-iii-

TABLE OF CONTENTS

LIST OF FIGURES . . . « .+ « v 4 v v v v v e v o v 0 o s
LIST OF TABLES . . . ¢ . « ¢ 0 v v 0 v ot v o v o o s
ABSTRACT o . . . v v v v o o b v e i e e e e e e e e
I. INTRODUCTION . & & ¢ 4 v v o v v ¢ o o o o o » o

A. Elementary Theory

B. Previous Observations

.

€. Thesis Organization . . +» + + « o « v « » &
11. APPARATUS DESCRIPTION AND CHARACTERIZATION . . .
A. General Desecription . . . . . + . ¢« & & v &
B. Detector System . . . . .+ . « o « + « & o »
C. Spectrometer . .« « & o 4 « o o ¢« v o 3 o &
D. Antenna System . . . . + ¢ & o « o o s s o o
1. Antenna Pattern . . . . . « . ¢ 4 4 . . .

2. Antenna Emission

E. Cryogenlcs .+ . v ¢« v s v v v o s 0 v a0 e
F. Calibration . . . . . . . . . ¢ . o o0 v o
ITE. FLIGHT DATA ¢« v v v o 4 4 o o o a o o o« o o +
A. Flight Summary . . . . . . & v & v ¢« o o o »
B. Signal Averaging . . . . . . . . .+ <. . ..
C. Interferometer Ertors . . . . .« . . « . « « .
D. Calibration . . . . ¢« . . ¢ v o v o o v ..
TV.  DATA ANALYSIS . . . v & . v v v s o v o o s o o &
A. Antemma Emissiom . . . . . .. ... .. ..

B. Atmospheric Emission Model . . . . . . . ..

YFETRIBUTION L



—{v-

C. Fitting Procedure . . . . v v 4 v ¢ ¢ o o ¢ o ¢ 4 4 4w W 91
D. Earthshine Correction . . . . « « « ¢« + ¢ ¢ ¢ & 4 ¢ o 99
E. Error Analysis . . o 4« 4 4 o« o « » ¢« v ¢« » ¢« s 4+ + « « 104
V. CONCLUSION '« & & v ¢ ¢« 4« ¢ « o o o o o » o = o « o o « o » 115
A. Present Status of the Observations . . . . . . . . . ., 115
B, Future Experiments . . o+ o ¢ ¢ o o« s 2 o « » « o « » o 119
APPENDICES . + & & 4« 4 ¢ o o o o o o o 5 o o 2o 5 ¢ s o « o « » o 124

A. Low Emissivity Material for Use in Cryogenic
Applications . « v « ¢ « 4 2 o 5 0 s e s 4 e 0 o« 2 o« » 124

B. A Program to Calculate the Optical Properties of
a Stratified Medium . « v v v ¢ o ¢ o « o o 2 oo o oo o» . 127

C. Superfluid Helium Pump . . . . ¢« &+ « & ¢ o« o &« o « « . 142
ACKNOWLEDGEMENTS v v « » « o = 5 o o = o o o o o o o o o « » o o 144

REFERENCES . « +. « o « o ¢« s o o o« o s o s o« o o 5 o « s o« s o . 145



Number

Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.

Fig.

Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.

Fig.

I.1.
1.2.
II.1.
11.2,
11.3.
I1.4.
I1.5.
11.6.
I1.7.
III.1.
III.2.
I11.3.

IIL.4.

I111.5.
w.l.
Iv.2.
v.3.
Iv.4.
Iv.5.
IV.6.
1v.7.
1v.8.

Iv.9.

—y-

LIST OF FIGURES

Page
Microwave and interstellar CN measurements. 8
Broadband measurements. 11
Schematic diagram of the spectrophotometsr. 15
Scale drawing of the spectrophotometer. 17
Flight configuration. 18
Polarizing interferometer. 26
Antenna pattern. 35
Emissivity of copper. 43
Laboratory calibration. 51
Flight summary. 57
Sky coverage map. 59
Interferogram of the night sky. 63
Case V+VI before and after applying interferometer 72
corrections.
Inflight calibration. 74
Night sky emission spectrum. 77
Antenna emission spectra. 78
Calculated antenna emission.- 80
Comparison of isobaric and exponential atmospheres. 88
2-dimensional fitting procedures. 93
Night sky emission spectrum at four different resolutions.
Fit to night sky emission spectrum. 100
Statistical error limits on the CBR spectral flux. 101
Earthshine spectra. 103



-vi-

Number Page

Fig. IV.10. CBR spectrum computed using the limiting values for the

column densities. 109
Fig. IV.11l. CBR spectrum with 95% confidence limits. 113
Fig. V.1. Present status of the observations of the CBR spectrum. 117
Fig. V.2, Blackbody temperatures deduced from the observations. 118
Fig. V.3. Photon occupation number plot. 122

Fig. A.l. Applying polethyleme to copper plated stainless steel. 125

Fig. C.1. Superfluid helium pump. 143



11.2

I11.1

111.2

.1

Iv.2

~vii-

LIST OF TABLES

Broadband submillimeter observations
Average surface enlssivity
Spectrophotometer performance parameters
Flight data configurations
Interferometer errors

List of fitting procedures

Errors in the best fit blackbody temperature

Page
10
46
53
56
71

106



-1x-

AN OBSERVATION OF THE SUBMILLIMETZR COSMIC
BACKGROUND SPECTRUM

David Paul Woody
Materials and Molecular Research Division, Lawrence Berkeley Laboratory

and Department of Physics, Unilversity of California
Berkeley, California 94720

ABSTRACT

We describe an experimental measurement of the spectrum of the
submillimeter cusmic background radiation. The experiment consists
of measuring the night sky emission at an altitude of 39 km, correcting
for the atmospheric molecular line emission, and placing limits on
the contamination from sources of continuum radiation such as the
apparatus itself and the earth. The observations were made on 24
July 1974 using a fully calibrated liquid-helium-~cooled ballcon-borne
spectrophotometer. Importanc features of the apparatus include a
cooled antenna, a polarizing interferometer, and a germanium bolometric
detector. The characterization of the spectrophotometer includes the
large angle response and emission of the antenna.

The calibration of the instrument and corrections to the abserved
sky spectrum are based on neasurements 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
range from 4 to 17 cm_1 and establishes that the cosmic background
radiation follows the high frequency quantum cutoff for a 3K blackbody.

A blackbody temperature of 2.99 t'fz K ia deduced from our data.



—x-

We also analyze the present status of the cosmic background observa-
tions, which span more than three decades in frequency, and conclude
that they are all consistent with a blackbody temperature of
2.90 .04K (*10). This firmly supports the Kig Bang cosmological

model of the universe.



I. INTRODUCTION

The universe 1s apparently filled with radiation characteristic
of a 3K blackbody. The discovery and measurement of this Cosmic Background
Radiation (CBR) is one of the most fasinating developments in observational
cosmology. The only cosmological model which satisfactorily explains
the existence of this radiation is the "Big Bang" iheory of the universe.
The CBR, according to this theory, is a remnant from the Primordial
Fireball. Firmly establishing the spectrum of the CBR will aid in
understanding the details of the evolution of the universe and will
place severe limits on any proposed cosmological model.

This paper describes the first successful measurenent of the
submillimeter CBR spectrum, The data were obtained on July 24, 1974
using a cooied balloon-borne spectrophotometer. The data show that
the CBR has the spectral shape and intensity of a 3K blackbody in the

1

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

Woody, Mather, Nishioka, and Richards (197S).

A. Elementary Theory
The theory of the Primordial Fireball has been extensively treated
in the literature. Peeble's book, Physical Cosmology (1971), gives an
excellent description of the accepted "Big Bang" cosmological model
and its relationship to the observed universe. A lengthy chapter is
devoted to the Primordial Fireball. The monumental works by Weinberg
(1972) and Misner, Thorne, and Wheeler (1973) cover the general

relativistic aspects of cosmology in great detail.



Historically, the first discussion of the behavior of blackbody
radiation in a nonstatic universe was given by Tolman (1934, p.427).
As early as 1948, Alpher and Herman (1948) calculated a value of 5%
for the presént temperature of the CBR. The identification of the first
measurement of the CBR {Penzias and Wilson, 1965) as the remnant from
the Primordial Fireball was made by Diche, Peebles, Roll, and Wilkinson
{1965). They used the measured radiation temperature and an estimated
helium abundance to calculate the thermal history of the universe.

