E; and the responsitivity is

0.7><106 V/W. The absorptivity of the 0.8%0.8%0.3 mm? detector element

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

3 to 20 cm L (Mather, 1974).

A O
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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 Vystavkin, et al. (1971) to improve the radiation

coupling to InSb detectors. The radiation is coupled directly to the .
detector from é solid whose index of refraction matches that of the

detector, thus avoiding the factor of (nl/nz)2 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

1 2°

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 immersioﬁ optics. Since the NEPe generally scales as thevsquare
root of the area, a factor of 4 improvement in flux sensitivity is
possible. The area of germanium requirea to accept our system thruput
of 0.25 cmzsrlis only 0.5 mm2 using immersion optics compared to
8.0 mu’ without.

High purity germanium is transparent to submillimeter radiation
and can be used to match the refractive index of the doped germanium
bolometer. In éur 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 intermal 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 bolometeric detector.
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The condensing cone and bolometer are mounted in a vacuum can.
The vacuum can has a 0.005 cm thick Mylar window. There is a 0.3 cm
thick piece of Fluorogold T.M. used as a low pass scatter filter
(Muehlner an&:Weiss,l973) on top of the window. | |

The signal from the deﬁector is amplified by a-Vgriable gain
preamplier. The gain can be switched from 103 to iO6ain:one decade
stops by the\pélloon;command 1ink.‘ The balloon telemetry converts the
0 to 5 Volt-anéiog signal into an 8-bit word giving a resolution of
0.02 Volté. Thé signal is sampled 250 tiﬁes per sec so that the
resolution for a single 2 sec measurement can be improved to 9><10_4 Volts
if‘the bits are randomly exercised. At a gain of 105 this corresponds

9

to 9x10 ° Volts resolution referred to the detector. 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 spectfoscopy is directly’applicablé.» An excellent

book on this subject is Bell's Introduétory Fourier Transform

Spectroscopy (1972). A short discussion of techniqueé used in Fourier
transform spectroscbpy is given by Richards (1967).
A Fourier transform spectrometer operates by separating the

incoming radiation into two Beams and then coherently recombining

Cel i opbODOO
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them to produce the output beam. Interference effects are produced
~ by varying the relative lengths of the optical paths traveled by the
separate beams. This path difference is usually éontrblléd by a
moveable mirror in one of the beam paths. The interference effects
directly modula;e the intensity of the exit beam in a Michelson
interferometer. Whereas; only thé polarization ofjthgvradiation is
modulated in_a'polarizing interferometer, and an analyzing polarizer
is required to achieve a modulation of the intensity.‘ The modulation
is proportional to cos(2mvx) in both cases, Qherevv[cm_l] is the
frequency aﬁd x [cm] is the path difference;

The intensity'I(x) [Watts] as a function'of path difference ié
called an interferogram. The interferogram for aﬁ ideal interferometer
~with an incident spectral intensity S(v) [Watts/cmfl]‘is given by

o0} [0

c‘onst.x f T(v)S(v)dv + f T(V)S(V) cos(2mvx)dv ‘

I(x) -

(1I1.1)

00

coﬁstx I1(0) +f T(V)S{V) cos(2m2vx)dv . |
o

T(v) is the transmission efficiency of the interferometer. The
spectral intensity S(V) is recovered by taking the inverse cosine

transform

S(V) = T(%) f [I(x)-constxXI(0)] cos(2mvx)dx . (11.2)
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- In practice, the interferogram I(x) is sampled at discrete values
of x over a finite interval. The integral in Eq. (II.2) then is
approximated by a summation. The manipulations and limitations
encountered in‘recovering S(v) from a discretely sampled finite
‘length interferogram are explained by Bell (1972)._ The'important
considérations.afe that fof a path difference Ax between samplings
of I(x) the maximum spectrél frequency at which data can Be obtained
without aliasing is |

voo= S, (I1.3)
If N samples areztaken past the zero path difference point, the

-maximum resolution possible is

Av =l
min 2NAx

(I1.4)

The use of é Fourier transform spectrometer offers several

_ advantages‘over other types of spectrometers. Chief among these is the
'multipléxing Qr‘Fellgett advantage (Fellgett,-l958;vand Bell, 1972, p.23).

At each point in ;he interferbgram, information is coliecfed over the

full spectral bahdwidth. prever,.a grating_of Fabry-Perot spectrometer

looks at only ohe resolutionbwidth at a time. Fﬁr this type of

experiment, Qhere-the system 1is 1imited by detectbr sensitivity, the.

multipiexingvadvéntage gains a factor of N in signal to noise where

N is the number‘of resolution elements. The Fourief.transform

spectrometer alsé avoids the problem of order sorting when spectra

covering many octaves in frequency are desired.

Petinpbontoo
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An advantage shared with the 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.

EMichelson

T 2m %- 2tanb (I1.5)
grating

(Bell,‘1972, P.22). F,.l, and O are the collimator focal léngth, slit
height, and grating angle respectively of thevgrating spectrometer.
A typical spectrometer has 6~30° and F/% greater than 30, thus giving
it less than - 0.5%7 of the thruput for a similar Michglson interferome;er.
This is ofteh célled tﬁe Jacquinot advantage and is again important |
for measurements limited by detector noise.

The standard Michélson interferometer has two disadvantages which
are not present in a polarizing interferometer. The constant term
in front qf Eq. (11.1) is = %~I(o) when it is operafed iﬁ‘the usual
slow scan mode with an external chopper fof 1ock-iﬁ'defection of the
signal. Anyufluctuation in the source brightness will modulate this
tefm and intfoduée spurious features in.the interferbgram and thus
produce errors:iﬁ the computed spectrum. The polarizing interferometer
eliminates this constaﬁt term by using the exit (or entrance) polarizér
as a chopper. A_description of how this is done wili be given later
in this sectién. The rapid-scan or phase modulation versions of the

Michelson interferometer also eliminate this constant term (Chambérlain

and Gebbie, 1971).
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The other disadvantage of the Michelson interferometer is its
»10w efficiency at low frequencies. This is a result éf'the dielectric
film used as a.beaméplitter. Its efficiency is propoftional to the
product of the>films reflectivity and transmissivity,.ﬁhich are
defermined by the Airy formula (Born and Wolf, 19705. The efficiency
is periodic in ffequency, with a period proportionél to one bver the
film thickneéé,‘and has zero efficienéy at zero frequéncy. The
beaméplitfer in a polarizing interfefometer is a linéar‘polarizer.
At low frequenéies, the efficienéy is uniformly high and goes to zero
at,wavelengths:short compared to the polarizers grid séacing.

An exploded diagram of our polarizing interferdmeter is shown
Fig. IX.4. .The optics are~5 cm in diameter. The ihcident_radiation
is linearly polarized by the entrancé polarizer. ‘This radiation is
then split intovtwé orthogonally polarized beams by a wire‘grid
beamsplitter oriented at an angle of 45° with respeét to the entfance
polarizer. Thevbeams are reflected back to the beamsplittef by corner
mirrors. One of the corner mirrors is mounted on a micrometer screw
so it can bebtranslated paralled to tﬁe 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 éxit beam. ‘This beam
is then focused onto the polarizing chopper and detéctor by a teflon
lens. The chopper Qheel has eight sectors containing pdlarizers with

alternating orientation.

3}

7
£,
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Fig. II.4. Exploded view of the polarizing interferometer.
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Thé clevef feature in Martin and Puplett's design is the use of
corner mirforé to return the beams to the beamsplifter. The plane of
polarizatioﬁ bf'linearly polarized radiation is reflected across the
corner line of the mirror upon reflection from a corner mirror. That
is, the incident and reflected béams will be orthogonélly polarized if
the plane of polarization of the incident beam is oriented at angle of
45° with respect‘to the'co;ner line.. In this way, fhe beam which was
initially reflected from the polarizing beamsplittef Qill be transmitted
upon its return and vice versa. The polarizer serveé as a nearly
perfect beamsplitter with all of the radiation from the input beam being
channeled into the exit beam.

Ordinary ma¢hine shop techhiques were suffiéient to aphieve 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

Slo-SyanM stepper motor at the top of the‘cryostat.is used to
trénslate the moving corner mirrdr. The micrometer was degreasedvahd
.lubricated with‘;eflon powder for operation in liquid helium. The
chopper wheel is driven by a synchronous'motor and speed reducer
assembly at the top of the cryoétat to give a cﬂdpping ffequehcy of
17.1 Hz. .

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

polarizef for submillimeter radiation. In the long wavelength limit,

radiation with electric field polarization parallel to the conductors

6l b ob b ionon
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sees the grid as a conductor and is reflected; and to a good approxi-
mation, rédiation with polarizatiop perpendicular go the conductors
does not see the grid. Buchbee-Mears Inc. sells linear grids consisting
of evaporated gold lines on a Mylar substrate with grid spécing.as
small as 25.4 pm. The entrance and chopper polérizer were made from
this material. o

Freestaﬁding polarizers can also be made. It is a fairly simple
task to use the automatic feed on a.slowly turning lathe. to wind a
wire grid onto a frame. Our beamsplitter consists of 25 um dia.
tungsten wires with 153 ym spacing. = The tungsken wires were first
wound on a‘frame'énd thgn coppef plated. The grid was then soldered
to a flat Invaf 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 bé calculated

by representing the grids as lumped impedence equivaiént circuits.
In the long wavelength limit the efficiencies are above 992 (Casey and
Lewis, 1952); Moller and Rothschild (1971, p.103) give multielement
equivalent circui;s valid for wavelengfhs less than twice the grid
spacing. Using these equivalent circuits Aurbach (to be published)
shows that the efficiency remains high until A%Zd at which time it
quickly drops.

The alignment requirements for a polarizing interferometer are

similar to those for a Michelson interferometer. At the exit port,
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the wave fronts of the two beams must be parallel to within a wave-
length across the whole aperture. The degradation of the inter-
ferogram for an allignment error of o radians in a circular aperture

of radius r at a frequency Vv is given by

2Jl(4ﬂvur)

o I(x,v) (11.6)

I'(x,v) =

where J1 is the first order Benel function (Williaﬁs, 1966). For our
5 cm dia opfics and a frequency of 20 cm—l, an error of a = .00045 rad.
: will degrade the interferogram by only 1%; while an error of o = .0061
rad. is the first zero of the Bessel function, and tbefé is no
intErferogram.> |

Thg alignmght 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‘fequiring that a plane mirror not be bent. One corner
mirror is then mouﬁted 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 fhe corner line. Two optical flats afevnow placed |
against'the freestanding wire grid beamsplitter to serve as a visible
light beamspli;ter.. You noﬁ.look tﬁrough the intérferometer at a‘
distant object. There are two images corresponding to the two intér-
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

L6 1 1opPkOoo0o0D
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superposition of the fwo images must be ;ithin the ® .001 rad. tolerance
required for efficient interference. A low magnification large aperture
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 the polarizér
Qires 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 interferometér.

There are several features which are peculiar to a polarizing
intérferometerg These can be demonstrated by tracing the radiation
through the interferometer. The electric field strength after the
entrance polarizef is [Ein(v)l = /EE;?§$7E for unpolarized incident
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
5> . . _ l ——— i¢ n i¢) ) N
Eout(v,x).— 2 /Sin(v) [(y te e )X + (er +€y)y)] (I1.7)

with ¢$2nvx. YX and Yy are the efficiencies with which the desired

polarizatiohs in the separate beams are transmitted, and Ex and ey are
the transmisSivities for the wrong polarizations. ‘Thé unit vectors X
and § are parallel and perpendicular respectively to the beamsplitter
wires when viewed along the z-direction. An ideal interferometer has

Yx = Yy = 1 and Ex = Ey = 0, in which case, Eq. (II.7) simplifies to
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2% _1 A i .
Edﬁt(v’x) =3 Vsin(?) [x+e7 §] . | (I11.8)
The X and § components come from the separate beams. It is seen that
the interferometer behaves like a variable thickness birefringent
medium.

The exit pelarizer, which is tilted at an angle O with respect to

R direction, is used to analyze the output beam. The intensity of the

transmitted'radiation is given by

. =1 i¢ id, oy a2
Sour (VX0 = 7 Sin(v)l(yx+exe YcosB + (er +€y)s1n9|
= l—S (V) [ (e cosbB+y sine)2 + (Y‘cose+e sin6)2] (11.9)
4 in X y X y
1 . .
+ 5 Sin(v)(excose+yy 31n8)(Yxcose+€y 91n6) cqs(ZﬂVx).

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. (I1.9) simplifies to

S, (V55,45 = 75 (V) [1 + cos(2mvx)] . (I1.10)

The constant term can be eliminated by loqking at the difference between
Sout(v,x,45°) and Sout(v,x,l35°); i.e., using a polarizing choPper.
The resulting interferogram is then given by

00

) 1 '
| I(x) = L > Sin(\)) cos(2mvx)dv . (I;.ll)
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Equation (II1.9) can be expanded about the ideal conditions to
determine the effects of imperfect polarizers, etc. Using the expansions
il 3w

Yo = YA-B), v = Y(4B), e fy = e fy =€, ) =+ 6 and 6) = -+ 6,

and keeping only the leading terms, one gets

I(x) = [ 225, I 1(2B(646,) + 26) + (1-8%4e%-6 76, %) cos (2mvm) Jav.
’ (o]

(11.12)

B is a measure of the beam imbalance; Yy is the interferometer trans-
mission efficiency; € is one minus the polarization efficiency of‘the
beamsplitter; and 61 and 62 are the exit polarizer (chopper) alignmént
errors. These errors are sepgrate from the alignment error a. Only
€ is frequency dependent; béing-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
anélyzing polarizer will yield a measurement of the total input
intensity since only the polarization and not the beam intensity is
modulated 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 proportioﬁal to the input intensity. This technique is used to

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

D. Antenna System

The antehna used to collect the radiation is a critical part of
the instrument. Radiation from objects outside the'apparatus, such as
the balloon or earth, must be rejected; and atvtﬁé same time the antenna
itself must not emit a signifiéant amount of radiati@n into the spectrom-
eter. Minimizing the radiation from extraneoué objects requires that
the antenna sidelobes, caused principally by diffraction, be suppressed.
The antenna eﬁission problem is one of making a low iéss, cooled antenna.
The antenna we use consists of two parts. A long, cQoled cone defines
the primary beam in the limit of geometrical optiés. Above the cone,
an apodizing.horn reflects the diffraction sidelobes back into the
primary beam.