"Big Bang" cosmology is based on the assumption that the universe
is homogeneous and isctropic. These assumptions together with Einstein's
gravitational field equations yield the equations which govern the

evolution of the universe. In comoving coordinates these equations are

Rz+k-%'l Gpllz

(1.1)
2

dd_R (pks) = ~3PR
(Weinberg, 1972,p.472). P and p are the pressure and density of the
universe while R 18 the expansion parameter which tells how the distance
between points fixed to the matter of the universe scales; le. the
ascale slze for comoving coordinates. k is a comstant equal to -1, ~_
or 0 which determines whether the universe is open (will expand forever),
closed (will eventually collapse upon itself) or exaetly in between
(will expand forever according to the Einstein-de Sitter wodel). The
evolution of the universe is determined once the equation of state

(relationship between density and pressure) and the initial conditions



are specified. Since the expansion parameter, R, must be either
increasing or decreasing, a static universe is precluded by these
equations.
Observation cof the relationship between red-shift and distance for
Jdistant galaxies indicates that the universe is presencly expanding.
An extrapolation back In time predicts that the universe was denser
and hotter in the past and that it possibly started near a singularity
of infinite density and tempera“ure. Fairly reliable extrapolations
have beep made back until the temps.iture was *1012K. At this
temperature, the poputations of the elementary particles (photons,
neutrinos, muons , clectrons, nucieons, etc.) were in thermal equilibrium.
The evolution can be traced forward from this time (some 10_4 sec
after the singularity)}. The unstable parvicles, such as muons .
annihilated or deccayed as the univerce expanded and the thermal energy
(kT) dropped below their equivalent rest enerpy (mcz). There were only
photons, neutrincs, electrons, protons, and a few light nuclei
(ZH and He) left by the rime the temperature had dropped to =3X103 K

12 sec after the singularity); at which time the el2ctrons combined

(=10
with the protons and nuclel to form neutral atoms. Previous to this

time, the photons were kept in thermal equilibriun with the matter by
various annihilation, bremstrahlungz, and compton processes. This was
also about the time that the particle vest energy started to dominate
the radiation energy in determining the expansion rate. With only

neutral atoms present. the interacticn betweer the 3,000K blackbody

radiation and the matter became limited to those photons with energy
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equal to the resonant atomic transitions or greater than the jonization
energy. Thus, the radiation and matter became effectively decoupled and
they evolved s~parately; the matter formed galaxies and stars, while

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

The evolution of the Primordial Fireball after it became decoupled
from the matter can be followed by examining the covariant photon dis-
tribution function. This is the photon number density in phase space
(momentum and position). It is measured at the okserver’s position and
is a function of the momentum, ;, of the photons as seen by the observer.
It reduces to a function of the energy, E=];[, for an isotropic
distribution. An invariant 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 as the universe evolves,
although the momentum or energy of the mode may change. This can be
derived rigorously by applying Liouville's theorem in curved spacetime
to the system of noninteracting photons (Misner, Wheeler and Thorne,
1973, p.584).

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

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



occupation number at the time of decoupling for photons of energy

R
E =E

T
S T a3
o

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

Einstein statistics

E
N(E_,T ) = [exp (k—;—) T (1.4)
0

Ac a later time, the occupation number is given by

N(EL) = N(Eo’To) (1.5)

E
[exp (ﬁ) -
o
R
t
E R -
[exp( tkg ) -t
[+
E
- to () - w17
1 i

N(Et' Tt)

where

R
T =T 2 (1.6)
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Heace, the Primordial Fireball vemains a blackbody but has a temperature
which scales as the Inverse of the scale parameter. This transformation
conserves the number of photons and entropy, but does not conserve
energy; the photons do work against the expanding universe.

This same analysis can be applied to an observer moving relative
to the comoving coordinate system. In this case, an anisotropic
Doppler shift is seen. The observer still measures radiation characteris-

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

direction of observation o2 1/2
1 - '—2)
T(v,8) = T el . (1.7)

e (1 - %—cose)

The CBR plays a key role in establishing a self consistent picture
of the origin of the universe. Many of the events in the early histary
of the universe occurred over a relatively small temperature 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 present radiation
temperature. Thus the universe was 103 times smaller, or 109 times
more dense, then than it is now.

Another critical point was at a temperature of =1010K when the
therr al creation of electrons and positrons stopped and the neutrons
began to decay. The expansion rate and density of the universe at this
time determines how many neutrons form 2H and He nuclel 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 biased on
interstellar molecules, and broadband submillimeter observatioms.

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 firs:
observation of the CBR. This first measurement was quickly followed by
many other ground based microwave radiometer measurements covering the
range from 0.013 to 3.00 cm >, Peebles (1971, pi134) analyzes these
measurements and arrives at a value of 2,7220.08K for the CBR temperdture.
Although these measurements all lie on the low frequency side of the
6 ¢:m"1 peak in the 3K Plaéfk 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 in good agreement with the "Big Bang" hyporhesis.

The indirect measurements%came from an entirely different kind
of observation. The relative intensity of optical transitions from
different rotationai levels in interstellar molecules 1s measured.

This yields a temperature uhichlcorresponds to the CBR temnerature at the
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energy of the rotational level in the absence of any other heating
mechanism. Measurements of the molecule CN gives CBR temperatures
at 3.79 cm—l (see tabulation by Peebles, 1971, p.134) and 7.58 cm-l
(Hegyl, Traub and Carleton, 1974). Upper limits are provided by

CH and CH' at frequencies of 17.9 co ! and 27.9 et (Bortolot, Clauser,
and Thaddeus, 1969). These results are significant in that they are
measurements of the CBR at distant points in our galaxy.

Obgervations on the high frequency side of the Planck curve have
been particularly difficult. The feature which makes these observations
important {large deviation of the Planck curve from a Rayleigh Jeans
spectrum) also makes them difficult (the signal is decreasing with
frequency while contaminating radiation from warm objects is still
increasing). In addition, the atmospheric radiation in the submillimeter
region requires that the measuremencs be carri-d out above most of the
atmosphere. Three groups have been espacially active in making
broadband observations of the submillimeter CBR: a balloon group at
M.I.T., & rocket group at Cornell, and another rocket group at Los
Alamos. The published results of thesa groups are tahulated in Table
1.1. The earliest measurements indicated that the CBR was much larger
than that of a 3K blackbody. As the measurements were repeated. the
deviation from a 3K blackbody diminished. The status of the broadband

submillimeter measurements at three different times is shown in

Figs. 1.2(a), (b) and (c).
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Table I.l. 3Broadband submillimeter observations.
Flighe Date Group Frequency Spe:t;il Fquivalent Reference
an R Blackbody
(ew~?) (r0-12 uread e iy Temperatute
tx]
+a00® +2.3
11 Kov. 1968 Coraell 7.7-2% lw_lso ..3_1': Shivansndan, et al. 1943
29 Sept 1969 M.LT. 1 -10 <n <36 Maehluee and Uetn, 1970
- - 10 -2 < 300 <7 -
. - 12 a8 <53 ]
19 Dec. 1969 Coraell 7.1-23 8343 Houch acd Harwlc, 1979
2 Dee. 1970 " 6123 - Pighec, et al., 1971
29 Moy 2911 Los Alasos L1 LR Slati, et ol., 1971
5 June 1971 [REX 1 -84 6.503.8 28504 MuehIner and Welss, 1973
40.3
. ] S.4e7.9 125 25002 “
+ +0.3 L
- » 7.9-1.1 % 2,603 J
h ” 11.1-18,% 60010 4,300.2 "
8 Sepr 1901 - 134 °H] . LRt "
" L] IWEX] 13 2.800.2 "
- - 7.9-11.3 <4 <27 .
- - 10.4-10.3 <20 <34 "
1 hy 1992 Los Masas L2-13 <1 <as Willtanson, et al. 1973
- " [R=Y) 2317 508 "
- - 1.7-3 $15.99 s L]
1 July 192 commell 1.2-23 <2 — Wouch, st a1. 1972
1 Oce nLT. 1 -n.s $.003.0 2,5%0-23 Wushlner and Weiss, 1973
- - 1 138 Led 200 "
. ] [ESTRY < <3 .

“Ihe specteal flur win deduced From che reporced total Flux and bandutdeh vhen ¢ opeccral fiux was not reported.
Bihiar values wre latetr decreased by » factor of twe after recalibratina.
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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 improved, we upgraded the
quality of our instrument. It soon became apparent that eliminating
contaminating sources of continuum radiation was of the utmost importance
and a large effort was made in designing and characterizing our radiation
collecting optics. It was also apparent that a spectrometer would
be required to adequately subtract out the atmospheric emission in any
balloon-borne experiment (Muehlner and Weiss, 1973). We believe our
cooled spectrophotometer with its fully characterized antenna is
ideally suited for this measurement,

A balloon group from (ueen Mary College, University of London has
recently reported the preliminary vesults 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 March 13, 1974, The spectrum they give includes a large amount of
continuum emission but appears to show the CBR turning over above 9 cm.1
and following the curve for a »3K blackbody. We can not evaluate the
significance of their results from the information given in the one

page article.

C. Thesis Organization
Tha purposs of chis thesis is to describe our measurement of the
submillimeter CAR in enough detail that the reader will understand the
major difficulties in che experiment and be able to evaluate the merits

of our rssulcs.
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The construction and operation of the instrument is described in
chapter II. The major features of the apparatus are described, including
the advantages and peculiarities of the polarizing interferometer used
for Fourier transform spectroscopy. Special emphasis i: placed on the
charanterization of the beam pattern and emission of the antenna.

Chapter III presents the raw data obtained during the flight.

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

The analysis of the data is described in chapter IV. This includes
the determination of the antenna emission, earthshine, and atmospheric
radiation. The model used to simulate the atmosphere and the fitting
procedure 1s discussed in detail. Finally, the observed CBR spectrum

together with errnr limits is presented.

The last chapter discusses the signifi of our rement and
its relation to previous observations. A short discussion of possible
deviations from an ideal blackbody is given. Lastly, future developements,

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

A. General Description

The small magnitude of the CBR flux plazes stringent requirements
upon any apparatus used to make an absolute measurement of its spe._trum.
TIo the submillimeter frequency range the flux from a 3K blackbody
falls nearly exponentially while that from a room temperature blackbody
increases as the frequency squared. At 15 cm_l the flux from a 300K
blackbody is 18,000 times larger than that from a 3K blackbody. Hence,
it is necessary that the apparatus reject by many orders of magnitude
the radlation coming from warm objects such as the earth. Similarly,
the apparatus ltself must not contribute any significant amount of
radiation to the observed spectrum. The presence of strong atmospheric
emigsion lines in the submillimeter frequency range requires thut the
measurement be done above most of the atmosphere.

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

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

Figure II-1 is a schematic diagram of the instrument. & scale drawing
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Schematic diagram of the submillimeter spectrophotometer.
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is shown in Fig. II.2. The radiation is collected by the reflecting
horn and cone antenna; then recollimated and sent through the polarizing
interferometer; and finally focused onto the germanium bolometric
detector. The polarizing interferometer is used for Fourier transform
spectroscopy. The instrument is mounted in a 60 liter liquid helium
cryostat. This keeps the detector and interferometer immerged in
liquid helium and cools the antenna. On the ground and during the
ascent, the antenna is protected from atmospheric condensation by two
removeable windows at the top of the horn. Two blackbodies are used
for inflight calibration.

The flight configuration is shown schematically in Fig. II.3.
The cryostat containing the instrument is mounted on pivots in the
balloon gondola which is suspended below the balloon. This allows he
zenith angle of the instrument to be varied. A large plywood
calibration body mounted on the back of the gondola serves as a
calibration source when the cryostat is tilted backwards. At the
same time, a small glass mirror allows us to check for actmospheric
condensation in the antenna by taking photographs looking down the
throat of the horn and cone. The gondola is suspended 0.6 km below
the balloon by means of a let-down line deployed after launch. This
keeps the 3.3x10° m> balloon well out of the field of view. The
azimuthal angle is monitored by two magnetometers, but the gondola is

free to rotate about the vertical axis.
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The telemetry system was developed by J. Henry Primbsch of the
Space Scicnces Laboratory. The data is transmitted as 8-bit words
by a pulse code modulated (PCM) system with a bit rate of 8,000 bits/sec.
The raw detector preamp output and chopper reference signal along
with 32 channels of housekeeping data, one of which is multiplexed
into 16 additional channels, are received on the ground 2ud decoded
by the ground station. The preamp and reference signals are each
sampled 250 times per second. A I'DP-11TM computer interfaced and
programmed to do Fourier transform spectroscopy provides us with
spectra during the flight. The raw bit stream is recorded on an andio
recorder for replay after the flight. The command system is a tone-
reed system with ten tones multipiexed to give 40 different commands.
The telemetry required to drop ballast, deploy the let-down line, etc.,
is provided by the National Center for Atmaspheric Research (NCAR) at

Palestine, Texas.

B. Detector System
The detector is a doped germanium bolometer purchased from
Infrared Laboratories, Inc, At the operating conditions of a 1.6K
bath temperature and 17 Hz chopping frequency, the electrical noise
equivalent power (NEPE) is 6210_14 W//Mz and the responsitivity is
0.7*106 V/W. The absorptivity of the 0.8%0.8%0.3 mm3 detector element
was measured to be between 0.05 and 0.2 in the frequency range from

3 to 20 emt (Mather, 1974).
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An immersion optics system is used to illuminate the bolometer.
This greatly increases the radiation thruput to the bolometer over
that of other methods. The method used is similar the technique
developed by Vystavkin, et al. (1971) to improve the radiation
coup®ing to lusb detectors. The radiation is coupled directly to the
detector from a solid whose index of refraction matches that of the
detector, thus avoiding the factor of (nl/nz)2 reduction in solid
angle glven by Snell's law upon passing from a medium of refractive
index n, to one of refractive index n,. Germanium has a refractive
index of 4, so there is 2 potential increase of a factor of 16 in
thruput to the detector (or a decreasc in area for the same thruput)
using immersion optics. Since the NEPe generally scales as the square
root of the area, a factor of 4 improvement in flux sensitivity is
possible. The area of germanium required to accept our system thruput
of 0.25 cmzsr is only 0.5 mmz using immersion optics compared to
8.0 m’ without.

High purity germanium is transparent to submillimeter radiation
and can be used to match the refractive index of the doped germanium
bolometer. 1In our system the radiation is collected and condensed
down to a small area and large solid angle using a 2.5 cm long solid
germanium total internal reflection condensing cone. The bolometer
gently contacts the small end of the condensing cone. This establishes
optical contact without disrupting the thermal isolation necessary for

the operation of a bolometeric detector.



The condensing cone and bolometer are mounted in a vacuum can.
The vacuum can has a 0.005 cm thi:: Mylar window. There is a 0.3 cm
thick piece of Fluorogold T.M. used as a low pass scatter filter
(Muehlner and Weiss,1973) on top of the window.

The signal from the detector is amplified by a variable gain
preamplier. The gain can be switched from 103 to 106 in one decade
stops by the balloon command link. The balloon telemetry converts the
0 to 5 Volt analog signal into an 8~bit word giving a resolution of
0.02 Volts. The signal is sampled 250 times per sec so that the
resolution for 2 single 2 sec measurement can be improved to 9x10-4 Volts
if the bits are randomly exercised. At a gain of 105 this corresponds
to 9><10-9 Volts resolution referred to the cz2tector. The detector

noise for a similar 2 sec measurement is 2><10-B Volts.

C. Spectrometer

The spectrometer is a polarizing interferometer of the type
invented by Martin and Puplett (1969). It is used for Fourier transform
spectroscopy in the same way as a Michelson interferometer. In fact,
the wealth of literature pertaining to Michelson interferometers and
Fourier transform spectroscopy is directly applicable. An excellent
book on this subject is Bell'’s Introductory Fourier Transform
Spectroscopy (1972). A short discussion of techniques used in Fourier
transform spectroscopy is given by Richards (1967).

A Fourier transform spectrometer operates by separating the

incoming radiation into two beams and then coherently recombining
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them to produce the output beawm. Interference cffects are rroduced
by varying the relative lengths of the optical paths traveled by the
separate beams. This pach difference fs usually controlled by a
moveable mirror in one of the beam paths. The interfercence effects
directly modulate the intensity of the exit beam in a Michelson
interferometer. wWhereas, only the polarization of the radiation 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, where v(cn’ll is the
frequency and x [em] is the path difference.

The intensity I(x) [Watts]) as a function of path difference is
called an interferogram. The interferogram fur an idw-al interferometer
wich an incident spectral intensity S(v) {Hatts/cm-"] is given by

© @
I(x) = const x f ¥(V)S(v)dv + j. T(v)S(v) cos(2nvx)dv
[ (]

(I1.1)
)

= const x 1(0) +I T(V)S{V) cos(21m2vx)dv .
[]

T(v) 18 the transmission efficiency of the interferometer. The
spectral intensity 5(V) is recovered by taking the inverse cosine

transfora

S(v) = ﬁ f [I(x)-constxI(0)]) cos(2mvx)dx . (11.2)
D
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In practice, the Interferogram 1(x) is sampled at discreta valucs
of x over a [inite interval. The integral in Eq. (1I.2) then is
approximated by o susmation. The nanipulactions and limitations

erdd in r fng S(v) from a discretely samplcd finice

length interferogram are explained by Bell (1972). The important
considerations arc that for a path difference Ax betwern sanplings
of 1(x) the maximum spactral frequency at which data can be obtained

without allasing s

1
Vaax " Ix ° (11.3)
If N samples are taken past the zero path difference point, the
asximum resolution possible is
L (11.4)

Avun ® W

The use of & Fourier transform spactrometer offers several
advantages over other types of spectrometers. Chief among these is the
multiplexing or Fellgett advantage (Fellgett, 1958; and Bell, 1972, p.23).
At each point in the interferogram, information is collected over the
full spectral bandwidth. However, a grating or Fabry-Perot spectrometer
looks at only one resoluction width at a time. For this type of
experiment, whare the system is limited by detector sensitivity, the
wultiplexing advantage gains a factor of A in signal to noise where
N is the nuaber of resolution elements. The Fourier transform
spactrometer also avoida the problem of order sorting vwhen apectra

covering many octaves in frequency are desired.
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An advantage shared with rhe Fabry-Perot spectrometer is a large
optical thruput. The thruput of a grating spectrometer and a Michelson
interferometer having the same resolving power and collimator area

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

E:ichelson 2w £ 2eane (11.5)
grating

(Bell, 1972, p.22). F, 2, and 6 are the collimator focal length, slit
height, and grating angle respectively of the grating spectrometer.
A typical spectrometer has 6%30° and F/f greater than 30, thus giving
it less than 0.5% of the thruput for a similar Michelson interferometer.
This 1a often called the Jacquinot advantage and is again important
for measurements limited by detector noise.