The 70 @m'long primary cone is méde from eléétroformed copper. It
has an entrance aperture 6.0 cm in diameter and a 0.3.cm diameter exit
aperture. Tﬁe cone half-angle is 2.2°. It serves.as.a néafly ideal
light condenser; providing Lambertian illuminatién at the exit aperture,
and defining a nearly rectangular beam profile. Moller and Rothschild
(1971,p.72) describe the properties of such conical 1;ght condensers,
and Matﬁer (1974) gives a simple explanation of theip‘tharacteristiés in
terms 6f syhmetry and conservation of angular momeﬁ;um, The smallest
possible beam half-angle for a 6.0 cm aperture wiﬁh é thruput of
0.25 cmzsr is 3;1°. For our cone, the extremal Liﬁit 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 8.4° and continues for 25 cm, giving it a 15 cm diameter
entrance aperture. This horn is outside the geometrical limit 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° fo—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 iaminated”sheet composed of 125 um stainless
steel, = 25 pym copper and 50 um polyetheylene. The stainless steel
provides mechanical strength with low thermal conductivity, the copper
gives a high reflectivity surface, and the polyethylene serves as a 
ﬁrorefleCtion 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-éxis. The technique used to make the measurements is described.
by Mather (1§74) 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 flask of liquid nitrogen served as
a broadband thermal source with a piece of FluorogoldT'M'. at the detector
to serves as a low pass scatter filter. The high frequency limit was
= 40 cm_l with a weighted average frequency of 18 cm—l. The meaéured

antenna pattern is plotted in Fig. I1.5. The vertical axis, which covers
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eight decades, is the response to a point source normalized such that the
integral over 41 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 theory of geometrical diffraction developed by
KelYer (1967). It aliowed.us to use 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 scattering 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 fhis theory in terms
of scattering cross sections. All the radiation coming within a distance
8 of the edge is assumed to be diffracted by an angle greater than 8(§).
The relationship between 6 and § is choosen to give résults in agreement
with rigorous calculations. The oscillating intefference effects in the
diffragted radiation are lost since there is no phase information in the

scattering cross section. An interesting point of this treatment is the

close agreement between 6(8) calculated for a circular aperture and for a

‘straight edge.
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This line of developement can be extended one steb furtﬁer for
the purpose qf‘tay tracing, by assigning a.one-to-one relationship
between the distance ffom the ray to the edge and the angle by which it
is diffracted. A ray is traced to the plane(of tﬁe aperture, its
distance 6 frém the edges determined; its directioﬁ then altered by
an amount 6(5); aﬁd finally traced through the rest of the optics.

We are intereéted in diffraction from circular apertures, so‘I will
use the results:fof scalar Kirchhoff diffraction to determine the
relationship betﬁeen 8 and 6. The diffracted_power for normal incidence
is

1 §£ = (k 5 2Jl(k a sinf)

Proe 99

2 1 <l+cose >2l

AT 2 (11.13)

k a sin@

where "a" is the'aperture radius and k=2m/)A the wavevector (Jackson,
1967, p.296). The large argument limit for the Bessel's function can
be uséd if a >> X and 6 is not small. Averaging over the cosz(k a sinb)

term then gives -

1 dp _ A (l+cos®)?

Ptot di 8ﬂ2a_ sin36

) - (11.14)

The same result is obtained if the following rule is used: rays which
pass at a distance 6Za-r from the edge are diffracted by an angle 0,

where r is given by

g 1 + cosf 1)11/2 .
r(f) = 232 - -)izi- [ - ﬂ—e]z (I1.15)

2sinb 4
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In the limit § = (a-r) < a, this simplifies to

_ A 1 + cosB -0
§(8) = an [ 2sind ~ % ] . (I1.16)

The anténna pattern was calculated by tfacing 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 tﬁrough 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 106 rays were
traced through the antenna to obtain information abouf the antenna
pattern at 1afge angles where the response is vefy small. Severai sets
of rays corresponding to differeqt!wavelengths were tréced to provide
spectral information.

The calculated and measured antenna pattern are shown in Fig. II.S.
A weighted aﬁerage of four 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
cqvering 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



-39- L

nonuniformly. -Tﬁe intensity is high near the center where thé

' geometric beam enters and-tapers off to a small value-near the edge;

. ie. the béam is apodized; The diffraction is determined by the
inténsify at the.edge, but should have the same angqlar dependence as

that of a uniformly illuminated hole

2
1 dP (14+cosB)
P Eﬁ- const X_———*Ty—*—— .

tot . sin™6

(1I1.17)

, Thisvangular funétiohvis closely approximated by l/és.ffom 0=0 to
nearly w radians.. The constant is determined to be §B;SX10_5 by fitting
the measured and ca1cu1ated antenna pattern to'lles.iﬁ_fhe region paét
' 6.7 radians (40°) where diffraction dominates. This'is drawn as an
analytic continuation of the calculation in Fig. II.S. The-ray tracing
calculations shbw that this constant scales as Xz as expected for double
diffr;ction._ Using 18.cm-1.as the weighted average frequency, the far
off-axis pattern is given by

;—L g—g 1x10'2 A - (11.18)

tot 8 :

for A in cm and 6 in radians.

2. Antenna Fmission

It is nécessary to determine the emissivities of the antenna
surfaces in ofdéf to calculate the contribufion the anténna ﬁakes to
any observed sighal. The theory of reflection from a conducting medium
is treated in Jackson (1967, p.222). Applying Ohm'sviaw and Maxwell's

equations, we obtain the classical result that the fields decay

FoegiropbPk0t00
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exponentially from the metal surface in a characteristic distance,

called the "classical” skin depth, given by

2 ' )
‘6c15 VZ;M ) (11.19)

Here w[radian/sec] is the optical frequency and G[sec-l] is the

: conductivity.* The absorption in the metal can be found by calculating
the Ohmic losses in the thin surface layer. Ohm's law breaks down
when the electron mean free path £ is much greater than 6clor the
electron relaxation time T is much longer than 1/w. 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
respectivel&. |

At 4,2K the measured D.C. conductivity of the electroplated copper
cone is greater than l.GXI022 sec—l. 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 l.3><10—3 cm

17 1

and a relaxation time of 8.1X10 sec. Thus, at a ffequency of 10 cm

we have wt 2> 15 and 2./5I 2> 1.9X103, and we are well into the region

where both the anomolous skin and relaxation effects aré important.
There afe several good arficles on the relaxation and anomolous

skin effects. 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 discussionvié given by
Pippard (1954) . |

The absorp;ion‘and reflection properties of a semi-infinite
medium can bé'determined if the complex surface iﬁpedence Z is known.
The surface impedencé of a medium filling the +z region of space for

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

E
z = 4 =

H L ' (11.20)
y 'z=40

where Ex and Hy afe the complex field amplitudes at the surface. The
references menﬁiohed above use a nonlocal integral form'of Ohm's law
to calculate the surface impedence. The transmissivity across the
cénductors surface (ie. absorptivity of the conductor)“for ﬁorﬁal

incidence is obtained from the transmission line analogy

2
Aoz
T=1- . (I1.21)
AT 4 g
c l

4m/c is the impedence of free space.

The surface impedence can be used to calculate anﬁeffective
complex index of refraction for the cﬁnductor., The réiationship between
impedence Z and.index of refraction n is obtained by.applying the
differéntialvform of Faraday's law to a homogeneous'plane wave propagating

in a medium of refractive index n. The result is

I U ' (I1.22)
cZ
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The Fresnél formulas can now be used to calculate the reflectivity and
fransmissivity at the copductor's surface. For normal incidence these
agree with the transmission line formula. Dingle (1953) shows that for ' n
good conductors the complex index of refraction computed above is
valid for use in the Fresnel formulas at arbitrary angles of incidence.
We have written a simple program which calculates the complex
index of refraction for a metal. It is based on the series expansions
giyen by Dingle (1953, Eqs. 6.3 and §.4). It is valid for diffuse
reflection of the electrons from the metal surface and takés into
account both the anomalous skin 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 anglé of incidence is shown in Fig. I1.6. The calcula-
tion was done for a frequency of 10 cm"1 with the TM and TE modes treated
separately. The important feature of the plot is the high absorption
for the TM mode near grazing incidence. This is similar to the
Brewster's angle phenomenon for refléction from glass. It occurs in
metals 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. kThe grazing incidence rays

are then refracted towards normal incidence before striking the metal.
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To . examine this and similar problems, we have written a program which
rigorously calculates the reflectivity, transmissivity and absorptivity
in a plane stratified medium. The progran is based:on the method of
characteristic matrices for a homogeneous medium:described by Born and
Wolf‘(p.Sl, 1970) and Stone (p.415,1963). Appendix‘ﬁ contains a
description and listing of the program.

The noodizing horn is coated with 50 um of polyethylene to
decrease its.emission. Its calculated absorptivify is also plotted in
Fig. II.6. THe polyethylene was bonded to the coooer 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
pnosphoric acid, 200 ml concentrated nitric acid, O.§ gm sodium nitrate,
and 0.5 gm ammonium chloride) and rinsed in a passivating solution
(4 oz. of sodium dichromate, 1/2 oz. nitric acid, and ‘1 gal. of water).
The passivating solution kept the surface shiny an& had no measureable
effecﬁ on the submillimeter absorption.

The emissivity of the cone and horn surfaces_were messured using a
cavity transmission technique. The usual method of measuring emissivities
is to oonstfuct 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 inoedence from the
measured Q. Another approach is to construct a neafiy random cavity
so that the enefgy 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 submillimeter frequency range where
single mode fgsonant cavities are difficult to construct. If the
cavity is fed with a 27 steradian beam (Lambertian.source) and the
exit port acgeéts a 21 steradian beam, then the transmission‘can be
written simplylés

- Area of exit
Area of exit + Area of input + £ X Area of cavity

. (11.23)
This is just the ratio of the signal reaching the detector to that being
absorbed in the cavity or lost oﬁt the cavity ports: E;is the emissity-

of the cavity surface averaged over 27T steradians and is'given by

€ = fz £(6)27 sinb cosbdb o (11.24)
o .

The exit and entrance ports should have the same area for easy normaliza-—
tion. A.tranSmissi§ity in the easy to measure range from 10 to 90% is
easily achieved by‘adjusﬁing the cayity surface area. |
We‘performed transmission measurements using ;he.antenna itself as
a cavity.i'The réSults of these measPremeﬁts togethe£vwith the theoretical-
ly calculated values for the emissivity are shown in Table II.1l. The
measured emissivities are slightly above the theoreticgl.values. This
could be a result of imperfections in the surface (roughness, impuritiés,
strains, etc.) which increase its D.C. conductivity abové 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

FPOZIOpEOEOO
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Table I1.1. Average Surface Emissivity of Copper

Calculated
Bare Cu at 4.2K
-1
10 cm 0.07%
-1 . i
30 cm 0.137%
Bare Cu at 300K
10 et 0.20%
30 em * 0.33%
Dielectric coated Cu at 300K
-1 *
10 cm 0.187%
-1 . %
30 cm 0.41%

Measured

0.14%,

0.30%,

- 0,28

0.41%

0.31%.

0.46*

.08%

.07%

* ' :
This calculation doesn't include any loss in the dielectri

Ci
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reasonable agreement with the theory.

We can calculate the antenna emission for an arbitrary temperature
profile along tﬁe antenna by cOmbining the emissivity calculations with
the ray tracing érogram. This calculated‘emission can then be compared
to a measured emission. The difficulty is that it is Very hard to
obtain a low eﬁough backgrouﬁd that the coﬁe emission can be seen.

In the laborétory, 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 fhe construction of such a blackbody impractical}. However,
measurements of the antenna emission can be made during the flight.

| At 40 km altitude the nigﬁt éky flux is small enough that the emission
from a heated antenna should be measureable. Our model for‘the antenna
emission was tested by chahging the temperature profile during the

flight and 1oéking:atvthe difference iﬁ signal. The results of this

test will be diséussed in Chapter 1IV.

E. Cryogenics

The spectrophotometer is mounted in a = 60 liter liquidvhelium
cryostat. vThé inside dimensions are 125 cm tall by 30.5 cm in diameter.
The loss_rate ié»only 0.25 liters/hour withoﬁf the spectrophotometer
insertéd; With‘if,_the loss rate is on the order of 3 liters/hour.
Most of the increase in loss rate is a result of cooiing the antenna.

Two superfluid helium pumps are used to transpo;t'iiquid helium

to the top of the copper cone and maintain the helium levél in the can

CO0Zi0bFOMQaO0
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containing the spectrometer and detector. These‘pumps operate on the
thermomechanical effect of superfluid helium (Wilks, 1970,p.38). 1In
this efféct, a pressure difference across a.semipermeable memb;ane (one
which allows only the superfluid éomponent through) can be maintained
by establishing a temperature difference across tﬁat 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 componeﬁt. 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'hdur of helium can
be pumped at é cost pf only a few tenths of a watt.

The boil off gas from the liquid helium can be used very effectively
to éool parts of the antenna. A useful fact to remember is that the
heaﬁ 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 therantenna so
as to aid in cooling it or diverted away so that the antenna can be warmed.
There is a resistance heater at the top of the copper cone to help in
heating the antenna. The temperature at the top ofvthe 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 wﬁen the protective window over the apodizing horn aperture
is removed. .In this case, the outrushing helium gas'is sufficient to
ﬁrevent the flow of air back down the antenna where it could condense
inside the cold horn and cone. A one-way valvé in thé normal vent path
maintains a 2.1 torr over-pressure in the cryoétat so_ﬁhat all.leaks
xvent helium gas outward and do not leak air into the cryostat.

F. Ccalibration

The calibration procedure requires a determination of both the
flux responsivity and the zero level of the spectrophotometer as
fuﬁc;ions of freqpency. The flux résponsivity is set by the transmission
efficiency of tﬁe instrument, thruput and detector fgqunsivity. The zero
vievel is that spec;ral flux which gives no output signal. Our |
polarizing intérferometer measures the difference in inténsity between
the two polarization states after the entrance polarizerf .One
polarization cdmihg from the input radiation transmitﬁed’by the wire
grid and the écﬁer coming from the reference beam refiected off the back
of the grid. The entrance polarizer is tilted so that the reference
radiation comes from the blgck cévity édrrounding the interfefometer.
Thﬁs, the zero ié?el is the spectral flux from é blackbody at the
temperature of the liquid.helium which fills the cévit?.

A’blackﬁody immersed in the helium bath is used to_check the
zero level. Thié blackbody immersed in the helium bath is used to

check the zero level. This blackbody is shown in Figs. II.l and II.2.

S0 Z 1 opt0D00
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The spectfometer can be fed with radiation from this blackbody by
rotating the mirrof used to direct the radiation into the spectrometer.
In this condiﬁion, 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 labo?atory calibrations. Figure'II.7(a) shows the
measured spectrum of the room. This spectrum together with the zero
level determination was used to calculate the flux responsivity shown
.in'Fig. I1.7(b). This is also done in chapter III using inflight
spectra. The inflight calibration spectra are obtained by looking at-.
.the small méveable blackbody shown in Figs. II.1 and II.2 and at the
large calibr#tion body shown in Fig. II.3. The inflight calibration
is necessary since both the electrical :esponsivity 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 deéades'of flux intensity.

The spectral shape of the fiux responisity shown in Fig. II-7(b)
is détermined by several.different components. The low frequency roll-
off comes from the decréasing bolometer absorptivity and waveguide

cutoff at the small 3 mm aperture in the copper conme. The FluorogoldT'M‘
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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 éondensing cone and bolometer also coniributing
to this roll-off.