The standard Michelson interferometer has two disadvantages which
are not present in a polarizing interferometer. The constant term
in front of Eq. (II.1) is '% 1(o) when it is operated in the usual
slow scan mode with an external chopper for lock-in detection of the
signal., Any fluctuation in the source brightness will modulate this
term and introduce spurious features in the interferogram and thus
produce ~~rors in the computed spectrum. The polarizing interferometer
elimirates this constant term by using the exit (or entrance) polarizer
as a chopper. A description of how this 1is done will be given later
in this secrion. The rapid-scan or phase modulation versions of the
Michelson interferometer also eliminate this constant term (Chamberlain

and Cebbie, 1971).
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The other disadvantage of the Michelson interferometer is its
low efficiency at low frequencies. This is a result of the dielectric
£ilm used as a beamsplitter. Its efficiency is proportional to the
product of the films reflectivity and transmissivity, which are
determined by the Airy formula (Born and Wolf, 1970). The efficiency
is periodic in frequency, with a period proportional to one over the
film thickness, and has zero efficiency at zero frequency. The
beamsplicter in a polarizing interferometer is a linear polarizer.

At low frequencieg, the efficiency is uniformly high and goes to zero
at wavelengths short compared to the polarizers grid spacing.

An exploded diagram of our polarizing interferometer is shown
Fig. II.4. The optics are 5 c¢m in diameter. The incident radiation
is linearly polarized by the entrance polarizer. This radiation is
then split into two orthogonally polarized beams by a wire grid
beamsplitter oriented at an angle of 45° with respect to the entrance
polarizer. The beams are reflected back to the beamsplitter by corner
wmirrors. One of the corner mirrors is mounted on a micrometer screw
8o it can be translated paralled to the beam to introduce a change in
the optical path length. The screw has 5 cm of travel. At the
beamsplitter, the beams recombine to form the exit beam. This beam
is then focused onto the polarizing chopper and detector by a teflon
lens. The chopper wheel has eight sectors containing polarizers with

alternating orientation.
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Fig. I1I.4. Exploded view of the pelarizing interferometer.
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The clever feature in Martin and Puplett's design is the use of

corner mirrors to return the b to the b plictter. The plane of

polarization of linearly polarized radiation is reflected across the
corner line of the mirror upon reflection from a corner mirror. That
is, the incident and reflected beams will be orthogonally polarized if
the plane of polarization of the incident beam is oriented at angle of
45° with respect to the corner line. In this way, the beam which was
initially reflected from the polarizing beamsplitter will be transmitted
upon its return and vice versa. The polarizer serves as a nearly
perfect beamsplitter with all of the radiation from the input beam being
channeled into the exit beam.

Ordinary machine shop techniques were sufficient to achieve the
fraction of a wavelength tolerances necessary in constructing the
interferometer. The interferometer frame was made of Invar to minimize
the problems of thermal contraction. The corner mirrors are hand
polished aluminum blocks. A StarrettT'M' micrometer comnected to a
Slo-SynT"' stepper motor at the top of the cryostat is used to
translate the moving corner mirror. The micrometer was degreased and
lubricated with teflon powder for operat. n im liquid helium. The
chopper wheel is driven by a synchronous motor and speed reducer
assembly at the top of the eryostat to give a chopping frequency of
17.1 Hz.

A finely spaced grid of linear conductors serves as a nearly ideal
polarizer for submillimeter radiation. In the long wavelength limit,

radiation with electric field polarization parallel to the conductors
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sees the grid as a conductor and is reflected; and to a goud approxi-
mation, radiation with polarization perpendicular to the couductors
does not see the grid. Buchbee-Mears Inc. sells linear grids comsisting
of evaporated gold lines on a Mylar substrate with grid spacing as
small as 25.4 ym. The entrance and chopper polarizer were made from
this material.

Freestanding polarizers can also be made. It is a fairly simple
task to use the automatic feed on a rflowly turning lathe to wind a
wire grid onto a frame. Our beamsplitter consists of 25 pm dia.
tungsten wirecs with 153 um spacing. The tungsten wires were first
wound on a frame and then copper plated. The grid was then soldered
to a flat Invar frame. These steps were necessary to build a
beamsplitter which survived cycling to 1.6K and remained flat at this
low temperature.

The polarization efficiency of linear wire grids can be calculated
by representing the grids as lumped impedence equivalent circuits.
In the long wavelength limit the efficiencies are abova 99% (Casey and
Lewis, 1952). MOller and Rothschild (1971, p.103) give multielement
equivalent circuits valid for wavelengths less than twice the grid
spacing. Using these equivalent circuits Aurbach (to be published)
shows that the efficiency remains high until A»2d at vhich time it

quickly drops.

The alignment requirements for a polarizing interferometer are

similar to those for a MNichelson 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 Y radians in a circular aperture

of radius r at a frequency v Is given by

ZJl(fc Fvar)

—amar I(x,v) (11.6)

' (x,v) =

where .J1 18 the first order Benel function (Williams, 1966). For our
5 cm dla optlics and a frequency of 20 cm-l. an error of o = .00045 rad.
will degrade the interferogram by only 1%; while an error of w = .0061
rad. i3 the first zcro of the Bessel function, and there 1Is no
interferogram.

The alignment of the interferometer is conveniently done is
several steps. The first step is to adjust the individual corner
mirrors so that the angle between the two surfaces is 90°. This is
analogous to requiring that a plane mirror not be bent. One c¢orner
mirror is them mounted so that when you sight along the beam direction

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

The other mirror is mounted in the same way but with two adjustments
for orlenting the corner line. Two optical flats are now placed
against the freestanding wire grid beamsplitter to serve as o visible
light beamsplitter. You now look through the interferometer at a
distant object. There are two images corresponding to the two inter-
ferometer beams. There will be a total of four images if the cormer
mirror angles are not 90°. By adjusting the corner line of the second

corner mirror, the two images can be made to superimpose. The
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superposition of the two images must be ;ithin the =~ .001 rad. tolerance
required for efficient interference. A low magnification large apuerrure
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 polarizer
wires and beamsplitter wires are at 45° with respect to each other.

The tolerances on adjusting the first corner mirror and the entrance and
exit polarizers are not high since the errors only enter in second order
in the transmission efficiency of the interferometer.

There are several features which are peculiar to a polarizing
interferometer. These can be demonstrated by tracing the radiaction
through the interferometer. The electric field strength after the
entrance polarizer is |fin(v)] = JE;;?GT7§ 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

3 =1 BTV id, o id o
E (VX)) =3 5,0 {ortee R + (er +€y)y)] (11.7)

with ¢=2myx. Yx and y_ are the efficiencies with which the desired
polarizations in the separate beams are transmitted, and Ex and €y are
the transmissivities for the wrong povlarizations. The 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. (IIL.7) simplifies to
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B (0 = % RO gy, (11.8)

The % and § components come from the separate beams. It is seen that
the interferometer behaves like a variable thickness birefringent
medium.

The exit polarizer, which is tilted at an angle O with respect to
R dire .tion, is used to analyze the output heam. The intensity of the

transmitted radiation is given by

_ 1 i¢ . i¢ 2
Sout(v.x,e) =3 Sin(v)l(yx+€xe Ycosh + (1ye +€y)sin0[
= L5 (w(e costty sind)? + (y_cosdte sind)’] (11.9)
=% "m"V AL Yy y '
1 .
+ 7 sin(v)(excoseﬂry sine)(yxcose+ey sinB) cos(2mux).

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

oy =1
Soue (V1%,45°) = 38, (V) [1 + cos(2mum)] . (11.10)

The constant term can be eliminated by looking at the difference between
Sout(v,x.45°) and Sout(v,x,135°); i.e., using a polarizing chopper.
The resulting interferogram is then given by

o

- 1
I(x) = j; 3 Sin(v) cos(2mux)dv . (I1.11)



-32-
Equation (I1.9) can be expanded about the ideal cond:_.ions to
determine the effects of imperfect polarizers, etc. Using the expansions
L 3T
= - = + = = = = = =
Yy ¥(1-8), Yy Y(1+8), ex/Y ey/Y € 8, =4+ 61 and &, = -+ 52

and keeping only the leading terms, one gets

1(x) = f %stm(v)[(zs(slﬁz) +2¢) + (1~82+52-512~522)cos(L‘Trvx)]d\-‘.
[+
(11.12)

£ 18 a measure of the beam imbalance; y is the interfercnmeter trans-
mission efficiency; £ 1s one minus the polarization efficiency of the
beamsplitter; and 61 and 62 are the exit polarizer {(chopper) alignment
errors. These errors are separate from the alignment error «. Only
€ 1s frequency dependent; tcing 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 peclarizing interferometer.

There 1s an additional feature which adds to the usefulness of a
polarizing incerferometer. An opaque chopper at the position of the
analyzing polarizer will yield a measurement of the total input
intensity since only the polarization and not the beam intensity is
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 proportional to the input intensity. This technique is used to

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

The antenna used to collect the radistion is a critical part of
the instrument. Radiation from objects out:ide the apparatus, such as
the balloon o: earth, must be rejected; and at the same time the antenna
itself must not emit a significant amount of radiation into the spectrom-
eter. Minimizing the radiation from extraneous objects requires that
the antenna sidelobes, caused principally by diffraction, be suppressed.
The antenna emission problem is one of making a low loss, cooled antenna.
The antenna we use consists of two parts. A long, cooled cone defines
the primary beam in the'limic of geometrical optics. Above the cone,
an apodizin~ horn reflects the diffraction sidelobes back into the
primary beam.

The 70 cm long primary cone is made from electroformed copper. It
has an entrance aperture 6.0 c¢m in diameter and a 0.3 cm diameter exit
aperture. The cone half-angle is 2.2°, It serves as a nearly ideal
light condenser; providing Lambertian illumination at the exit aperture,
and defining a nearly rectangular beam profile. Moller and Rothschild
(1971,p.72) describe the properties of such conical light condensers,
and Mather (1974) pgives a simple explanation of their characteristics in
terms of symmetry and conscrvation of angular momentum. The smallest
possible beam half-angle for a 6.0 cm aperture with a thruput of
0.25 cmzsr i5 3.1°. For our cone, the extremal limit for the geometrical
rays is 5.8° off axis. The whole cone is cooled to liquid helium

temperatures.
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The apodizing horn starts from the ;op of the primary cone at a cone
half angle of §.4° and continues for 25 cm, giving it a 15 cm diameter
entrance aperture. This horn is outside the geometrical limit of the
primary bean. Only those rays which are diffracted at the 6 cm aperture
interact with the horn. The geometrical limit for rays accepted by the
horn is 37° off-axis. Thus, rays coming from outside this angle must
be diffracted twice before they reach the spectrometer. The horn makes
the transition from ambient temperature to liquid helium temperatures.
It was constructed from a laminated sheet composed of 125 um stainless
steel, = 25 um copper and 50 pm polyetheylene. The st-inless steel
provides mechanical strength with low thermal conductivity, the copper
gives a high reflectivity surface, and the polyethylene serves as a
proreflection coating for grazing incidence rays. The construction
technique is described in Appendix A and the theory of the proreflection
coating 1s discussed later in this chapter.
1. Antenna Pattern

The antenna pattern for this system has been measured out to nearly
70° off-axis. The technique used to make the measurements is described
by Mather (1974) and Mather, Richards and Woody (1974}. It employed a
large cylindrical reflector to greatly increase the effective solid

angle of a small spherical source. A flask of liquid nitrogen served as

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

to serves as a low pass scatter filter. The high frequency limit was

= 40 cm-l with a weighted average frequency of 18 cm-l. The zeasured

antenna pattern is plotted in Fig. II.5. The vertical axis, which covers
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Fig. II.5. Theoretical and measured antenna pattern.
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eight decades, is the response to a point source normalized such that the
integral over 47 steradians gives unity.

Theoretical calculations of the antenna pattern have been made
using a simplified model of the diffraction c¢ffects. The model is a
modification of the theory of geometrical diffraction developed by
Keller (1967). It allowed us to us¢ 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 sca.tering amplitude which
determines the magnitude and phase of the diffracted ray. This
scattering amplitude is a function only of the local geometry (ie. an
edge, surface or point) and the wavelength. It is drtermined by
matching the far field results for problems where rigorous diffraction
calculations have been made.

Mather (1974, p.114) presents a version of this theory in terms
of scattering cross sections. All the radiation coming within a distance
8§ of the edge is assumed to be diffracted by an angle greater than 6(J).
The relationship between 6 and § is choosen to give results In agreement
with rigorous calculations. The oscillating interference effects in the
diffracted radiation are lost since there is no phase information in the
scattering cross section. An interesting point of this treatment is the
cloge agreement between 9(3) calculated for a circular aperture and for a

straight edge.
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This line of developement can be extended one step furcher for
the purpose of ray tracing, by assigning a one-to-one relationship
between the distance from the ray to the edge and the angle by which it
is diffracted. A ray is traced to the plane of the aperture, its
distance 5 from the edges determined; its direction then altered by
an amount 9(8}; and finally traced through the rest of the optics.

We are interested in diffraction from circular apertures, so I will
use the r2sults for scalar Kirchhoff diffraction to determine the
relationship between § and 6. The diffracted power for normal incidence
is

_1_ép « 3)2 1 (M)Zl 2J1(k a sin®)

4n 2 k a sin®

Pto: a0

(11.13)

where "a" is the aperture radius and k=27/A the wavevector (Jackson,
1967, p.296). The large argument limit for the Bessel's function can
be used if a >> A and O is not small. Averaging over the cosz(k a sind)

term then gives

2
p—L— g_}_’z_ - 12 (lﬂ;se) . (11.14)
tot 8n"a 8in"@

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

pass at a distance 8Za-t from the edge are diffracted by an angle 6,

where r is given by

2 a [1*coss o ({272
r(g) = ja '“‘5 [W— ..1'_4_9 . (I1.15)
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In the limit § = (a-r) << a, this simplifies to

A 1+ cosC w8
§(8) ) “Ssind " & ] . (I1.16)

The antenna pattern was calculated by tracing a large number of
rays through the antenna in the time reversed direction. The rays
were traced through the cone starting from a Lambertian distribution
of rays at the small end. Their distance from the edge was determined
as they passed the junction between the cone and horn, and a corresponding
diffraction angle was added to their angle off axis. These rays were
then traced through the apodizing horn and similarly diffracted as
they passed through the large aperture of the horn. At this point,
the net angle off-axis was recorded. On the order of 106 rays were
traced through the antenna to obtain information about the antemna
pattern at large angles where the response is very small. Several sets
of rays corresponding to different w.velengths were traced to provide
spectral information.

The calculated and measured antenna pattern are shown in Fig. II.5.
A weighted average 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
covering six decades.

These results tempt us to apply the simplified diffraction theory
to angles beyond 70* where there are no measurements. The net effect

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

that of a uniformly illuminated hole

2
Pl :—; = comnst X —(-1—.'3-;—52*— (11.17)
tot sin™0
This angular function 1s closely approximated by 1/83 from 6=0 to
nearly 7 radians. The constant is determined to be =‘73.5“10-5 by fitting

the measured and calculated antenna pattern to 1/63 in the region past
0.7 radians (40°) where diffraction dominates. This is drawn as an
analytic continuation of the calculation in Fig. II.5. The ray tracing
calculations show that this conatant scales as Az as expected for double
diffraction. Using 18 cm-l as the weighted average fregquency, the far

of f-axis pattern Is given by

2
e 1 %S.P}. = 1x1072 % (11.18)
tot 0

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

1t 18 necessary to determine the emissivities of the antenna
surfaces in order to calculate the contribution the antenna makes to
any observed signal. The theory of reflection from a conducting medfum
is treated in Jackson (167, p.222). Applying Ohm's law and Maxwell's

equations, we obtain the classical result that the fields decay
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exponentially from the metal surface in a characteristic distance,

called the "classical” skin depth, given by

§ .= £ . (11.19)

Here wlrad-an/sec] is the optical frequency and :[sec-ll 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 situvations
arise in the case of good conductors at high frequencies and are

referred to as the anomalous gkin effect and relaxation effect regions

respectively.

At 4.2K the ed D.C. ductivity of the electroplated copper
cone is greater than 1.611022 :ee'l. This is 300 times larger than the
room temperature value. Applying the simple free elec;ton gas theory for
metals (Kittel, 1966), this implies a mean free path of 1.3x10"2 cm

and & relaxation time of 8.1"1()-17 sec. Thus, at a frequency of 10 cm~

1

we have wt 2> 15 and IIGI 2 1.91103, and we are well into the region

vhere both the anomolous skin and relaxation effects are important.
There arc several good articles 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 discussion is given by
Pippard (1954).

The absorption and reflection properties of a semi-infinite
medium can be determined if the complex surface impedence Z is known.
The surface impedence of a medium filling the +z region of space for

radiation with electric field in the x-~direction fs given by

E
Z =42 . (11.20)
y 'z=t0

vhere Ex and Hy are the complex field amplitudes at the surface. The
references mentioned above ise a nonlecal integral form of Ohm's law
to calculate the surface impedence. The transmissivity across the
conductors surface (ie. absorptivity of the conductor)} for normal

incidence is obtained from the transmission line analogy

2
a g
Tal- £ . (11.21)

+2
I

4n/c is the impedence of free space.

The surface impedence can be used to calculate an effective
complex index of refraction for the conductor. The relationship between
impedence Z and index of refraction n is obtained by applying the
differential form of Faraday's law to a homogeneous plane wave propagating

in a medium of refractive index n. The result is

4m

ez - (11.22)
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The Fresnel formulas can now be used to ;alculate the reflectivity and
transmissivity at the conductor's surface. For normal incidence these
agree with the transmission line formula. Dingle (1953) shows that for
good conductors the complex index of refraction computed above is
valid for use in the Fresnel formulas at arbitrary angles cf incidence.

We have written a simple program which calculates the cotiplex
index of refraction for a mecal. It {s based on the series expansions
given by Dingle (1953, Eqs. 6.3 and 6.4). It is valid for diffuse
reflection of the electrons from the metal surface and takes into
account both the anomalous -kin effect and the relaxation effect.
The input parameters are the electron number density, Fermi velocity
and the D.C. electrical conductivity. The computer code is a
subroutine in the program STRAD described in Appendix B.

A plot of the calculated absorption in room temperature copper as
a function of the angle of incidence is shown in Fig. 11.6. The calcula-
tion was done for a frequency of 10 c.-l with the TM and TE modes treated
separately. The important feature of the plot ls the high absorption
for the TM mode ncar grazing incidence. This is similar to the
Breuster's angle phenomenon for reflection from glass. It occurs in
matals near grazing incidence because of the very large magnitude of the
index of refraction.