The measured flux responsivity and bolometer electrical responsi-
vity can be used to compute the optical transmission efficiency for the
nominal thruput of 0.25 cmzsr. The formula used is
Flux Responsivity

Efficiency = ;% Electrical Responsivity X Thruput ° | (11.29)

=

The numeriéal factor comes from converting a square-wave chopped Signal
tb an r.m.s. voltage output from the lock-in amplifier. At 12 cm—1
this gives an efficiency of 1.2%. 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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Table II1.2. Spectrophotometer performance parameters.

Frequency range 3—40vém—l
Beamwidth atvhalf—power points ~ 6°
Thruput (AR2) ' : 0.23 cmzsr
Detector sensitiVity (NEPe) 6X10_14 W/ iz
Detector responsivity ' : 7X10$ V/W
Broadband Rayleigﬁ Jean's temperature 0.02 K//ﬁ;
sensitivity (at zero path) h
Operatihg temperature x 1,6K
Chopping frequency ' 17.1 Hz
Net efficiency at 12 cm_l 0.012
Approximate breakdown:

antenna .95

lenses (.93)2

input polarizer .5

vignetting - _ .5

low pass fiiter ‘ .8 -

subtotal . .16
chopping efficiency .8
detector system efficiency .09
Net : .012

goatoprpr0tod
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IIT. FIGHT DATA

A. Flight Summary

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 mirror
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 resqlts of the fiight 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
describés the data ébtained during the second flight and the data
reduction.

The spectrophotometer was carried aloft by a 3.3X105 m3 balloon
on the evening of July 24, 1974 from Palestine, Texas. The lauhch was
uneventful, éxcept for a telemetry antenna failure which was quickly
diagnosed and corrected by Henry Primbsch a few minutes before leftoff.
A float altitude of 39 km was reached three hours after launch. The
apparatus remained at a float altitude of 38.5t.5 km for four héurs :
before termination over .Balmorhea, Texas. The last hour of the flight
was monitored from thevdown range station at Midland, Texas ahd suffers
| from an excessive number of ''telemetry dropouts" (loss of telemetry
signal). The apparatus sustained only minor damagg upon landing and

was recovered in good condition.
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The 1imitedlflight time allowed only a very simple flight
scenario. Theibasic parameters under our control were the zenith
angle, the téﬁpefat@re profile of the antenna, the présence or absence
of the protective windo& over the horn and the interferbgram scan length.
These parameters werebvaried_to givé seven differénf"cbnfigurations plus
calibrations using both the large and small calibratofs.' The vafious
configurations.and calibrations are referred to as 'Cases'" and are
1isted in Table III.1 along with the time spent iﬁieach configuration.
The best.conditions for obtaining a spectrum of the coémic background
radiation werg»during Cases V and VI when there was no Qindow in the
beam and the anteﬂna was cold. These two cases werelééﬁbined by averaging
the 64 points in Case V with the first 64 points of'Case:VI. This
combination is désignated as Case V + VI. The zeﬁith angle of 24° was
determined during'ﬁhe first flight to be the angle at'whi;h the integrated
flux from the Ballqon, atmosphere, and earth is avminiﬁﬁﬁ.,

A chronOlogical summary of the flight is given in Fig. III.1.
The major eventé during the flight arevidentified in'the:time chart shown
in Fig. III;l(i); fFigure II1.1(ii) shows the atmospﬁefic pressure at
the gondola after float altitude was reached. The teﬁperature at
various points onxthe épparatus is plétted_in Fig; IIi{(iii). The
positions range from the helium bath (a) up thréugh theféone-tb—horn H
junction (e) to the gondola frame (h). The helium vaﬁbripressure fdr
the 1.65K bath température is 9.3 mbar. The = 6 mbar preésure drop
between the bath and the outside atmosphere is a resﬁltléf the gas

flow impedence ih the vent paths.



Table III.1 List of observational configurations

Case Zenith Temperature Window Interferogram Duration Number
designation “angle of antenna position length _of scans
I 24° cold on short 75 min 25
II 24° warm on short 24 min 8
I1I
small calibrator  24° cold - on short 3 min 1
Iv 45° cold on short 15 min 5
v 24° cold of £ “short 69 min 23
V1 24° - cold off long 24 min 2
VII ,
large calibrator -15° cold of f short. 2 min <1

_99_
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Flight summary: (i) flight scenario; (ii) atmospheric
pressure; (iii) temperature profile of the apparatus,
(a) helium bath, (b) bottom of cone, (c) middle of cone,
(d) top of cone, (e) bottom of horn, (f) middle 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 rotating
apparatus. The thin’ 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. Signal Averaging

Manyvseparate interferograms were obtained iﬁ each Case or con-
figuration which were averaged together to produce a single interfero-
gram. The polarizing interferometer Qas operatéd 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 transieﬁts to damp
out and 2.0 sec integréting 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 mirrqr, 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
and reference channels were fed into a PART'M' léAA 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 interferogram scan. Electrical
zero and gaiq 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 were 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 méjor source of glitches. These were clearly recognizeable since
all telemetry channels would 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 were correlated
with issuing commands to the various stepper motors on boérd. Points
associated with these transients were also rejected. Out of the total
of 4,480 data points, 59 were rejected, Zé of which were associated
with known glitches or transients. The remaining 31 ﬁoints appeared
to be randomly distribufed throughout thé.data. The standard deviation
for the points not rejected was 22X10-9 referred -to the detector.
This is close to the expected value of 2‘0><10"9 V based on the detector

9

noise of 40x10”° V//Hz measured in the laboratory and a 2 sec

integration time.
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‘It is interesting to speculate as to Qhether tﬁe points rejected
on statistical grounds &ere submillimeter sources transiting Ehe field
of view of the spectrophotometer. The gondola rotation rate was oﬁ'the
order of.l degree/sec so fhat a point in the sky speﬁt on the order of
6 éec cfossing 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 responsivity

" to a Rayleigh Jeans source of ?.><10-6 V/K. A 10-7V(*40) glitch would

thus correspond to a .05K source filling the beam. The problem is that
the rejected pointsiaren't at zero path but at a finite distance from
zero path where the spectra¥ response function is actually a positive
and négatiﬁe.going cosine function. The responsivipy to‘a broadband
source is greatly dimenished and could be zero. .This increases the
temperature of the source required to produce a 40 glitch. Such a
source woﬁld Hopefully show up in the an harmonic deteqtor signal
which retains a broadband spectral response but with a factor of ten
less sensitivity. A cursory check of this signal sﬂéwed_no clear
indications of an increase in the intergrated flux at the positions of
the glitches.

The individuai scans in each fiight configuration were averageq
together to obtain absingle interferogram. This'pfoduced an interférb—‘
gram for each éase 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

ZlziropPronoo0
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interferogram is shown in Fig. III.3 witi the data points connected
for ease of viewing. The noise is épproximately twice the line thickness
from -0.35 to 0.18 cm and ten times the line thickness above 0.18 cm.

Apodization is a standard technique Qsed to eliminate 'podes" and
reduce the'resolution (and'thus to decrease thevnoise) in the calculated
spectrum. This involves multipljing the interfetogram by a weighting
function which gives more weight to the points ploéest to zero path.
The convoluﬁion 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 ,
(N = 0?2 T A ] 1%51 (I11.1)
| j 5 -

where n is the detector noise, A(jA) the apodizing function and tj the
observing time for the jth point. We have used artificially generated
gaussian noise»interferogréms to verify that the spectral noise predicted

by Eq. (III.1l) is correct. Usually, quadratic apodization of the form

2
- 2 '
A(x) = [1 - (x/xm )] (111.2)

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 éignal. The
spectral noise corresponds to a detector noise of 4.4XIO—8 v/ Mz
(or-2.2X10_8V pér point) wheﬁ the spectrum is computed from a single
interogram scan, But'the spectral noise corresponds to a value of
7.8><10—8 V/Vﬁ;-for n in Eq. (II1.1l) (or~3.8><10--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 varition of any particular interferogram
pointvmeaéured in successive scans. That is, the spectral noise
does not scale as the squére 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
error in the j+lth point. It takes only an error of 5X10_9V (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-linearity in the detector, or most likely errors in the telemetry - L
and interferogram recording system. The magnitude of this error
corresponds to =17 of a telemetry bit in the preamp.channel at the 105
gain that we were using and is at the limit of the nonlinearity
specification of the analog-to-digital and digital¥to—analog converters

in the telemetry system.
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C. Interferometer Errors’

Michelson type Fourier transform spectrometers are subject to
sgveral differént_types of errors. These errors distort the measured
interferogram so that the spectrum computed using Eé. (I1.2) (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 fo.the measured data. In particular, the merit of a
model used to simulate the observed spectrum is best jﬁdged 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 eVén the errors in
the interferometer be included in the model, hopefully as fixed
parameters. The errors determined’in this sectidn Will be included in
the model calculations used in Chapter IV to anaiyze oﬁr data.

Some of ﬁhe'errors are best determiried from the imaginary (or
sine) transform of the interferogram. The éomplex version of Eq. (IIL.2)
is |

i2mvx

G(V) ="I. (I(x) - constxI(o)) e dx . (II1.3)

0O

€

The imaginary part of G(Vv) is the result of interferégram noise or
errors since we now that the true spectrum is strictly‘real.

The most prevalent error is the deviétion ofvthe baseline (the
.constantXI(o) appearing in Eqs. (Ii.Z) and (III.3)) from the idgal

value. In the . ideal polarizing interfermeter, the baseline is zero.

Lz poroo



-66-

‘Section C of chapter II shows that errors in the béseline are proportional
to the integrated sigﬁal strength and are a resdlt of alignment errors
and polarizer iﬁperfections. A baseline shift causes errors in the

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

integral in Eq. (II1.3). 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 pdint 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 cése where
all the spectrél features are well resolved arid the noise is small.

In the case of unresolﬁed.featufes, 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 coﬁe at = 3 cm—l. The baseline
can be set by requiring that G(o)=0. This.gives a:baseline tﬁat is
correct to within *n/M , where n is the noise on an individual
interferogram point and M is.the total number of points.

Another common error is that the zero path point is not the same
fbr 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 caﬁse the
measured interferogram to be asymmetric and introduce an imaginary

component to the computed spectrum G(V). (The imaginary part of G(Vv)
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is identically zero if I(x) is symmetfic). The true spectrum can be
recovered by multiplying G(V) by the correct phase function él¢<v).
The true spectrum is completely real so that ¢(V) can be determined

i (v)

by requiring that the resulting spectrum G(V)Xe be real, ie.
just use the_amplitude of G(v). This requires that the interferogram
be sampled heariy 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 téchniques which work to varying degrees for asymmetrical-
ly sampled interferograms and in the presence of noise. These are
discussed by Beli (1972) and Mathe? (1974).

The situaﬁion with our interferometer is much simpler. The phase
errors from mirror misalignment and missampling of the.zero path point

are a simple function of frequency. Missampling of zero path by a

distance €[cm] contributes a linear term (Bell, 1972)

B(v) = 2mev. _ (111.4)

‘Misalignment by an angle a[radians] contributes a quadratic term
(Goorvitch, 1975)
2.2 22 '

dp(v) = 2T R0V ‘ (II1.5)
where R is the radius of the interferometer optics (2.5 cm for our
interferometer). - Minimization of the rms 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.

S 1 7210k bk 0000
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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 the small argument expansion of the exponential,

this criterion becomes

f [2mEVRe G(V) + Im G(Vv)]dv = O (I11.6)
(o} .

giving

00
f ~ Im G(V) dv
;L_ o

27 L
f vRe G(V) dv
(]

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

€ =

convergence to.the correct valpe will occur if € 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 are 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 side of a spectral feature in the computed spectrum which are
shifted in frequency by * 1/2 A%, where A% is the pitch length. These
sidebands are similar to the Rowland ghosts féund in rﬁled gratings.

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

lgv, *1/2 AY)| = ™ 6 |c(vo)| _ | (111.7)

Similar sidebands are introduced if the fransmission efficiency
of the'ihferferometer is modulated by the rotation of the écrew. 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 modﬁlations relative to zero path., They can't
be removed from the real part‘of the épectrum without additional
information about the 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 model 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 gﬁosts, but does give an estimate of how large‘they might be.

The interferometer errors in our data were_calculéted by a program
called IMfIT;' The program first determined the baseline from the
requirement that G(O).= 0. The complex spectrum was then calculatéd
using é short two sided interferogram and a ﬁinimization program was

used to determine the phase errors and ghosts. This involved four free

Sl Zziapbk0n0o0
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parameters for the linear phase error, the quadratic phase error, the
imaginary ghosts 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 érrors imply less than a 1% correction to the real spectrum
iﬁ all Cases except Case IV where the correction exceeds 17 above 25 cm—l.
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 taken at lower gain and is limited by bit noise. This
indicétes that our ﬁpdel of the interferometer errors is incomplete.
The uncorrected errors are probably random versions of the ones
already discussed. |

The corrections shown in Table III1.2 are. not made to the raw
interferogram, but are only applied to thg 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.4. This is a
low resoiution spectrum computed from a quadratically apodized
interferogram conéisting of only 22 points on each side_of zero path.

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

spectrum,



_Table III,2. Interferometer Corrections.

Case Zcro Path Baseline Linear Phase . Quadra&is ghgse Step Modulation Ttan§mission rms of Sine Expected
Signal {Z of 1(0)] ¢=21ve ¢=27°RVa Ghosts = §v Modulation Spectrum afrer Detector
I(o) [V} . e{cm] c[radians] §[cm] Ghosts = 1/2R Cocrections woise
R{%) [V/cw™ ) [V/cm"l]’
™oL Lot 5.4 4.5%107 9.0x10™% o aeao™ 0.38 3.8x10710 2.5x10710
T 130 4.6 -3.8x107 5.8x20™" ~4.0x107 1.9 "5.4x10770 3.3x10710
N 6.87x107° 2.6 -1.8x1073 7.8x107" -5.7x107% 5.6 4.0x1078 7.9x1070
=1y 1.56x1070 5.3 1.4x1073 1.1x107 -3.3x107% 1.1 4.1x10710  3,9x30720
DIV 1.05x107° 4.2 4.5%x1078 5.8x107% -5.0x107% 0.70 3.0x10717 2.5x107?
5
o
T
=
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(0) Real Spectrum, Cose Yond¥1
(b) Uncorrected Imaginary Spectrum
6 (c) Corrected Imaginary Spectrum _|
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Frequency {cm™)

XBL759-7297

Fig. I11.4. Case V + VI before and after applying interferometer

corrections.
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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
with EccosorbT'M' epoxy té 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 filledbby the small calibrator.
Unfortunately, the flight was terminated in the middle of the firsf
interferogram scan of the large calibrator (Case VII) and ifs.spectrum
was nof measured.

Otﬁer means of.determining the relative size of the small calibrator
had to be found.. This is when the 2nd harmonic signal diécussed in
section of chapter II proved of gfeat 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 177 of the beam. |

It was now a simple matter to calculate the spectrai responsivity
of thé instrumenf from the Case III spectrum using the calibrator's
measured temperature of 195K. The resulting spectral responsivity is
plotted in Fig. II1.5. Corrections for the bath teﬁperature of 1.65K
aﬁd the night sky filling the remaining 837 of the beam were used in
calculating this spectral responsivity. Dividing by this spectral.

»

responsivity and adding the emission from a 1.65K blackbody converts our

gt inpkpbk 000



74—

e — : 1" -_-..___.____.____1
()
= 4 ]
£
<
>
T ]
o 3
Q
(7]
Cc
o
S 2f ]
@
oz
S
& I+ -
b
o
0] =
~ 800} -
=
;x
£
(4]
é 600 -
N
€
(3]
e
> 400} _
>
(2]
[ =4
by
& 200 _
o«
»
2
[T
0 l 1 L 1 |
0 o 20 30 40 50
Frequency (cm™!)
XBL759-730! .

Fig. I11.5. 1Inflight calibration spéctra; (a) observed detector response
to small calibrator, fb) computed flux responsivity of the

spectrophotometer,



Y

LY

-75-

raw spectra to units of specfral flux.

The curve»in Fig. III.5 differs from the laboratory calibration in
Fig. II.7.By less than 107 over the frequency range ffom 5 to 30 cm_l.
The labératory calibrétions used the room as a 300K blackbody. This
close agreement indicates that the small calibrator is iﬁdeed a
blackbody. The inflight calibration was used for ouf.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 avefaged interferogram -
from Case V + VI ié shown in Figs. IV.1(a) and (b)}‘ The detector
response is plotted in (a) while the log of the spéctral 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 spectfum; The techniques used to correct.for these extraneous
sources of signal are discussed in detail. The resulting CBR speéctrum
and the best fit blackbody temperéture.are presented along with error
limits

A. Antenna Emission

The spectra from Cases I and II were used tb determine the antenna
emission. The antenna in Case I was cooled so that the temperature .
at the junctién between the cone and horn was only»475K; while the
temperature in Case II 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.Z (a) along with the difference spectrum. This

difference spectrﬁm has been converted to a spectral flux in Fig. IV.2(b).
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Detector Response (1078 v/em™)
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XBL 759-7303
Fig. IV.2. Spectra used to calculate the antenna emission; (a) observed

detector response for heated and cooled antenna, (b) measured
( ) and calculated (x) increment in spectral flux from
the antenna.
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A model for the antenna emission was needed before the difference
in spectral fqu could be used to calculate the absolute antenna emission.
Such a model was provided by combining the ray tracing programvused in
the antenna pattern calculations and the surface emissivity program
(see Appendix.B) used in the antenna emissivity céiculatidns. In this
combined program, a large number of rays were traced through the anfenna.
The flux contributed at each reflection from the éntenna was calculated
using the température at‘that point and the calculated‘emissivity for
the ray's_anglebof incidence. The flux contributéd by all the refléctions
was summed and‘hormalized by‘the tofal number of rays. Typically, 105
rays were used. The program had to be run once for each spectral point
calculated sipce the diffraction at the cone to hornAtranéition is
frequency dependent. This model has no free paramecérs once the tempera-
turevprofile is given. Using the temperature profiles of Cases I and II,
the difference in spectrél fiux was calculated at several frequencies.
These points are represented by X's in Fig. IV.2(b).

The points calculated from the model are within ~30% of the measured
spectral flux. This is consistent with the discrepanéies between the
calculated and measured average emissivities in Table IIﬂl. _The
agreement was élose enough that the model could be used to produce
realistic calculations of the absolute antenna emission without any free
parameters or alterations. The antenna emission calculated for the
temperature profile of Case V is shown in Fig. IV.3 along with a 3K
blackbody spectrum. [Note that the antenné Qas colder in Case V than
in Case I, the cone to horn junction being only 3.5K]. The antenha

| ZZ210bb0C00
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‘emission is negiigBle out to 20 qm_l. Beyond 20 cm_l, the atmospheric
emission is several orders of magnitude larger than this antenna
emission and the antenna contribution can be neglectedf

A note of caution éoncerning 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. Most of the difference in flux
between Case I and Case II comes from the top of the long copper cone
where ﬁhere.is a large difference between the temperature profiles.
Whereas in the calculations of the absolute flux, the horn contributes
most of the radiation. Thus the inflight measurement gives only a
partial check of the important part of the model.  This would be
particularly impértant if losses in the 50 pm polyethylene coating were
large. The measurements &iscussed in chapter IT indicate that these
losses are small below 20 cm_l, being less .than the aBSorptivity of the
copper. |

The presence of thé protective window over the horn also complicates
the measurementé;_ The reflectivity of the 25 um TPX film is 4% at
10 cm—l. Thus some radiation emitted by the antenna ih the upward
direction could have been reflectgd back down the antenna. This s&urce
of radiatioﬁ:wouid have increased when the temperature 9f,the antenna
‘was increased,.thus’making the measured flux»différence in_Fig; inZ(b)
.larger than would oécur 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-l but are insignificant in the region near the peak in the 3K .
blackbody spectrum. The antenna emission will be treated as negligble

throughout the rest of the data analysis,

B. Atmospheric. Emission Model

The dominant feature in the observed night sky emission‘speétrum at
an altitude of 39 km is the molecular line emission from the atmospherié.
This emission is due almost entirely to water, ozone and oxygen. Water
and ozone emit by electric dipole transitions between rotational levéls,
while oxygen emits by magnetic dipoie transitions between the fine
structure states of different rotational levels. Water contributes
about ten lines in the frequency range of interest with many of them

having an optiéal depth much greater than unity. There is a forest

of hundreds of lines from ozone, éome of which have optical depths larger
than unity. Oxygen has several triplets of lines wiﬁh optical depths
on the order of unity.

We have developed a model of the atmospheric emission which
accurately fips the observed spectrum. The model includes the exponential .
dependence of‘the atmospheric pfessure on altitude and its effect on
the pressure broadened line widths. However the model has been
simplified by assuming that the atmosphere is isothermal and that the
vemitting moleculés‘are homogeneously mixed throughout the atmosphere

above the balloon. The developement of the model and validity of its
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assumptions are discussed below. A good reference for atmospheric

emission is volume I of Goody's book Atmospheric‘Rédiation (1964).

The atmospheric emission is somewhatleasier to calculate for
balloon altitudes than it is at grouﬁd level. The vertical column
densities are émaller by neafly a factor of 200. The ﬁréssure broadened
line widths-are'aiso 200 times narrower; the line widtﬁs being less
than 5X10_4 cm_.l at a pressure of 3.4 mbar. This léaves even the
tightly spaced 03 lines separated by more than ten 1ine widths. ‘Thus
the emission frém each line can be treated separately.' This is in
contrast tovthe problem aﬁ ground level where many of the lines are
heavily saturated and the overlap from neighboring'lines is importanﬁ.

The resolqtion of the spectra we obtained (Av > ..25 cm_l) was
much too low to observe the line shapes. The detailsvof'thé individual
lines are lost when the instrumental resolution is convolved with
the actual emission spectrum. Only the total flux eﬁitted by thé
individual lines need be calculated to construct a model spectrum.

The absorp;ion (or emission) is calculated from the absorption
coéffiéient.k(v)[cmz/mol.]. The frequency dependence of the absorption
coefficient is given by.the line shape and is normalized so that the

line strength ,S[cm—1 cmz/mol.] is given by
S = f k(v) dv . ' (1Iv.1)
o .

The line strength is independent of the line shape. The change in

intensity of a beam traveling in the z-direction is given by

cZZinprP0O00
: A I
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where n[mol./cm3]‘is the number density of absorbing molecules. The
absorptivity (or emissivity) for a beam traveling a path £ is then

given by

-t (V)

A(v) =1-e (1v.3)

with the dimensionless optical depth T(V) defined as

/ k(v)ndz . (1v.4)
L .

Both k(v) and n may be functions of z. The total emitted flux is

(V)

obtained by a frequency integral of the emissivity (Eq. IV.3) times

.thé spectral flux from a blackbody at the temperature of the atmosphere,
. ,

F = f B(V,T) A(V) dv . (IV.5)
o ' .

This assumes that the path £ is isothermal. In our case, the blackbody
spectral flux can be treated as a constant equal to its value at the
line center vo. The integral of the emissivity over frequency is called

the equivalent width W[cm—ll,'

_wzf A(V)dv . (1Iv.6)
[o]
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Thus the total flux emitted by a single molecular line is equal to the
equiﬁalent width times the blackbody spectral flux at the'line center.

It is convenient to divide the emission iines into'twé categories;
unsaturated aﬁd saturated. The unsaturated linessare‘ones.in which the
optical depth is sméll enough that the linear approximation to Eq. (IV.3)

is valid. Then’the_equivalent width can be written as a double integral

f d\)jdz k(v) n(z) ' (1V.7)
Jo L S

SxU .

=
fi

U[mol/cmz] is the column density of molecules along the path L. Thus
for unsaturated 1ines the emitted flux is simply proportional to the
number of molécules and is independent of the 1ine'shépé (as-long.as
T(V) remains much less than one). For saturated liﬂés, the exponential'
in.Eq. (IV.3) must be used and the emitted flux depends upon the line
profile.

The liﬁe profiles which are important to our prdblem are the
. pressure broadened profile and the doppler broadened profile. The
pressure broédened line has a Lorentzian shape with a line width parameter
o wﬁicﬁ is proportional to the pressure. The abSérétion coeffiéient

is

k » = sa./m
» (vv )% + a2 . AIv.8)
W™V, , .
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(Goody, 1964, p.106). The doppler broadened line has a line width

parameter which is given by

Y 1/2 '
(351) . C (1v.9)

= -2
%p c m
In this case, the absorption coefficient is

2
s e[y (1v.10)

k(v) =

Q
3

(Goody, 1964, p}98). The doppler width for a H,0 line at 230K is
1.54x10~° v, and the widths for 0, and 0, are smaller yet. This is
to be compared with the typical pressure broadened width of 2X10-4 cm-l
at a‘3.4><10—3 bar pressure. The pressure broadening is dominant for
lines in the submillimeter 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 iﬁteg;als in Eqs. (IV.4) and (IV.6) numerically for the

nearly one thousand lines would be very time consuming on even the

largest of computers.

An analytical expression for the equivalent width can be derived
for the case of a pressure broadened Lorentizian line shape in an
isobaric and isothermal atmosphere. This is done by Goody (1964, p.126)

with the result expressed in terms of Bessel's functions of the first

kind with imaginary arguﬁents,
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e —su/-zml (SU) (su )] | |
W = SUe L \za) * 1 (za)] - (Iv.11)

The equivalent line width can also be deriQéd;for the case of
a pressure:broadened line in an atmosphere with aﬁ éxponential pressure
profile. The absorbing molecule is assumed tq.héve'a uniform mixing
ratio throughout the atmosphere. This problem’ié also treated by
Goody (1964,‘p;233). The optical depth for an atﬁosﬁhere extending

from a pressure,Po (at the balloon) to zero (outer space) is

2
o -
S U 0 -
_T(\)) = o _0‘0 n (l + ————(\,_\, )2) o (Iv.12)

ao is the line width at the pressure Po' The equivalent width expressed

in terms of the Gamma function is

S U 1
F(Zn a +2>'
g o}

W=2/1ra° F(_S_ _I_J_) .-
2m o
[o]

In the limit of U+0, W behaves like an unsaturated line despite the .

(1Iv.13)

logarithmic singularity in Eq. (IV.12). The sing#iarity arises from
neglecting fhe‘doppler and natural widths when thé pressure widths
goes to zero.v .I

The isobaric and exponential atmospheres are‘éompéred in the
Matheson diagram shown in Fig. IV.4. The normalized equivaleﬁt_width

(W/SxU) is plotted as a function of the strength column density product

CSTZIORPOSOO
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Fig. IV.4. Matheson plot for 1sobaric and exponential atmospheres.
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(SxU) divided by a parameter (Z) related to the line width. There is
very little deviation between the isobaric and exponehtial atmospheres.
They agree exactly in the weak limit (unsaturated) and in the strong
limit (saturated) if the isobaric line width o is taken to be half

of aé.

The situation with our atmospheric emission is somewhere between

these two cases. The scale height of the atmosphere at an altitude

of 40 km is 7.7 km. Data from the Handbook of Geophysics (1961) gives

the scale heights of 0,, H, O, and O

27 72 3

3.5 km, and 4.8 km respectively. O2 satisfies the conditidns for a

at the same altitude as 7.7 km,

homogeneously mixed atmosphere very well while H,_0 and O, have mixing

2 3

ratios which decrease with altitude. In our model.calculations, we

will use the exponential atmosphere with a constant mixing ratio.
The tempefafure of the atmosphere enters info the Valﬁe used

for the line s;rength (8) as well as in the backbody spectral flux

in Eq. (IV.5). The line strength scales according'to

e—hEg/kT ) <1' e—h\)o/k'l‘) .16
Q(T) )
Q(T) is the partition function;iEg is the lower state energy for the
transition; and hVO is the resonant transition enefgy. The first term
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

o7 I nkPEONDD
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.thevtemperature depending upon thé molecule (McClétchey, 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
~4% in one scale height at balloon altitudes (U.S, Standard Atmosphere
Supplement, 1966). To make the problem tractable, the atmosphe}e is
assumed to be isothermal in our calculations. |

We can how enumerate the parameters required to calculate the flux
emitted by a sihgle molecular line. The line strengfh S and line width
a for some standard conditions of pressure and temperature are required.

The lower state energy E, and transition frequency vo are needed to

g
scale the line strength to a different temperature. [These parameters
have beeh tabulated for the infrared and submillimeter lines of the
common atmospheric molecules (intluding H20 and 03) by McClatchey,
et al.v(1973). The parameters for Oz.in the submillimeter region have
been measured by Gebbie, Burroughs and Bird (1969) and were kindly sent
to us on cards ﬁy Bill Ménkin at the High Altitude Observatory in
Boulder, Colorado. The parameters for O2 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 transitibn frequency. ' This spectrum can be convolved
with the instrumental resolution function for comparison with the
observed spectral flux; or multiplied by the instrumeﬁtal response
curve and then convolved with the instrumental resolution for comparison
with the detector response spectrum; or simply multiplied by the
instrumental response éurve and Fourier transformed for direct comparison
with the raw interferogram. 1In the last case,-ény interferometer
corrections should be applied before computing the Fourier transform.
Thevkey feétures of the atmospheric emission calculation are
summafized below, The calculations are based on four'éssdmptions:
l)»The at@osphefe is isothermal, 2) the atmospheric:pressure depends
exponentialiy 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 pubiished line parameters for the

three molecules H O, 0, and O, are used. The input data required.are

2 3 2

the atmospheric temperature (T), atmospheric pressure (Po) at the

2O, Q3 and'Oz. The

temperature and pressure were measured during the flight. This leaves

gondoia, and the column densities (U) for H

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 thé 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—diﬁensional préblem. 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 magnitudés 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.S]. For an
incomplete model consisting of the vector i alone, a value for the
magnitude A' can be found which comes closest to the measured point
(least squafes fit). The magnitude A‘ will in generél not be the
same as A and the incomplete model will produce an erroneous résult.