One way to avoid the large absorption near grazing incidence 1is to
coat the metal surface with a dielectric. The grazing incidence rays

are then refracted towards normal incidence before striking the metal.
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To exami: : this and similar problems, wc have written a program which
rigorously «alculates the reflectivity, transmissivity and absorptivity
in a plane stratified medium. The program is based on the method of
characteristic matrices for a homogeneous medium described by Born and
Wolf (p.51, 1970) and Stone (p.415,1963). Appendix B contains a
description and listing of the program.

The apodizing horn is coated with 50 um of polyethylene to
decrease its emission. Its calculated absorptivity is also plotted in
Fig. I1.6. The polyethylene was bonded to the copper surface without
additional adhesive. The recipe is given in Appendix A.

The copper cone could not be ceated in this way. It was polished
in a chemical polishing solution (100 ml glacial acetic acid, 100 ml
phosphoric acid, 200 ml concentrated nitric acid, 0.5 gm sodium nitrate,
and 0.5 gm ammonium chloride) and rinsed in : passivating solution
(4 oz. of sodium dichromate, 1/2 oz. nitric acid, and 1 gal. of water).
The passivating solution kept the surface shiny and had no measureable
effect on the submillimeter absorption.

The emissivity of the cone and horn surfaces were measured using a
cavity transmission technique. The usual method of measuring emissivities
is to construct a resonant cavity of the material to be tested and
measure its Q. If the cavity has only a few modes, then you can calculate
the fields at the surfaces and deduce a surface impedence from the
measured Q. Another approach is to construct a nearly random cavity
so that the energy density will be nearly uniform and measure the

transmission through the cavity. This is the technique we used.
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It is broadband and useful in the submillimeter frequency range where
single mode resonant cavities are difficult to construct. If the
cavity is fad with a 27 steradian beam (Lambertian source) and the
exit port accepts a 27 steradian beam, then the transmission can be

written simply as

- Area of ex%t _ i . (11.23)
Area of exit + Area of input + £ X Area of cavity

T

This is just the ratio of the signal reaching the detector to that being
absorbed in the cavity or lost out the cavity porcs. £ is the emissity

of the cavity surface averaged over 21 steradians and is given by

g = f2 £(6)2T sinb cosbds (11.24)

The cxit and entrance ports should have the same area for easy normaliza-
tion. A transmissivity in the easy to measure range from 10 to 90% is
easily achlieved by adjusting the cavity surface area.

We performed transmission measurements using the antenna itself as
a cavity. The results of these measurements together with the theoretical-
ly calculated values for the emissivity are shown in Table II.l. The
measured emissivities are slightly above the theoretical values. This
could be a result of imperfections in the surface (roughness, impurities,
strains, etc.) which increase its D.C. conductivity above chat for the
bulk materfal. Radiation leaks in the cavity would have a similar effect.

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

Calculated

Bare Cu at 4.,2K

16 et 0.07%

30 ca™? 0.13%
Bare Cu at 300K

10 eot 0.20%

30 co 1 0.33%
Dielectric coated Cu at 300K

10 et 0.182"

30 o™t 0.412"

Measured

0.14% 067

0.30%,09%

0.28%,08%

0.43%.07%

0.31*.06%

0.46% ,06%

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

Ce
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reasonable agreement with the theory.

We can calculate the antenna emission for an arbitrary temperature
profile along the antenna by combining the emissivity caleculations with
the ray tracing program. This calculated emission can then be compared
to a measured emission. The difficulty is that it is very hard to
obtain a low enough background that the cone emission can be seen.

In the laboratory, a liquid helium temperature blackbody which completely
covered the top of the horn would be required. The necessity of having

a2 low emissivity window and a high thermal conductivity radiation absorber
makes the construction of such a blackbody impractical. However,
measurements of the antenna emission can be made during the flight.

At 40 km alecitude the night sky flux is small enough that the emission
from a heated antenna should be measureable. Our model for the antenna
emission was tested by changing the temperature profile during the

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

test will be discussed in Chapter IV.

E. (Cryogenics
The spectrophotometer is mounted in a = 60 liter liquid helium
cryostat, The inside dimensions are 125 cm tall by 30.5 cm in diameter.
The loss rate 1s only 0.25 liters/hour without the spectrophotometer
inserted, With it, the loss rate is on the order of 3 liters/hour.
Most of the increase in loss rate is a result of cooling the antenna.
Two superfluid helium pumps are used to transport liquid helium

to the top of the copper cone and maintain the helium level in the can
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containing the spectrometer and detector. These pumps operate on the
thermomechanical effect of superfluid helium (Wilks, 1970,p.38)., In
this effect, a pressure difference across a semipermeable nmembrane (one
which allows only the superfluid component through) can be maintained
by establishing a temperature difference across that membrane. This
pressure difference can be used to raise the helium level on the warm
side of the membrane relative to that on the cold side and thus
provide a pumping mechanism. The effect is analogous to the osnmotic
pressure effect in salt solutions; the temperature difference produces
a gradient in the concentration of the superfluid component. The
construction and operation of the pumps is described in Appendix C.
The temperature drop 1s established by a heater which can be adjusted
to determine the pumping rate. Several liters per hour of helium can
be pumped at a cost of only a few tenths of a watt.

The boil off gas from the liquid helium can be used very effectively
to cool parts of the antenna. A useful fact to remember is that the
heat required to raise the temperature of one gram of helium gas
3.8K is the same as that required to convert one gram of liquid to gas
at 4.2K. The gas flow in the cryostat can be vented past the antenna so
as to ald 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 of the cone can be
varied from 3.5 to 20K during a flight by using these techniques

together with turning the superfluid pumps off and on.
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A third option on the gas flow is to close the normal vent tube.
This forces all the gas to flow out through the antemnna itself. This
is necessary when the protective window over the apodizing horn aperture
is removed. In this case, the outrushing helium gas is sufficient to
prevent the flow of air back down the antenna where it could condense
inside the cold horn and cone. A one-way valve in the normal vent path
maintains a 2 1 torr over-pressure in the cryostat so that all leaks

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

The calibration procedure requires a determination of both the
flux responsivity and the zero level of the spectrophotometer as
functions of frequency. The flux responsivity is set by the transmission
efficiency of the instrument, thruput and detector responsivity. The zero
level is that spectral flux which gives no output signal, Our
polarizing interferometer measures the difference in intensity between
the two polarization states after the entrance polarizer. One
polarizacion coming from the input radiation transmitted by the wire
grid and the other coming from the reference beam reflected off the back
of the grid. The entrance polarizer is tilted so that the reference
radiation comes from the black cavity surrounding the interferometer.
Thus, the zero level is the spectral flux from a blackbody at the
temperature of the liquid helium which fills the cavity.

A blackbody immersed in the helium bath is used to check the
zexo level. This blackbody immersed in the helium bath is used to

check the zero level. This blackbody is shown in Figs. II.l and II.2.
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The spectrometer can be fed with radiation from this blackbody by
rotating the mirror used to direct the radiation into the spectroneter.
In this condition, the box containing the spectrometer and detector is
a radilation sealed isothermal chamber. No signal has been detectoed by
the bolometer in this configuration. The bolometer itself runs a few
tenths of & degree warmer than the bath btut the polarizing chopper does
not modulate the unpolarized radiation emitted by it.

The flux responsivity can be determined by measuring the spectrum
from a blackbody at a known temperature. The room serves as a blackbody
at =~ 300K for laboratory calibrations. Figure 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. 11.7(b). This is also done in chapter III using inflight
spectra. The inflight calibration spectra are obtained by looking at
the small moveable blackbody shown in Figs. II.l1 and I1.2 and at the
large calibration body shown in Fig. II.3. The inflight calibration
is necessary since both the electrical responsivity and the detector
absorptivity depend when the bath temperature and the radiation loading.
Laboratory spectra were also taken of a cold blackbody inserted down
the long copper cone. This measurement established that the spectro-
photometer response ia linear over three deéades of flux intensity.

The spectral shape of the flux responisity showa in Fig. II-7(b)
is determined by several different components. The low frequency roll-
off comes from the decreasing bolometer absorptivity and waveguide

cutoff at the small 3 mm aperture in the copper cone. The FluorogoldT'M‘
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-52~

scatter filter establishes the high frequency roll-off with the falling
beamsplitter efficlency and decreasing radiation coupling efficiency
between the germanium condensing come and bolometer also contributing
to this roll-off.

The measured flux respomnsivity 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

kA
Efficiency Vi Electrical Responsivity X Thruput ° (11.29)

The numerical factor comes from converting a square-wave chopped signal
to an r.m.s. voltage output from the lock-in amplifier. At 12 cm-l
this gives an efficiency of 1.2%. Table I1.2 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 I1.2. Spectrophotometer performance parameters.

Frequency range

Beamwidth at half-power points
Thruput (A)

Detector sensitivity (NBPe)
Detector responsivity

Broadband Rayleigh Jean's temperature
sensitivity {(at zero path)

Operating temperature
Chopping frequency

Net efficiency at 12 cm *
Approximate breakdown:

antenna

lenses

input polarizer
vignetting

low pass filter

subrocal

chopping efficiency
detector system efficiency

Net

3-40 en”!