The two values A and A' will be the same for the special case where
the vectors 4 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, fhen there
is a relatively large range of magnifudes Whiéh will fit the obsgrvation,
as is demonstrated in Fig, IV.5(c). Once again the orthogonality of

the vectors is important since the range of magnitudes is a minimum
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Fig. IV.5. Illustration of 2-dimensional fitting procedures. .
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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 isbuséful 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
0, 0, and O, are

2 3 2

vectors whose magnitude is a function of the column density. The

column density, the separate interferograms for H

interferogram for a blackbody spectrum or any other source can be
added to the set of model vectors. Computing the scalar product
between these véctors gives a measure of their orthogonality. It is
found that the model vectors are closer to orthogonal when longer
interferograﬁs are used. This is in agreement with our intuition
that as thé 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)=1 for x<xmax and A(x)=0 for x3>xmax) is substituted into.

Eq. (TII.1) for the spectral noise, giving

/2

n

2 1 1
(N" (V) = e (1Iv.15)
Ji\V ¥
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where n[V//ﬁ;]‘is still tﬁe detector noise, T[sec] the total observing
time, and Av[em-l] the nominal resolution given by Eq. (II1.4). Thus
for a measurement of fixed duration, you gain resolution at the
expense of increased noise. The height of-e sharp unresolved feature
increases linearly with resolving power (longer interferogram) so that
the signal to noise retio remains 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 coﬁstant total observing ﬁime). Mather (1974, p.157) shows that the
miﬁimum noise-fer a given apodizing function (or equivalently, a given
resolution function) is achieved when the time spent measuring a given
iﬁterferogram poin; is proﬁortionalvto the apodizing function at that
point.

The organization of the interferograms we took dgring the flight
was designed to maximize our ability to measure the CBR in the presence
of atmospheric emission. Interferogram scans consisting of 64 and 256
points were measured with the zero path\at the 43 rd pbint 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 cmfl. In Case V + VI, the points closest to zero-path
were measured more often; 50 times for the 22 point interferogramé,

27 times for the 43 point interferograms, and twice for the 214 point

"

60
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interograms. - The long path data allowed us to separate and quantify
the atmospheric lines, while the extra obsefvation 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
interferogrems nearly orthogonal; the normalized scalar product being
.less thah 1% for any combination of molecular line eﬁission 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 avereged interferogram for Case V + VI
with apodization varying from long (214 points) unapodized at the bottom
‘to short (43 points) quadratic apodization at the top. The spectral
noise can berestimated by looking at the region above 40 cm_-l where
there is no optical signal. The resolution (FWHM) and spectral noise
(* 10) are indieated in the right hand side of the figure. Note the
dramatic decrease in noise et low resolution when the apodization
emphasizes the points near zero path which have the longest integration
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 interferogram. [The interferometer.corrections determined
were applied to the calculated spectrum before taking the Fourier

transform.] The difference between the calculated and measured
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interferograms was.Fourier transformed to obtain the difference between
ﬁhe two spectra.

Makiﬁg the comparison in interferogram space oifered several
advantages. It was not necessary to convolve the calculated spectrum
with the instruméntal resolution curve computed.frbm 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 éimply given more weight in the least squares fitting procedure.

In addition, no informétion or integration time was lost from the use of
an apodizing function.

The basic model we used to simulate the night sky épectrum consisted
0, 0, and O

3 2

Plus a blackbody spectrum to simulate the CBR. The vertical column

of the emission spectra for the three molecular species H2

density of 0, was fixed at 1.54X1022.mol/cm2 (or l.69><lO22 moi/cm2 for

2

a zenith angle of 24°) by its mixing ratio of 21% and the measured
pressure of 3.4 mbar. The concentrations of HZO and O3 vary from day
to day, so their column densities are left as free parameters fto be
determined by thé‘fit. The temperature of the blackbody used to simulate
the CBR was 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><1017 mol/cm2 (4.3O><1017 mol/cm2 at a

7

zenith angle of 24°) for H, 0, a vertical column density of 3.50X10l

17

2

mol/cm2 at a zenith angle of 24°) for O and a

mol/cm2 (3.87x10 3
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temperature of 2.99K for ;he blackbody temperature of tﬁe CBR. The
rms value of the residual from the fit was 4.12><10_8 V when normalized
to the error in any 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 gaussian distribution of
errors with a standard deviation of 4.0X10—8 V.

The specfrum of the CBR is obtained by subtracting the atmospheric
contributioﬁ to the night sky speétrum from the observéd spectrum.

This is done in Fig. IV.7. The top spectrum isvthe observéd'spectrum
and the one below it is the best fit atmospheric contribution determined
above. The CBR spectrum is shown at several different resélutions.v
Figure IV.8 shows the * 20 error limits on the CBR spectral flux computed
from the residuals shown in Fig. IV.7 (c¢), (d), and (e) together with

the spectral flux for a 2.99K blackbody.

D. Earthshine Correction

The contributions to the observed night sky spectrum from earthshine
and other sources of cdntiﬁuum radiation in the wings of the anfenna
pattern are difficult to determine. We obtained a rough estimate of
the.earthshine contfibution'using the spectré obtained at twé different
zenith angles and the analytic formula for the antenna pattern in
Eq. (II.18). The increment in earthshine upon increasing the zenith

angle from 24° (Case I) to 45° (Case IV) was used to check the validity

teztopb 0000
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Fig. IV.8. The *20 error limits on the CBR spectral flux together
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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 an& Case I for the increased atmospheric emission since the
column densities scale as the secant of the zenith anglé. This was
done using the atmospheric emission model discussed in sectiqn‘B and the
vertical column densities determined in sectionvC. The original spectra
from Cases 1V and I, the difference spectra, and the differencé‘spectra
corrected for atmospheric emission are all shown in Fig. IV.9(a).
The increment in earthshine has been convertéd 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. Agothér problem was the
vériation in column densities as the balloon altitude changed (see
Fig. III.1), which made it hard to compare spectfa'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 inérement in earthshine can be compared with that
calculated from the analytic formula for the antenna pattern in Ed. (11.18).
The calculated earthshine is also uhcertéin 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 éenith

12

angle of 24° to 45° is 1.5x10 W/cmzsr cm—l iﬁdependent of frequency.
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This is shown as a dashed line in Fig. IV.9(b). The increment in earth-

2

shine is 1.3><10-1 w/cmzsr cm"l if Eq. (II.18) is assumed to be valid

out to 6=7m radians and the radiation comingvfrom more 0=m/2 off-axis
(the backlobe) is included. The measurement is within a factor of three
of the calculated increment over the range from 4 to 20 cmnl. But
the spectral shape is more nearly ‘that expected fdr scattering than for
double diffraction.

We can now calculate the absolute magnitude of’the earthshine
at the zenith angle of 24° 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°vto 45°,
Whereas the earthshine only increases by a factor of =1.5 if Eq. (I1.18)
is used all the way to the backlobe. Thus the calculated earthshine

13 12 1

at 25° ranges from 7.5 10 ~° to 2x10 W/cmzsr cm .

This aﬁalysis_hasn't produced any reliable value for the eafthshine

contribution, but has shown that it could be as large as one tenth of

11

the peak in a 3K blackbody spectrum (1.5%10 W/cmzsr cm_l) 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
produced 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

AJ
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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 isvthat including a biackbody in the model somehow biased
the results. This is unlikely in iight of the ortﬁogonality between
the blackbody interferogréms and the atmospheric interferograms.
The.atmOSpﬁeric 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 tﬁo parameters for a power law

B). -Any of these could be set to fixed wvalues with the

continuum (Av
reméinder being free parameters determined by the fit. The procedures
used- are tabulated in Table IV.1l along with the best fit values for the
various parameters.

The duality of the fit is judged by the nofmalizea rms residual
. r in the last column of Table IV.1l. The statistical errors in this
number are quite small since it is the result of averaging over the 256

independent points in the interferogram. In fact, the X2 value for

_the fit is given by

X" = 256 x (r_/n)2 - (1v.16)

P2t o 0o00
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Table IV.1. Fitting Procedures and Parameter Values

# Vertical Column Densities Blackbody Continuum [W/cmzsr cm_l] Normalized
[molecules/cm? Temperature Residual
n.o[10%’] 0. [10%7] 0. [10%%] K] Coefficient frequency [0 v

2 3V 2 ¢ .? -exponent '
1 3.93 3.53 1.54 2.99 =0 =0 4.12
2 3.92 3.51 1.66 2.99 =0 =0 4.11
3 3.76 3,58 1.54 2.83 = ox10712 = 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 1.27x10 12 0.785 5.27
6 3.93 3.66 1.54 =0 =0 =0 6.88

use limited data
7 4.02 3.52 1.54 =0 resolution Av < 3.0 cm ¥ -
8 3.75 3.1 | 1.54 = 0 frequency v > 17.0 cm T -
include ghosts
- step thruput
modulation modulation

9 3.90 3.53 1.54 2.94 2.57x10~2| -1.92x1973 4.08
%

Parameters values which are fixed

are preceded by =.

~-90T-
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where n is the actual normalized sﬁandard deviation for that interferogram
noise. Thé expected value of XZ fér 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 calculatihg n qther than using the lowest value of

r obtained in the various fitting procedures.

The first six fitting procedures are straight forqard. The first
entry is the fit discussed in section C. The next fiv; have different
sets of.fiXéd and free parameters. The upper estimate of the earthshine
was put into fif #3 as a fixed parameter.

The fitting procedure was modified in fits.#7 and #8 to inérease
the orthogoﬁality between the atmospﬁeric emission and the CBR. Only
high resolution (Av < 3 cm—l) data was used in #7;‘that.is only the:
interferogram points more than 0.17 cm froﬁ zero path were used. This
. prevented broad features such as the CBR from influencing the fit.

Fit #8 was restricted to high frequency (v > l7cm;l) spectral information.
Thus the CBR wés again excludéd, since it is assumed to be negligble

above 17 cm_lf These fits suffer from a decrease in signal-to-noise

in the fitted parameters because of the loss of thevdéta not used in

the fit. The fﬁs residuals in these fits include the unfitted part

of the.interférogram and thus are very large.

The last fit tesfed for the presence of ghosts by including
parameters for step size modulétion and thrupﬁt modulation in the
cosine (real) spectrum. The results show no indication of significant
ghosts.“In addition,vthe corrections to the sine (imaginarj) spectrum

discussed in chapter III had no effect on the best fit value for the

FftopFPEOCOO0C
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parameters in any of the fits.

There are several important conclusiqns that can be drawn from the
data in Table IV.1. 1) Thg three free parameters.in fit #1 (HZO and
O3 column densities and blackbody témperature) were.necessary and
sufficient to produce a good fit. - None ofvthe 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

2 3

of H,0 and O, showed very little dependence upon the fitting procedure
used. Comparing fit #1 and #6 shows that the column densities increased

less than 3% wheﬁ the blackbody is not included. The largest change‘was
a 6% decrease when an large continuum was forced into the model (fit #3)
and when the continuum was left in and tﬁe blackbody removed (fit #5).

Both of these fits had an rms residuél much larger than tﬁe interférqgram'
noise. These reéults verify that tﬁe atmospheric modei 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 O, column density which is within 7% of the a

2
pribri vglue célculated from the mixing ratio and pressure. ‘This ié‘
well within the accuracy of the calculation. The column densities

of H20 and 03 are in agreement with the values obtained by Muehlner and
Weiss (1973) at a similar altitude.

- The limits on the vertical column densities due to systematic

errors in the model are 3,9+‘;X1017 for HZO’ 3.6:.1x107L7 for 04 and ’
l.6’-f.l><10“22 for 0,. Figure IV.10 shows the CBR spectrum obtained

2

when the upper and lower column density limits are used. For the upper
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13 vl/2 W/cm2 sr cm‘_l was included (this is

limits a continuum of 6%10
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 paraﬁeters can effect the fit.
While the pressure is measured to a few percent, the afmospheric
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 shapg or intensity of the
CBR. There is a small effect on the spectral shape because a change

in temperature élters 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, buﬁ its magnitude is altered.

We have estimated the errors in the calibration factor and
atmospheric temperature and calculated the resulfing errors in the
fitted parameters. A similar calculation was done rfor 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 température are shown in Table IV.2. The dominant error in
this temperatgre comes from the uncertainty in the continuum contribu-
tion. An rms sum of the errors gives a best fit temberature for the
CBR of 2.99t:gz K at the 90% confidence le§e1.

We can now combine all of the error estimates to produce the limits
on the.CBR spectrum. The errors which are included.are the interferogram
noise of 4.0'><10"8 V for any point in a single scan and the systematic
errors in the model which would.effect the spectrél‘shape plus a *10%
error for thé_caiibrétion factor uncertainty. The decrease in noise
at low resolution can be exﬁloited by plotting the spectrum on a
log~log plot at a 20% constaﬁt fractional resolution. Thisiimproves
the signal-to-noise ratio at high ffequencies where the signal is
diminishing. This shown in Fig. IV.11 wiﬁh the error limits.

These results differ only slightly from the resulfs we reported
earlier (Woody, Mather, Nichioka and Richards, 1974). Previously we
had used the results of fitting procedure #2 in .Table IV.1l to calculate
the CBR speéfrum. In this wofk the number of free parameters was
reduced by using the results of fitting procedure #1 which has the
oxygen column'deﬁsity fixed at itsz%priori calculated value. This
produced no noticeable change in thg CBR spectrum. The only observeable
change is in tﬁe érror limits. Tﬁe more thoroﬁgh error analysis discussed
in this work has producéd slightly tighter error limits,

Our observations clearly show that.the submillimeter CBR spectfum

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

.
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Table IV.2. Model parameters and errors

Value with 90%

confidence limits

Error in blackbody temperaturea

Fixed Parameters:

Atmospheric temperature
' . . b
Calibration factor
Earthshine

Fitted Parameters:

H,O vertical column density

2

03 vertical column density

O2 vertical column density

Blackbody tempe'raturec

+ 35
215 _ lOK
+ 3.3
33.2 _ 3'3K
0 t g N 10—13v1/2 W ~
cm SY cm
+.20 17 molecules
3.92 -.20 X 10 >
cm
+ .18 17 molecules
3.50 _ 18 x 10 >
cm
+ .17 22 molecules
1.67 _ 17 X 10 >
, cm
+ .07
2.99 _ .14K

.05
.02

.05
.06

.13
.00

.001
.001

~

.02
.02

.01
.01

a , . . . .
Error induced in fitted blackbody temperature by parameter errors quoted in column two.

Product of calibrator temperature and filling factor.

c , ' . .
Error determined by the rms sum of the detector noise plus the errors shown in column three.

-¢TT-
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- value. The signal-to-noise in our measurement is greater than two in

the range from 4 to 17 cm_l.
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V. CONCLUSION

A. Present Status of the Observations

We have meaéured the night sky emission spectrum at an altitude
of'39 km and analyzed the data to produce the first querate resolution
spectrum of the CBR in the submillimeter frequency range (see Fig. IV.1l).
The instrument used was a fuliy calibrated liquid helium cooled
spectrophotometer carried aloft by a high altitude balloon. The
spectrophotometer was thoroughly characterized befére the flight,
iﬁcluding a measurement of the antenna pattern oﬁf to nearly 70°
off-axis. Thisfallawed us to determine the possible sdurCes of
contaminating radiation, mainly antenna emission and earthshine, and
make corrections to the data based on inflight measurements. The
calibration of the ihstrument during the flight agreed with the preflight
laboratory calibration. The data were analyzed to remove the atmospheric .
contribution to the observed sﬁectra and to check for other possible
sources of radiation. The 256 independent data points were successfully
fit to a modél containing only three free parameters; the column
densities of‘wat'er aﬁd ozone (the column dénsity of oxygen was fixed by the
atmospheric pressure.and known mixiﬁg ratio) and the témperature of the
blackbody used to simulate tﬁe CBR. The residual from the fit was
within the expected noise level; Both the random noise and possible
systematic errorsvaré included in the 95% confidence limits shown in

Fig. IV.11."

ezt ok 000

i
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Our measurement can be combined with previouS-§bservations to
establish the CBR spectrun over three decades of:freduency. vFigure V.1l
is a log-log plot of the microwave, interstellar CN and our submillimeter
data. Also sthn is the spectrum of a 2.9K blackbody. These
measurements extend from the Rayleigh Jean's limit well into the
quantum putoff.fegion. Our results show that the éBR,does turn over
and follow the Planck curve on the high frequency.side of the peék.

All of the measurements are consistent with a 2.9X blackbody tem-
‘perature. A'éonvenient way to check this consistency is to convert the
observed fluxeé to equivalent blackbody temperature. The results of
this conversion are shown in Fig. V.2. All of the‘déta are in close
agreement with a temperature of =3K. This can be madé‘quantitative
by carrying out a X2 squared analysis similar to #he ghe Peebles (1971)

used for the microwave data alone. The data point provided by our

+.04

measurement 1s‘2.99_.07

K. We conclude thrt ail ot th~ measurements
over a frequency range from 0.013 to 17 c:m_l are'génsistent ﬁith a
blackbody temperature of 2.90*.04K (10 error limits). The value of'x2
from the fit is 16, which is within the range 1816:vexpected for

19 independent measurements. The ﬁost recent broadbana submillimeter
measurements (Muehlner and Weiss, 1973; Houch, ef al, 1972; Williémson,
et al.; 1973) are in agreement with this value andtdon't affect its
precision. The Los Alamos work (Williamson, et al;, 1973) extends the
measurement to 33 cm.-1 but at low precision. The dueen Mary.Coliege

report (Robson, et al., 1974) did not provide any temperature or error

limits which could be included in this analysis.

*
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Many experiments have been carried out to measure any anisotropy
in the CBR (Peebles, 1971, p.39 and the references given there). These
measurementé have been made using groundbased microwave radiometers
with.sensitivities as high as 0.1%. No definite anisotropy has been
detected at angular résolutions ranging from a few minutes of arc
to a full 24 hour sidereal variation.

These spectral and anisotropy measurements firmly support the
"Big Bang" cbémological model and requifes that any,altérnative model

produce a universe filled with =2.9 blackbody radiation.

B. Future Experiments

The next step is to improve the sensitivity 6f the meaéuremeﬁts
and look for deviations from an ideal blackbody. Just as the present
dbservations tell us about the general evolutionary history of the
universe, any devia;ions from a Blackbody wili have to be explained
by the details of fhat evolution at the time 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 havé greatly increased -
sensitivity (Alvarez, et al., 1974). They expect to detect tﬁe motion
of the e;rth relative to the comoving reference frame of the Universe;
in particular, the motion of the earth around the sun. Muehlner and
_Weiss at M.I.T. have modified their apparatus to measﬁre the anisotropy

of the submillimeter CBR (private communication). The fractional

change in signal for a given change in temperature should be larger at.

b Ziobbkaonno
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the higher fréquencies where the flux depends exponentially upon the
temperature.

- It is also of interést to look for deviations ih'the.épectral flux
of the CBR. A convenient way to display the data‘fér‘analysis of such
deviations is to plot the photon oécupation spectrum; since this is
an invariant s;alar quantity. The occupation spectrum is derived from
the observed spectral flux by dividing by the densify.of states and

the photon energy

N(V) = I(v)/2h\)3c2 o (v.1)

where I(V) is the spectral flux and v the frequency in cm_l. This can
be compared with a universal plot pldt of the occupation number as a
function of x = hcv/kT for a blackbody. Figure V.3 is a plot of this
universal.curVe [N(x) = (exp(x) -l)—l]. The obseryations in Fig. v.l
have been added to the plot assuming a value of 2,9K for temperature
in the equaﬁion‘for X. Altering the temperature corrésponds to shifting
the data to the 1eft or right. Decreasing the blackBody emissivity
corresponds to éhifting the universal curve downward.

A possiblé perturbatioﬁ to the CBR ié that it interacted with matter
sometime after-the initial combining of the electroﬁsvwith the nuclei
to form neutral atoms. This might have occurred during the formation
of gal;xies if the matter became re-ionized. The CBR could establish
equilibrium wiﬁh the matter through photon conservipg,éompton scattering,

but with the Bremsstrahlung process too slow to establish an equilibrium
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number of photons. There would not be enough photqns to produce a
blackbody distribution if the matter were hotter than the radiation.
In this case, Bose-Einstein statistics would still apply; but with a
nonzero chemical potential

hevHu _ -1
T 1] E (v.2)

N(v,T,u) = [exp

The chemical potential is set by requiring the total number of photons
to be correct. As the ﬁniverse expands, the number density distribution
is retained, but i scales the séme way as T; so that u/ki can be added to
the universal curve of N vs. x and are shown in Fig. V.B. 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 fhe spectral flux) by Chan and Jones (19751and 1975).
They carry out a time-dependent numerical analysis which includes
both Compton and Bremsstrahlung processes.

Other as yet unexpected perturbations in the eafly evolutioh of
the universe may be revealed as the precision of the spectral measurements
improves.

Contrary to‘thé'work_of Noerdlinger (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 dimensionless quantity

-xéhcv/hT. The consistency between different types of measurements may

#
B
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‘test for variation in the Speed of light, however, since the microwave
observations measured the ffequency and we‘measurea the wavelength.

The future of measurements of the CBR promises fo be very
interesting. The sensivity of the measurements is steadily improving
and significant unexpec;ed 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. Tﬁere also are satellite proposals for anisotropy measure-
ments. A satellite measurements would avoid the one large problem
of the atmosphefic emission and provide for many months of observation
time. It will still have the same problems of instrumental and earthshine
cohtamination thét we obserVed._,With our better sensitivity and higher
altitude we will come close to reaching the limit for terrestial

‘Smeillimeter measurements of the CBR spectrum.
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APPENDIX A

Low Emissivity Material for Use in Cryogenic Applications

We have fabricated a laminated material with a very low emissivity
at sub-mullimeters wavelengths and low thermal cbnductivity which can
be cycled to low températures. It consists of a stainless steel
backing which is electroplated with copper and coated with a pro-
reflection coating of polyethylene. The low emissivity (high
reflectivity) is produced by = 25 um of copper which has a high
electrical conductivity. The copper also dominates the transverse
thermal conductivity. Mechanical strength is provided by the 127 um
thick stainless steel sheet. The theory and measurement 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 50 ym polyethylene coating. ‘The starting material is
50 ym 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 gaod 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 is vapor degreaséd in trichloroethylene. A
teflon sheet is used fo keep the polyethylene frqm.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.



-127-

APPENDIX B

A Program to Calculate the Optical Prdperties
of a Stratified Medium

STRAD is.a program which calculates the reflectivity, absorptivity,
and transﬁiésivity of a plane stratified medium. It uses the method of
characferistic matrices described by Born and Wolf (1970, p.55). A
single homogeneous layer is characterized by a 2X2 complex matrix
whose coefficients are a function of the complex index of refraction,
thickneSs?’optical frequency and directioﬁ of bropagation. There are
separate matrices for the TE and T modes. This method is valid for
any mediumvin which the propagation of a plane wave is described by
a complex_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 genetal purbose prbgram.

It has been written in modular form to make it easy.to follow_and
modify. The input datavcards 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 anémalous skin and relaxation effects
described in chapter II can be included in the calculations.. The
results can be displayed in several different different wéys, including

in the form of a Cal-Comp plot.

SPZinobkoa0o0
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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 (I2) number of layers (10 or less)

col. 3-4 (I2) wvariable for x-axis

1 = wavenumber
2 =-angle of incidence
I+2 = thickness of the Ith layer

col. 5-6 (I2) wvariable 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 ='reflectivit§ 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 (I2) whether to average over angle of incidence

0

don't average

1

weighted average
F = [ F(0)2m cosOsin6dB/f 2mcosBsinbdo
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col. 11-12 (I2) 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 (I2) 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: 1If a plot is done, there is no printing of
the calculated results.

3. Wavenumber limits:
col. 1-10 (E10.3) smallest wavenumber
col. 11--20 (E10,3)_largest'wavenumber
col. 21-30 (E10.3) wavenumber increment

4. Angle limits: |

| gol. .1-10 (E10.3) smallest angle from normal incidence

col. 11-20 (E10.3j largest ‘angle from normal ‘incidence
col. 21-30 (E10.3) angle increment

5. Incident Medium:

col. 1-2 (I2) code for calculating complex index of
refraction N

col., 3-22 (2E10.3) b, data from which the complex index
o regractlon is to be calculated

O Z i np b

ny
=
.
:

00
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code

]
o
-

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 D2

= 4, impedence in ohms per square is given as Dl

= 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 (I2, 2E10.3) complex index of refraction data;
: same data as required for the incident medium.

col. 23-32 (E10.3) minimum thickness of layer iﬁ cm.
colf 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 wifh 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 (Al0); determines plot sequence
NO PLOT , nothing is plotted.

, nothing is plotted.

NEWPLOT , plot on a new section of paper.

SAME PLOT , plot on top of last plot using same coordinates,

cards 2 thru 7 are not used.
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SAME SET_ _, plot on a new section of paper using coordinate

"data from last plot, cards 6 thru 7 are not used.

NEW RANGES, plot on top of the last plot but with new
coordinate data, cards 4 thru 7 not used.

PLOT GRID , plot juét the coordinates.

col. 11-16 (A6); determines whether or not to write the values for
the coordinate variables.

LABELS write the values.

NOLBLS_ ~_ don't write the values.
col. 17-20 (I4); chafactef size for title (usually 2).
Letter height = character size x 0.06 inches.
col. 21-24 (I4); maximum number of characters in title (usually 80)

col. 25-28 (I4); character size for program identification (usually 1)

col. 29-32 (I4); 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 (ElO.B); minimnum 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.

LPZlOobPEOTODO
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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 (usﬁally 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 (I4); number of divisions separated_by grid lines (= 1).

col. 5-8 (I4); number of subdivisions separated by large tic
marks (= 1).

col. 9-15 (I4); number of subdivisions separated by small tic
marks (= 1). .

col. 13—16 (14); character size for x-axis label.
col. 17-20 (I4); maximum number of characters (usually 80).

col. 21—40_(2E10.3); paper coordinates for loéating 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 (8Al10); 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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STRAUW 74 700L00.4068124w000Y

*USERPK

¥NCSITAGE

MNF .

LINKyP=SYSLIUs X ]

EXIT,. . . 4
DUNMP 4G, ’ )
Cerewrsr 739 C4LnD

c
c

PROGKAM STRACL(INPUT JOUTFUT.PUNCH,PLCT,TAPES8,TAPEII=PLOT)
COMMON /JCATAZ JTITLE(8) +JIDENT (&)
UIMENSTUN PARAM(1Z),PSTRT (12),PEND(12),P0LTA(12) ,FOUT(H)
COMPLEX CINCINGCLINWUOUT,CINDEX
COMMON/LaYUATA/ZRAVNUP ANGLE s THICK(L0) +RTE§RTVM,,TTE TTH,ATELATHM
1 JNURLAY,INDINGDLIN,C2INGINDCUTI1CUT320UT,IND{(L0),01(10)
2 2U2(10) 4CINDIN,CINDOUT,CINDEX(2D) .
COMMON/PRMNTR/WAVSTRT JANGSTRT THSTRT(10) yWAVENDANGENL, THEND (10)
1 sMAVOLTALANGTLTA, THOLTALLC)
EQUIVALENCE (PARAM{L) 4WAVNUM), (PSTRT(1) 4WAVSTIRT) . (PENDI1);
i HAV:NJ).(PDLIA(l).HAVdLTA).(FOUT(L).RTE)
JIUENT(1)=10h PROGRAM
JIDENT(2)=10H STRADL
CALL DATE(JICENT(3})
CALL HUUR(JIGENT(4))
PI=4.0%ATAN(L10)
10 READ 100, JTITLE
100 FURMAT (8A10)
IF (JUTITLE(L) «Ede 10H ) GO T0 1000
PRINT S5Gy JTITLEZJIUENT
S0 FORMAY (1H1,SX,8A410,4Xe4A10,77)
READ 110y NUMLAY LAy IV, IZLyKAVRGyKPRNT, KPLOT
110 FORMAT (&1I2)
IF (IX «LT. 1) IX=1%
IF (12 L1, L) I2=%
REAU 12Uy WAVSTRT,WAVEND,WAVCLTA
120 FORMAT (JE10.3)
PRINT 1¢€, WAVSTRT,WAVEND,NAVOLTA
125 FOKMAT (* WAUNUMBER RANGE *,F8.2,% CH~1 TO *,F8.2,* CM-1 IN STEPS
10F *4F8e249% CHM~1%)
READ 120, ANCSTRT,ANCEND,ANGOLTA
PRINT 127y ANGSTRT,ANGEND,ANGOLTA
127 FORMAT (* A4NCGLE FRUM NORMAL ¥ .F8.54% RADS TO *,F8. S.‘ RADS IN STE
1PS UF *,F8.5,% RADS*)
IfF (KAVRG .EGe 1) PRINT 128

128 FORMAT (¥ A LAMBERTIAN AVERAGE CVER THE ANGULAR RANGE IS PERFCRME

10 %)
PRINT 129

129 FORMAT (/7/,* INDEX CGMPUTATION CODE AND DATA®,20X
1 +¥ LAYER THICKNESS OATA IN CENTIMETERS*)

REAU 136Gy INCIN,OLIN.D2IN
130 FORMAT (I2,5£10.3)
PRINT 135, INDIN.D1INSD2IN
135 FORMAT (* INCIDENT MEUIUM *,I12, ZX.Z(lXoiPGlO 3
READ 130, INCOUT,D10UT,020UT
PRINT 140, INDOUT,DLOUT,D20UT
140 FOKMAT (* EXIT MEDIUM *,1242X,2{1X41PG10.3))
IF (NUMLAY oLT. 1) GO TO 300
00 260 I=1,NUMLAY
© READ 130, INGC(I),01(I),02(L)THSTRT(I) THEND(I),THOLTALI)
PRINT 180, I IND(I)+s01(I)902(I)4THSTRT (L)}« THENOCI),THOLTALI)
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180 FORMAT (* LAYER Do ®9I2,UXeI2424432{1Xs1PG1043)434X,%FRON *
1 s1PG10434% CiA TO *91PG1G43s* CMM IN STEPS OF*,1PG10.3,* CM*)