~ §°

0.23 cmzsr
6x10" 54 Wtz
7x10° V/u

0.02 K//Hz

=~ 1.6K
17.1 Hz

0.012

.09

012
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III. FIGHT DATA

A. Flight Surmary

The spectrophotometer described im 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 results of the flight are
described by Mather (1974) and by Mather, Richards, and Woody (1974).
The second flight on July 24, 1975 was a complete success. This chapter
describes the data obtained during the second flight and the data
reduction.

The spectrophotometer was carried aloft by a 3.3><10s m3 balloon
on the evening of July 24, 1974 from Palestine, Texas. The launch was
uneventful, except for a telemetry antenna failure which was quickly
disgnosed and corrected by Henry Primbsch a few minutes before leftoff.
A float altitude of 39 im was reached three hours after launch. The
apparatus remained at a float altitude of 38.5:.5 km for four hours
before termination over Balmorhes, Texas. The last hour of the flight
was monitored from the down range station at Midland, Texas und suffers
from an excessive number of "telemetry dropouts” (loss of telemetry

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

was recovered in good condition,
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The limited flight time allowed only a very simple flight
scenario. The basic parameters under our control were the zenith
angle, the temperature profile of the antenna, the presence or absence
of the protective window over the horm and the interferogram scan length.
These parameters were varied to give seven different configurations plus
calibrations using both the large and small calibrators. The various
configurations and calibrations are referred to as "Cases" and are
listed in Table III.1 along with the time spent in each configuration.
The best conditions for obtaining a spectrum of the cosmic background
radiation were during Cases V and VI when there was no window in the
beam and the antenna was cold. These two cases were combined by averaging
the 64 points in Case V with the first 64 points of Case VI. This
combination is designated as Case V + VI. The zenith angle of 24° was
determined during the first flight to be the angle at which the integrated
flux from the balloon, atmosphere, and earth is a minimum.

A chronological summary of the flight is given in Fig. III.1.
The major events during the flight are identified in the time chart shown
in Fig. I11.1(i). Figure II11,1(ii) shows the atmospheric pressure at
the gondola after float altitude was reached. The temperature at
various points on the apparatus is plotted in Fig. III.(iii). The
positions range from the helium bath (a) up through the cone-to-horn
junction (e) to the gondola frame (h). The heliwn vapor preasure for
the 1.65K bath temperature is 9.3 mbar. The * 6 mbar pressure drop
between the bath and the outside atmosphere is a result of the gas

flow impedence in the vent paths.



Table I11.1 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
III
suall calibrator 24° cold on short 3 min 1
iv 45 cold on short 15 min 5
v 24° cold off short 69 min 23
vi 24* cold of £ long 24 min 2
VII
large calibrator -15° cold of f short 2 min <1

-gs-
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{d) top of cone, (e) Lottom of horn, (f) middl of horn,
(8) top of horn, (h) gontola frame.
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Figure IIL.2 is a map of the shy observed by the freely rotating
apparatus. The chin 1line is the beam center with the beam profile
covering = 5° on each side. The map was constructed using the readings
from two magnetometers for the azimuthal angle and a pendelum for the
zenith angle. The resulting calculation of equatorial coordinator

should be accurate to +5°,

B. _ ‘anal Averaging

Many separate interferograms were obtained in each Case or con-
figuration which were averaged together to produce a single interfero-
gram. The polarizing interferometer was operated in an automatic step
and integrate mode in which each individual interferogram contained
either 64 or 256 separate data points. Each point in the interferogram
took 2,56 sec; of which .16 sec was spent moving the mirror (increasing
the optical path by 0.0082 cm), 0.4 sec waiting for transients to damp
out and 2.0 sec integrating the detector signal. After a preprogrammed
number of steps the interferometer mirror was returned to its initjial
position and another scan started the total time required for a 64
point interferogram, including returning the mirror, was 3 minutes and
that for a 256 point interferogram 12 minutes.

The first step in the data reduction was to replay the audio
tape recordings of the flight through the ground station. The signal
and reference channels were fed into a PART'H' 124A lock-in amplifier
whose output was connected to our PDP~11 computer. The computer

performed a 2 sec time average of the signal at each interferogram
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point and produced a digital tape of each interferogram scan. Electrical
zero and gain checks were made every few scans. These offsets were
subtracted and gains divided out to give voltages referred to the
detector.

The next step in the data reduction was to remove "glitches"
from the data. Potentially bad points were identified by a program
which averaged together all the scans from a given Case and computed
the deviitions of individual points from the average. Points deviating
by more than 30 were examined. Telemetry fade-out (particularly from
the downrange Midland, Texas receiver) and magnetic tape dropout were
a major source of glitches. These were clearly recognizeable since
all :eclemetry 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 board. Points
assoviated 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 points appeared
to be randomly distributed throughout the data. The standard deviation

for the points not rejected was 22x10'9 referred to the detector.

9

This is close to the expected value of 20%10"° V based on the detector

noise of 40x10~° v//ilz measured in the labaratory and a 2 sec

integration time.
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It is interesting to speculate as to whether the puints rejectoed
on statistical grounds were submillimeter sources transiting the field
of view of the spectrophotometer. The gondola rotation rate was on the
order of 1 degree/sec so that a point in the sky spent on the order of
6 sec crossing the 6° wide beam; just long enough to be secn in two
or three interferogram points. At zero path, the spectrophotometer
can be usced as a broadband radiometer with a temperature responslvirty
to a Rayleigh Jeans source of 2><10-6 V/K. A 10'7v(=4u) glicch would
thus correspond to a .05K source filling the beam. The problem is that
the rejected points aren't at zero path but at a finite distance from
zero path where the spectral response function 1s actually a positive
and negative going cosine function. The responsivity to a broadbaund
source is greatly dimenished and could be zero. This increases the
temperature of the source required to produce a 4> glitch. Such a
source would hopefully show up in the 2nd harmonic detector signal
which retains a broadband spectral response but with a factor of ten
less sensitivity. A cursory check of this signal showed no clear
indications of an increase in the intergrated flux at the positious of
the glitches.

The individual scans in each flight configuration were averaped
together to obtain a single interferogram, This produced an interfero-
gram for cach case with the noise decreased by the square root of the
number of scans taken. Cases V and VI were averaged together to
obtain a single interfergram of 256 points but with a factor of =4 less

noise in the first 64 points than in the remalning 192 points. Thls
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interferogram is shown in Fig, III,3 wit; the data points connected
for ease of viewing. The noise is approximately twice the line thickness
from -0.35 to 0.18 cn and ten times the line thickness above 0.18 cm.

Apodization is a standard technique ;sed to eliminate "podes" and
reduce the resolution (and thus to decrease the noise) in the calculated
spectrum, This involves multiplying the interferogram by a weighting
function which gives more weight to the points closest to zero path.
The convolution theorem tells us that this is equivalent to convolving
the spectrum obtained without apodization with a resolution function
which 1s 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
() = 02 T jagao| 2 (111.1)
3 3

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 interferograms to verify that the spectral noise predicted

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

2
AG) = 11 - (xix )P (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 signal. The
spectral noise corresponds to a detector noise of 4.4x10-8 v/viz
(or 2.2*10-8V per point) when the spectrum is computed from a single
interogram scan. But the spectral noise corresponds to a value of
7.8%x10°3 v/ A1z for n in Eq. (III.1) (or 3.8x10°% 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

point red in ive . That is, the spectral noise

does not scale as the square root of the number of scans. This
indicates that the interferograms contain reproducible but apparencly
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
and interferogram recording aystem. The magnitude of this error
corresponds to ™1% of a telemetry bit in the preamp channel at the 105
gain that we were using and is at the limit of the nonlincarity
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
several different types of errors. These errors distort the measured
interferogram so that the spectrum computed using Eq. (II.2) (or its
discrete step version) differs slightly from the true spectrum. Although
the deviations are small, they can hinder attempts to fit a model of
the spectrum to the measured data. In particular, the merit of a
model used to simulate the observed spectrum is best judged by looking
at the residuals from the fit and seeing how close they are to the expected
random noise, To do this correctly requires that even the errors in
the interferometer be included in the model, hopefully as fixed
parameters. The errors determined in this section will be included in
the model calculations used in Chapter IV to analyze our data.

Some of the errors are best determined from the imaginary (or
sine) tramsform of the interferogram. The complex version of Eq. (II.2)

is

2 gy (111.3)

©
G(v) = f (I(x) - constXI(o)) e
-
The imaginary part of G(v) is the result of interferogram noise or
errors since we now that the true spectrum is strictly real.
The most prevalent error is the deviation of the baseline (the
constantxI(o) appearing in qs. (II.2) and (III.3)) from the ideal

value. In the ideal polarizing interfermeter, the baseline is zero.
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Section C of chapter II shows that errors in the baseline are proportional
to the integrated signal strength and are a result of alignment errors
and polarizer imperfections. A baseline shift causes errors in the

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

integral in Eq. (III.3). 1t also leads to am error in the zero level

for the computed spectrum through the shift in the value used for the
zero path point 1(o).

It 18 common practice to use the average value of the last several
interogram points for the baseline. This works well in the case where
all the spectral features are well resolved and the noise is small.