200 bONTIAdE

306 CONTINUL
NUMPRM=NLMLAY+2
U0 400 I=1,NUMPRM

40U PARAM(LI=FSIRT (1)
IL=1 .
IF (1x «CT. 2) IL=Ix=-2 ao : o
IF (LY JGT. 2) Iue=Iv=2 Co *
IF (KPLOT .EC. 2) KPR«T G - '
IF (KPKNT J.GE. 2) CALL LI srbur(quwr.<~vau.1x.xv 124IL) _
IF (KPRNT JEC. 1) CALL (vzpanr( KAVRGyIX,1Y,IZ4IL) J
IF (KPLOY <EC. 1) Call CTFIL{IX,T Z.LL;KPRNI'KAVRG) *
IF (KPLUT .EG. 2) CALL LOGPLCT(IZyKPRdT) :
GO TU 10

1000 CONTINUE
IF (KPLUY «GT. 0) CALL CCEND
STOP 3 ENC ‘

SUBROUTINE LISTOUT(KPRNT KAVRG s IXsIYIZyIL)

UIMENSION PLR“H(id),Pg‘xf(le).PfNC(LZ)'PDLTA(12),FOUT(6)
COMPLEX CINCINyCINJDUUT,CINDEX

COMMON/LAYUDATA/ nAVNUPMyANGLEy THICK (10) 4 RTE4RTN, TTE TTM ATELATHN

1 s NUMLAY, INOIN,O1IN, DZxN,IhOOUT.JIOUT'DZOUT’IND(10)'01(10)

2. s0D2(18),CINGINSCINDGUT,CIMIZX(10)

CUMMON/PRMTR/WAVSTRT ANGSTRT, THSIKT(lD).NAVEhD ANGEN[ THEND (10)
1 o WAVULTAGANGCLTA, THILTALL1Q)

EQUIVALENCE (PARAM(’).NAJdUH);(PbTRT(l)oHAVSTRT)q(PENO(l):

i WAVEND )  (POLTACL) yWAVILTA) o (FOUT (1) 4RTED
PRINT 100, IL

100 FORMAT (/7/7/7417X,* REFLECTIVITY . TRANSMISSIVITY ABSCRP
LTIVITY ¥9/3* HAVANUFM ANGLE TE T T™ TE ™

2 TE ™ EXIT INDEX - . . LAYER NO«*3I24% INDEX
3ANU THICKNESS*,7) -
200 CUNTINUE
"IF (KAVRC .CGE. 1) GO Tu 300
CALL RTA
PRINT 210y WAVNUMyANGLE RTEyRTM,4TTE, TTH,ATE,ATM.CINDCUT
1 sCINDEX(IL)+THICK (IL)
210 FORMAT (1X+F€a1,1X,F8.5,1X43(1X41P26Y. 2),1x.5(1x.1969.2))
GO TO 4uUd
300 CALL ANGAVRG (KPKNT) -
CPRINT 310, WAVNUM, RTELRTM,TTE, TTN.ATE.ATM,CINOCUT
1 HZCINDEX(IL),»THICKU(IL)
310 FORMAT (1X,F€Eels 1X.‘AV£RAGED‘.1X'3(1Xy1P263 2).1x.5(1x.1959.2))
400 PARAM(IX)=PARAM(IX)}+#PDLTA(IX)
IF (PARANMIIX) .LE. PEND(IX)) GO TO 200 , 5.
PARAM{(IX)=FSTRT (LX) ' : ‘
IF (1Y .LVe 1) GO TO 1000
PARAM(IY)=PARAM(IY )} +PULTA(IY) B
IF (PARAVM(IY) JtLE. PEND(IY)) GO TO 200 . ' ,
PARAM (IY)=FSIRT(IY) :
1000 CONTINUL
RETURN § END

SUBROUTINE XYZPRNT (KAVRGEXeIY9IZHyIL)

DIMENSION Y(20),2(20)

COMMON ZJLABELS/JPARAM(3),J0UT (6)

DIMENSICH PARAM(IZ)oPSTRT(12)oPEND(12)pPDLTA(l?)gFOUf(G)
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COMPLEX CINDIN,CINDOUT,CINDEX
COMMON/LAYDATA/WAVNUMy ANGLE y THICK(10) 9y RTE ¢RTF W TTE, TTMyATE9ATH
1 +NUMLAY 4 INDINSOLINsD2IN,INDOUTD10UT»D20UTIND(10),D1(10)
2 2+02(10),CINDIN,CINDQUT,CINDEX (10)

_ COMMON/PRMTR/WAVSTRT JANGSTRT 4 TH3TRT (10) yWAVEND yANGENC, THEND(IO)

110

120

200
300
310
320

334
350

400

410

1 SWAVOLTA,ANGOLTA, THOLTA(10)
EQUIVALENCE (PARAM(L), NAVNUM) 5 (PSTRT (1) \WAVSTRT) , (PEND (11,
1 WAVEND) , (POLTA (L) 4 WAVCLTA), (FOUT (1) ,RTE)
DATA JOUT/10F RFLCT TE ,4i0H RFLCT TM ,10H TRANS TE ,
1 10H TRANS TM ,10H ABSORB TE,10H ABSORS TH/
DATA JPARAM/10H WAVNUM  410H ANGLE »10H THICKNESS 7/
IF (IY JLT. 1) Iv=1

PRINT 100, JCUT(12)

FORMAT (1H1,10X,* INTENSITY PLOT OF *,410)

IF (IY .GT. 2) PRINT 110,IL

FORMAT (//,20%,* THICKNESS OF LAYER NO. *,I2)
IF (IY «LE. 2) PRINT 120, JPARAM(IY) ’
FORMAT (//,2X,A10)

PARAM(IY)=FSTRT(IY)

U0 200 I=1,20

Y(L)=PARAM(IY)

PARAM(IY)=PARAM(IY)+PCLTA(IY)

IF (PARAM(IY) .5T. PEND(IY)) GO TO 300
CONTINUE :

IEND=1I

PARAM (IV)=FSTRT(IY)

PRINT 310, (Y(I),I=1,IEND,2)

FORMAT (8X,10(1PG1043,2X))

PRINT 320, (Y(I),I=2,IENDG,2)

FORMAT (14Xs10(1PG104342X))

PRINT 330, JPARAM(IX)

FORMAT (1X,A10)

CONTINUE

DO 400 I=1,I1END

PARAM(IY)=Y(I) .

IF (KAVRG +GE. 1) CALL ANGAVRG(0) -

IF (KAVRG .LT. 1) CALL RTA

Z(I)=FCUTI(IZ)

CONTINUE

PRINT 410, PARAM(LX) 4(Z(1)4I=1,IEND)

FORMAT (1X,1FG94241X,0P20F6.4)

PARAM (IX)=PARAM(IX)+POLTA(LIX)

IF (PARAM(IX) +LE. PEND(1X)) GO-TO 350

PARAM (IX)=FSTRT (IX)

PARAM(IY)=PSTRT(IY)

RETURN § END

SUBROUTIMNE FLOTFIL (LXyIZ+ILyKPRNT KAVRG)

COMMON /FLTINFG/ X(1000),2(¢(1000)

COMMON 7/ JLABELS/JUPARAM(3),JOUT(6)

COMMON /JDATA/ JTITLE(8) ,JIDENT(4)

ODIMENSION: PARAM(iZ)'PSTRT(12)0PEND(1ZDqPDLTA(iZ)'FOUT(G)
COMPLEX CINDIN,CINJOUT,CINDEX

COMMON/LAYDATA/ WAVNUMyANGLE  THICK(10) s RTEJRTH,TTES»TTN,ATELATH

1 s NUMLAY, INDIN,OLINyD2IN,INOOUT,D10UT,020UT,IND(10),D1(10)

2 »02010) yCINDINyCINDOUTL,CINIEX(10)
COMMON/PRMTR/HAVSTRT yANGSTRT » THSTRT(10) yWAVENDsANGENC, THEND(10)
1 +HAVDLTA,ANGOLTA, THOLTA(10)

EQUIVALENCE (PARAM(1)+WAVNUM) o (PSTRT (1) ,HAVSTRT) 4 (PEND(L),
i WAVEND) s (POLTA(L)+WAVOLTA) » (FOUT (1) 4RTE)

“IF (IX oLEs 2) PRINT 100y JOUT(IZ),JPARAM(IX)
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100 FORKMAT (/77 ,5X,* PLOT OF *¥,A10,*% AS A FUNCTIGN OF *,A10)
IF (IX «GV. 2).PRINT 110, JOUT(IZ)'IL
110 FOMNAT (///745X,% PLOT OF *,A10,* A5 A FUNCTICN OFTHE THICKNESS OF
1 LAYER NO. *,12)
IXAXIS=d
200 IXAXIS=IXAXIS+1 .
IF (KAVRG +GEs 1) CALL ANGAVRGI(Q)
IF (KAVRC LT, 1) CAlL RTA
X{IXAXIS)=PAKAM(IX) S .
ZOIXAXISI=FCUT(IZ) ' -
PARAM(IK)}=PARAM(IX)+PULTA(IX)
IF (PARLIM(LIX) JLE. PENLI{IX)) GO TO 203
PARAMCIX) =FSTIRT (IX)
CALL SKETCHUIXAXISoXsZsJTITLEWJIOENT) 4
RETUKN ¢ END . o

SUBROUTINE LCOGPLUT(1Z,KPRNT) |

COHHMON /FLTINGC/Z XU{100C)»2(10030)

COMMON /JLABELS/JPARAMI(3),J0UT(6) - i :
COMMON /JuDATAZ JTITLc(8),JIDENT (&) '

DIMENSIGH PARAﬂ(lZ).PSTRT(lZ)'PEND(lc)qPOLTA(iZ)oFOUT(6)
COMPLEX CINCIN,CINOGUT,CINDEX

COMMON/LAYDATAZ KAVIIUM ANGLE » THICK(10) yRTEJRTFy TTE»TTM,ATE,ATH
1 s NUMLAY s INDINZULIIN,D2IN, IhOOUT.DlOUT,DZOUigINO(iU).Dl(lD)

2 202010) yCINDLW,CIMNOUT,CINIEX(1])

COMMCN/FRMTR/WAVSTRT, ANGSTRT'THSTRT(lﬂl.HAVEAD.ANbEN[.THEND(!O)
1 sWAVCLTALANGLELTA, THOLTA(LG)

EGQUIVALENCE (PA?AM(l)'hAVJLM).(PSTRT(i),NAVSTRT),(PEND(i),

1 WAVEND)  (PULTA (1) 4WAVOLTA) s (FOUT(1) RTE) -

PIzL.O*ATANI1.0)

PRINT 160,y JCUT(iZ),JPAKANLZ)

100 FORMAT (//7/,5X,* PLUT OF *#,A10,*% AS A FUNCTICN OF . AIO)

IL=1
PRINT. 1GS, IL ~ 5

105 FORMAT (/7/774,17X,* REFLECTIVITY TRANSMISSIVITY ~ ABSOQRP
1ITIVITY ¥9/3*% WAVNUM ANGLE TE ™ TE ™
2 Te ™ EXIT INDEX LAYER NO+*s12,* INDEX

3AND THICKNESS* /)

IF (ANGSTRT .EG. 0) ANGSTRT=ANGOLTA

GANG =ANGSTKT

FACTOR=1.0+ANGODLTAZANGSTRT

IXAXIS=G
200 IXAXIS=IXAXIS+1

ANGLE=(PI/2.0)-GANG

CALL RTA

PRINT 110, WAVNUM,ANCLE

1 SRTESKTMyTTESTIMy ATE9ATH, CINDOGUT,CINDEX{1) 4+ THICK {1)
110 FORMAT (1Xy3FE€a1y1XsF 80591Xs3(1Xs1P263¢2)91X95(1X,1PGIe2))

X{IXAXIS)=GANG ‘ A

ZOIXAXIS)=FCUT(IZ) :

GANG=GANC*FACTOR

1IF (GANG <Lt. ANGEND) GO TO 200

CALL SKETCHUIXAXIS X 42, JTITLE.JIDENT) ‘ _ .o

RETURN $§ END '

SUBROUTINE ANGAVRG (XPRNT)

COMPLEX CINDIN,CINOOUT,CINGEX

COMMON/LAYDATA/ WAVNUMyANGLE s THICK (101 3RTE yRTMo TTE,TTM,ATE,ATHN
1 oNUMLAY,,INJINGODLINGD2IN, IhDOUT.OiOdT,OZOUT,IND(lO).Di(iO)
2 +0U2(10)4CINDIN,CIMDOUTHCINDEX{10)
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COMMON/ FRMTR/WAVSTRT yANGSTRT s THSTRT (10) s WAVENDy ANGENC, THEND (10)
1 JWAVULTA,ANGDLTA, THOLTA(10)
DIMENSIUN FOLT(6),TUTZ(6)
EQULVALENCE (RTE,FOUT(1))
Plz4.0*ATAN(1.0)
VO 50 I=1,6
SC TOTZ(I)=0.0
TOTOMGA= G40
: ‘ ANGLE=ANGSTR1
vy 100 CALL RTA _
. IF (KPRNT oEG. 3) PRINT 110, WAVWNUMyANGLE
1 JRTEGRTMTTE,TTHyATE 4ATM,CINDOUT,CINDEX (1) 4 THICK (1)
110 FORMAT (1X,FEuls1XoFB8e592Xy3(1X,26942) ¢1X,5(1X,E942))
Y UOMGA=2. U*PI*COS (ANGLE) *STN(ANGLE)
. DO 260 1=1,6
200 TOTZ(I)=TCTZ{I) +O0MGA®FOUT(I)
TOTOMGA=TOTQNGA+DOMGA
ANGLE=ANGLE+ANGDLTA
IF (ANGLE .LE. ANGENC) GO TO 100
1F (TOTGMGA +EQ. 0.0) GO TO 1000
DO 300 1=1,6
300 FOUT(I)=TOTZ(I)/TOTOMGA
1000 CONTINUE
RETURN % EAN

SUBROUTINE RTA
COMPLEX CINDIN,CINODOUT,CINDEX
COMMON/LAYDATA/WAVNUY ¢ ANGLE» THICK(10) s RTE9RTMTTE s TTVM9ATESATH
1 sNUMLAY,, INDIN,DLINgD2IN,INDOUT,010UT,D20UT,IND(10),D1(10)
2 +»02(13),CINBIN,CINODOQUT,CINDEX (10)
CALL COMIND(INDINSULIN D2INyWAVNUMs1.0+CINOIN)
CALL CCMIND(INDOOUT,010UT,D20UT 4WAVNUM,1.0,CINDOUT)
IF (NUMLAY JLT. 1) GO TO 200
U0 100 J=1.NUMLAY
CALL CGMINU(IND(J)yDl(J)'DZ(J)oHAVNUH.THICK(J),CINDEX(J))
10U CONTINUE
200 CONTINUE
CALL OPTICSU(NUMLAY,CINDIN,CINDOUTHCINDEXsANGLE+WAVNUNM,THICK
i s 1yRTESZTTENATE)
CALL OPTICS(MuMLAY, CINUIN:CIBDOUT.CIADEXoANGLEsHAVNUF'THICK
1 9=1,RTN,TTF,ATHM)
RETURN ¢ END

[oX o}

SUBROUTINE OPTICSINUMLAYCINGINsCINDOUTCINDEX+sANGLE yWAVNUMN,
1 THICK ¢yMCOEsR9THA)
COMPLEX CINGEX(1),CMAT1(2,2)4CMAT2(2,2),CMAT3(2,2),COMSINI{1),
1 CINUIN,CINDOUT,CSININ,CSINOUT )
OIMENSION THICK(1)
B oA CMAT1(1’1)=1-U
CMAT1(1,2)=0
CMAT1(2,1)=0C
CMATL1(242)=1.0
L CSININ= CSIN(CNPLX(AN(LfQ0.0))
CSINOUT=CINUDIN*CSININ/CINOOUT
DO 100 LNUM=1,NUMLAY
IF (NUMLAY .LT. 1) GC TO 300
100 COMSINILNUM)= CINUIN'CSININ/CINDEX(LNUM)
DO 200 LNUM=1,NUMLAY
CALL HAT&IX(hAVNUH.THICK(LNUF).CINDCX(LNUH)'COHSIN(LNUH)'
1 MODE ,CMAT2)

0oszZioprOC 00
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CALL MULTI(CMAT1,CHAT2,CMAT3)
CMAT1(1,1)=CMAT3(1,1)
CMAT1(142)=CMAT3(1,2)
CHMAT1(2,1)=CMAT3(2,1)
CHAT1(2,2)=CMAT3(2,2)
200 CONTINUE
300 CALL RESULT(CMAT1,MUDE+sCSININ,CSINOUT,CINDIN,CINDOUTRsT,A)
RETURN $ END

SUBROUTIME CCMIND(IZ01+02,WAVNUM,THICK CINDEX)
COMPLEX CINUEX
DATA CL1GHT/2.997925E+410/
C*¥*¥*®]=0 COMPLEX INCEX GIVEN
IF (I «£Q. 0) CINDEX= CHPLX(Dl:DZ)
Ce**[=1 COMPLEX OJIELECTRIC GIVEN
IF (I «EGQe 1) CINUEX=CSQKRT(CMPLXI(DL,02))
C**#]-2 REAL ODIELECTRIC ANC CONDUCTIVITY GIVEN
1F (1 «EGs 2) CINDLX=CSQRT{(CHPLX(D1,2. O‘DZI(MAVNUH'CLIGHT)))
C¥**#]1=-3 CONUUCTIVITY GIVEN
IF (I +£EGe 3) CINDEX=CMPLX{(SQRT (D27 (WAVNUM*CLIGHT)),
1 SART (D27 (WAVNUM®CLIGHT)))
"C*¥*¥*I-4 OHMS PER SGUARE GIVEN
LF (1 JEGe 4) CINGEX=CMPLX(SGURT(30.07(D1*WAVAUM*THICK)),
1 SQRT (30.0/{D1*WHAVRNUM*THICK)))
C*¥*¥*]=5 ANOMCLCUS SKIN EFFECT FROM DINGLE
IF (I +EC. S) CALL ASKIN(WAVNUM901+432,CINJEX)
RETURN "¢ END

"SUBROUTINE ASKIN(WNUM,CONDJEDENSCINDEX}

COMPLEX CINUEX¢X19X29X39DUMyAOMNGCRyADM

UATA CLICGHTHEMASSyECHRGyPLANCK/2.997925€+10,9.109558E-28
1 24.80325E-10y1.0545919E-27/

Pl=4s0¥ATAN(1.,0)

FREU=WNUFZCLIGHT

TAU=SGRT (3.0*PI*EMASS/(EDENS*ECHRG*ECHRG) )
VFERMI= (3.0%PI*PI®EUENS)**(1.0/3.0)*PLANCK/ENRASS
VNOR=VFERMI/CL IGHT
FREQNOK=FREQ*TAU*2.0/(3.0¥VNOR)
CONNUR=CGND*TAU* YNUR

ALPHA=FRECNCF* (CCHNNOR¥*3)
X3=CMPLX(1+0,FREUNOR*CGNNOR)

Xe=CHMPLX(0.0,ALPHA)

X1=X2/(X3*X3¥X3)

X2=CSGRT (x1)

X3=CEXP(CLCG(X1*PI)/3.0)

IF (CABS(X1) .LE. 0.8)
DUM=1.1547%X2-0.2500%X1+40.1540%*X2¥*%3-0.1262%X1%Xx1
+0.1188%X2%%5-0,1214%X1%%3+0,1307¥X2%*%7-0.148%X1%%,
+0.1685¥%x2%*g

IF (CABS(X1) .GT. G.8)

1 OUM=141547%X3-0.1351%CLOG(PI*X1)-0.5330+0.0416/X3

4 040649/ (X3*¥XS)+1.0/(PI*X1)

ADMNOR= (Oels=1e CI*OUM*CMPLX (1.0,CONNOR*FREQNOR)
ADH:ADHNCR’CLIGHT/(k.0’PI*FREQNOR'LONNUR‘VNOR)
CINDEX=4.0*PI*ACM/CL IGHT

CINDEX=CONJG(CINDEX)

RETURN

END

Wi
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SUBROUTINE MATRIX(WAVNyTHICK +CNyCSINEsMODECHAT)
COMPLEX CNoCMAT(242) 4CNCOS,CBETALCI,CSINE =
CI=(0elUsl.0) B

PI=3.1415927

CNCOS=CSCRT(1-CSINL**2) *CN**MODE :
CBETA=2*PI*WAUN®*THICK*CN*CSQRT (1 -CSINE**2)
CMAT(1,1)=CCOS(CBETA)
CMAT{1,42)=-CI*CSIN(CBETA)/CNCOS
CMAT(241)=-C1*CSIN(CBETA)*CNCOS
CMAT(2,2)=CCCS(CBETA)

RE TURN )

END

SUBROUTINE MULTI(CHATL,CMAT2,CMATS)

COMPLEX CMAT1(2,2)sCMAT2(2,2)+sCMATI(242)
CMAT3(1,1)=CMAT1(1, 1)‘CMAT2(1.1)+CWAT1(1'2)'CHAT2(2p1)
CHMAT3 (142)=CMAT1(1,1)%CMAT2(1+2)+CAT1(1,2)¥CMATZ2(2,42)
CMAT3(2491)=CMATL1(2,1)%CMATZ2(1,1)+CMATL(2+2)%CMAT2(241)
CMAT3(242)=CFATL1(24,1)¥CMAT2(1,2)+CHATL(2+2)*CMAT2(2,42)
RETURN

END

SUBROUTINE RESULT(CMAT4MUCE+CSINIJCSINEJCNIGCNEWRyTHA)
COMPLEX CMAT(242)y CRy CTy CA, C8y CNCOSI, CNCOSE :
i1, CSINI, CSINE, CNI, CNE

CNCOSI=CSURT (1-CSINI**2)*CNI**MODE
CNCOSE=CSQART (1 ~-CSINE*¥*2) *CNE ¥*MODE
CA=(CMAT(1,1)+CMAT(1,2)*CNCOSE) *CNCOSI

CB=CMAT (2,1)+CMAT(2,42)*CNCOSE

CR=(CA-CE)/(CA+CB)

R=CABS(CR)¥**2

CT=2%CNCCSI/(CA+CB)

T=CABSH{CT)**¥2*REAL (CNCOSE)/REAL(CNCOSI)

A=1-R-T

RETURN

END

SUBROUTINE SKETCH(NPIS,X,Y,JTITLE yJIVENT)
UIMENSION X (1) 4Y (1) JTITLE(8)2JIDENT(4)

COMMON /FLOTCAT/XS »XLsYS,YL s XLOG s YLOG A (2050) 93(2050)
COMMON/CCPOCL/XMIN » XMAX y YMIN »YMAX ,CCXMINyCCXMAXy CCYMIN, CCYMAX
COMMON/ CCFACT/FACTOR

DIMENSION ICONT(5),IREAD(8) +JXLABEL(8),JYLABEL(8),NREAD(S)
FACTOR=100.0 _

PRINT 5Gy NPTS,JTITLE,JIDENT

FORMAT (//45X,14,12A10)

NGRF=NPTS

READ 110, IREAD

FORMAT (8A10)

PRINT 115, IREAD

FORMAT (10X,8A10) -
IF (IREAD(1) .EQs 1O0HNO PLOT }) GO 10 900
IF (IREAD(1) .EQ. 10H ) GO TO 300

IF. (IREAO(1) +EQG. 10HSAME PLOT ) GO TO 200

IF (IREAO(1) .EQ. 10HSAME SET ) GO TO 150
REAU 1104 NREAD

PRINT 115, NREAD

DECODE (80,120,NREAD (1)) XSoXLy YS.YL.XLOGvYLGG
FORMAT (€E10.3)

PSeinperonoo
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READ 110, NREAD

PRINT 115, NREAOD

UECOOE( 8091204 NREAD(L1)) CCXMIN,CCXMAX,CCYMIN,CGYMAX
XMIN=XS

XMAX=XL

YMIN=YS

YMAX=YL

IF (XLOUL «GT. Qeu) XMIN=ALOG10 (XS)

IF (XLOG «GTe 0e0) XMAX=ALOGL10(XL)

IF (YLOG «GT. 0.0) YMIN=ALOG10(YS)

IF (YLOL 6T. 0.0) YMAX=ALOGLO(YL)

If (IREAO(1) +EW. LOHNEW RANGES ) GO TO 200
DECODE(70G4+100+IREAD(2)) .
1 LABYORN)ITITSZoITITCHRSIICSZoIIDCHRWTITXHTITY
1 vZ1IDX,ZI0Y .

FUORMAT ( Ab sl y4E10, 3)

READ 1106, NKREAD )

PRINT 115, NREAD

DECODE(B8Gy130sNRcAD(1)) NXIyNX2yNX3HyIXSZyIXCHRyXLABXyXLABY
READ 110, NREAD

PRINT 115, NREAD ’
DECUDE(B8U04130sNREAD(L)) NYL,NY2,ZNY3,1YSZ,IYCHR,YLABX,YLABY
FORMAT (514,2E10.3)

READ 110, NREAD

PRINT 11%, NREAD

DECOUE(80,11G,NREADB(1)) JXLABEL

READ 110, NREAD

PRINT 115, NREAD

VDECODE(80,110,NREAD(L)) JYLABEL

CALL CCNEXT .

CALL CCULRIUD(MAL JNX2oNXIoLABYCRNyNYLoNY2Z2,NY3)

CALL CCLTR(XLABXyXLAEYS0,IXSZyJXLABEL,yIXCHR)

CALL CCLTR(YLAEBX YLABY41,1YSZyJYLABELyIYCHR)

CALL CCLTR(TITX4TITY,0,ITITSZyJTITLE,ITITCHR)

CALL CCLTR(ZIDX4ZIDY+0,IIDSZ4JIDENT,,1IDCHR)
CONTINUE

IF (IREAL(1) +EQ. 10HPLOT GRID ) 50 TO 300

CALL LIMITS(MGRF4X4Y) ‘

CALL CCPLOT(A4ByNGRF y4HJOIN,G,0)

PRINT 4109 NGRF 3XS 9 XMINg XLy XMAX 3 YS,YMINsYL s YMAX
FORMAT (5X,14s* POINTS PLOTTED *,8E£11.3)

CONTINUE

RETURN - & END

SUBROUTINE LIMITS(NPTSeX,Y)

DIMENSIUN X(1),Y(1)

COMMON /FLOTCAT/XSoXLsYSyYLXLOG»YLOG,A(2050),8(2050)
COMMON/CCPOOL/XMIN ¢ XMAX 9 YMIN9YMAX9CCXMINyCCXMAXyCCYMIN,CCYMAK
J=0 '

00 200 I=1,NPTS

XX=X(1)

IF (XX «LT. XS) GO TO 2060

IF (XX «GTs XL) GO TO 308

IF (U .GE. 2050) GO TO 250

J=Jd+l

Atu)=x(I)

IF (XLOG «GT. 0.3) A(J)=ALOG10(A(Y))

B8(JI)=Y(I) -

IF (B(J) «LT. YS) 3(J)=YS

IF (B(J) GT. YL) BLJI=YL

IF (YLOG .GT. 0.0) B8(J)=ALOGLO(B(J))
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200 CONTINUE

GO TO 300
250 PRINT 270, J

270 FORMAT (///7/745X4+% TOO MANY POINTSy FIRST *,16,* WERE USED®*,/7/)

300 NPTS=J

RETURN ¢ END
Ceverer 739 CARD
C ‘ .
Ce®%¥¥ CONTROL CARDS WHICH PRODUCED PLOT IN FIGURE II.6
c ‘ .
EMISSIVITY AS A FULNCTION CF ANGLE FOR BARE COPPER
0 20 302z¢

10.0 .
1.0 E-041.57079633 0.1 E=-04
0 1.0 0.0

5 5439 E+17 8.5 E+22

NEW PLOT NOLBLS 2 3¢ 1 40 0.0 10.2 G0
1.0 E~D41.57079€33 1.0 E-04 1.0 1.0 1.0
1.0 B.76 1.0 8.40

1 i 1 2 80 1.0 0.1
b 4 1 2 40 0.0 1.1
ANGLE FROM GRAZING INCIDENCE (RADIANS)

EMISSIVITY :
EMISSIVITY AS A FUNCTIUN CF ANGLE FOR BARE COPPER
02060 2¢

10.0
1.0 E-041.57079633 0.1 E-C&
g 1.0 0.8
5 5439 E+17 8.5 €£+22
SANME PLOT

104

EMISSIVITY AS A FUNCTIGN (F ANGLE FOR OIELECTRIC COATED COPPER

1203022

10.0
1.0 E~041.57079633 uvel E-04
0 1.0 0.0 :
5 5.39 E+17 8.5 E+22
-0 1.5 0.0 U.0J508
SAME PLOT

EMISSIVITY AS A FUNCTION CF ANGLE FOR ODIELECTRIC COATED COPPER

1 2040 22

10.0

1.0 €-041.57079633 0.1 E-04

0 1.0 0.0

5 5.39 E£+17 8.5 E+22

0 1.5 0.0 U.00508
SAME PLOT : !

AN N S T
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APPENDIX C

Superfluid Helium Pump

We have developéd a simple pump for.transporting superfluid helium »
inside our:crystat. It operates on the superfluid fountain effect which
is briefly described in seétioh E of chapter II1. The pump is capable
of puﬁping 3 liters of liquid helium per hour a height of 1 meter while
dissipating'less thaﬁ 0.1 Waﬁts of heat in the bath.

The pump'is very easy to construct. Figure C.1 is a scale drawing
of the device. The lower inlet chamber is machined out of Lava StoneTM
(American.Lava‘Company). This is a ceramic material thch is porous
to the superfluid component of liquid helium but impervious to the normal
component. It is an eésily>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 coﬁvey 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
flqw impedence that the desired temperature gradient‘(and thus a
corresponding gradient for the vapor pressure)'éan 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
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Fig. C.1. Scale drawing of superfluid helium pump.
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