In the case of unresolved features, the interferogram is still
oscillating and this average is not well determined. A better method
can be use if there is no spectral energy within one resolution width
of zero frequency. This is the case with our spectrophotometer since
there is a waveguide cutoff in the long cone at ~ 3 cm‘l. The baseline
can be set by requiring that G(o)=0. This gives a baseline that is
correct to within tn/v¥ , vhere 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
for all spectral frequencies. This can happen if there is an uncompensated
dispersive diclectric in one of the interferometer beams, the interfero-
meter is misaligned, or in the case of a discretely sampled interferogram,
when there is no sample exactly at zero path. These errors cause the
measured interferogram to be asymmetric and introduce an imaginary

component to the computed spectrum G{v). (The imaginary part of G(v)
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is identically zero if I(x) is symmetric). The true spectrum can be
recovered by multiplying G(v) by the correct phase function e1¢(\)).
The true spectrum is completely real so that ¢$(v) can be determined

by requiring that the resulting spectrum G(v)xew(v)

be real, ie.
just use the amplitude of G(v). This requires chat the interferogram
be sampled nearly symmetrically on both sides of zero path and that
there be no noise or ghosts (see below) in the data. There are several
phase correction techniques which work to varying degrees for asymmetrical-
1y sampled interferograms and in the presence of nolse. These are
discussed by Bell (1972) and Mather (1974).

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

are a simple “unction of frequency. Missampling of zero path by a

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

(V) = 2ugv, (I11.4)

Misalignment by an angle afradians] contributes a quadratic term
(Goorvitch, 1975)

o(v) = nznzmzvz (1I11.5)
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 pressnce of noise. The two constants in the
quadratic phase function can be accurately determined using this

criterion.
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There is a short algorithm for de:e;.-nining the linear phase error
alone based on the criterion that the average of the imaginary
spectrum be zero. Using " ‘e small argument expansion of the exponential,

this criterion beconmes

L]
f [2mEvRe G(V) + Im G(v)]dv = O (II11.6)
°

! Im G(V) Qv
€=

2n o
f VRe G{v) dv
(]

giving

This procedure can be applied iceratively to obtain €. Fast monatonic
convergence to the correct value will occur if < is less than one half
of the step size for a discretely sampled interferogram.

A wmore 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. Screvs which are not straight or have a nonuniform pitch
around their circumference impart a wodulation to the step size which
has a period of one resolution. This introduces sidebands or ghosts
on each side of a spactral feature in the computed spectrum which are
shifted in frequency by 2 1/2 AL, where AL is the pitch length. These
sidebands are similar to the Rowland ghosts found in ruled gratings.

The magnitude of the sidebands for a step modulation of amplitude §(cm]
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is
le(v,t 1/2 A2)| = ™ 6 lG(vo)l (111.7)

Similar sidebands are introduced if the transmission efficiency
of the in’erferometer is modulated by the rotation of the screw. 1In
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 modulaticns relative to zero path. They can’t
be removed from the real part of the spectrum without additional
information about t..e true spectrum, However, in the absence of large
phase errors or noise they are easily detected in the imaginary
gpectrum. 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 iImaginary ghosts
based on the same criterion of minimizing the rms value of the
imaginary spectrum. This doesn't provide any information about the
rea) ghosts, but does give an estimate of how large they might be.

The interferometer errors in our data were calculated by a program
called IMFIT. The program first determined the baseline from the
requirement that G(0) = 0, The complex spectrum was then calculated
using s short two sided interferogram and &8 miniwmization program was

uged to determine the phase errors and ghosts. Thie involved four free
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parameters for the linear phase error, the quadratic phase error, the
imaginar: ‘hosts due to step modulation and the imaginary ghosts due to
transmission efficiency modulation. The results for the flight data
are listed in Table III.2. The errors are within expected tolerances.
The phase errors imply less than a 1% correction to the real spectrum
in all Cases except Case IV where the correction exceeds 1% above 25 cm
The rms values of the imaginary spectra after correction are slightly
larger than that expected from the measured interferogram noise
(detector noise plus reproducible random errors); except for Case ITI
which was i2ken at lower gain and is limited by bit noise. This
indicates that our model of the interferometer errors is incomplete.
The uncorrected errors sre probably random versions of the ones
already discussed.

The corrections shown in Table III.2 are not made to the raw
interferogram, but are only applied to the computed spectrum or to a
model spectrum that is to mimic our data. The results of applying
these corrections to Case V + VI are showm in Fig. III.4. This is a
low resolution spectrum computed from a quadratically apodized
interferogram consisting of only 22 points oa each side of zerc path.

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

spectrum.



Table III.2. Interferometer Corrections.
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Fig. II1.4. Case V + VI before and after applying interferometer
corrections.
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D. Calibratiom

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 to provide a high absorptivity surface. The
entrance aperture is 2,54 cm in diameter. It was expected to fill

*157% of the beam according to rough calculations., The purpose of the
large calibration body attached to the gondola frame was to measure
what fraction of the beam was actually filled by the small calibrator.
Unfortunately, the flight was terminated in the widdle of the first
interferogram scan of the large calibrator (Case VII) and its spectrum
was not measured.

Other means of determining the relative size of the small calibrator
had to be found. This is when the 2nd harmonic signal discussed in
section of chapter Il proved of great value. The signal at twice the
fundamental chopping frequency is proportional to the integrated signal
strength and is not modulated by the interferometer scan. Using this
signal, the small calibrator was measured to fill 17% of the beam.

It was now a simple matter to calculate the spectral responsivity
of the instrument from the Case IIT spectrum using the calibrator's
measured temperature of 195K. The resulting spectral responsivity is
plotted in Fig. III.5. Corrections for the bath temperature of 1.65K
and the night sky filling the remaining 83% of the beam were used in
calculating this spectral responsivity. Dividing by this spectral

resp 'nsivity and adding the emission from a 1.65K blackbody converts our
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raw spectra to units of spectral flux.

The curve in Fipg. 1I11.5 differs from the laboratory calibration in
Fig. II.7 by less than 10% over the frequency range from 5 to 30 cm-l.
The laboratory calibrations used the room as a 300K blackbody. This
close agreement indicates that the small calibrator is indeed a
blackbody. The inflight calibration was used for our data analysis

since it was obtained under the same conditions as the rest of our

flight data.
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TV. DATA ANALYSIS

The procedure used to recover the CBR spectrum from the observed
unight sky emission spectra is discussed in this chapter. The observed
night sky emission spectrum calculated from the averaged interferogram
from Case V + VI is shown in Figs. IV.1(a) and (b). The detector
rvesponse is plotted in (a) while the log of the spectral flux is plotted
in (b). This spectrum contains the molecular line emission from the
atmosphere in additlon 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 preseat in the observed night sky
emission spectrum. The techniques used to correct for these extraneous
sources of signal are discussed in detail. The resulting CBR spectrum
and the best fit blackbody temperature are presented along with ervor

limits
A. Antenna Emisaion

The spectra from Cases 1 and Il were used to determine the antenna
emission. The antenna in Case | was cooled so that the temperature
at the junction between the cone and horn was only 4.5K, while the
temperature in Case 11 was 164K. The difference in signal between the
two Cases is just the difference in antenna emission for the two
temperature rrofiles. The spectra calculated for Cases I and II are
plotted in Fig. IV.2 (a) along with the difference spectrum. This

difference spectrum has been converted to a spectral flux in Fig. 1V.2(b).
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A model for the antenna emissfion was needed before the difference
in spectral flux could be used to calculate the absolute antenna emission.
Such a model was provided by combining the ray tracing program used in
the antenna pattern calculations and the surface emissivity program
{see Appendix B) used in the anteana emissivity calculations. 1In this
combined program, a large number of rays were traced through the antenna.
The flux contributed at each reflection from the antenna was calculated
using the temperature at that point and the calculated emissivity for
the ray's angle of incidence. The flux contributed by all the reflections
was summed and normalized by the total nuamber of rays. Typically, 10S
rays were used. The program had to be run once for each spectral point
calculated since the diffraction at the cone to horn transition is
frequency dependent. This model has no free parameters once the tempera-
ture profile is given. Using the temperature profiles of Cases I and II,
the difference in spectral flux was calculated 2t 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 discrepancies between the
calculated and measured average emissivities in Table II.1. The
agreement was close enough that the model could be used to produce
realistic calculations of the absolute antenna emission without any free
paraseters o° alterations. The antenna emi: -ion calculated for the
temparature profile of Case V is shown in Fig. IV.3 along with a 3K
blackbody spectrum. [Note that the antenna was colder in Csie V than

in Case I, the cone to horn junction being only 3.5K]. The cutenna
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emission is negligble out to 20 cm.l. Beyond 20 cll-l, the atmoaspheri:
emission is several orders of magnitude larger than this antenna
emission and the antenna contribution can be neglected.

A note of caution concerning this model calculation 18 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 there is a large difference between the temperature proiiles.
Whereas in the calculations of the absolute [lux, the horn contributes
most of the radistion. Thua the inflight measurement gives only a
partial check of the important part of the model. This would be
particularly important if loases in the 50 im polyethylene coating were

large. The s di d in chapter II indicate that these

losses are small below 20 cn-l. being less than the absorptivity of the
copper.

The presence of the protective window over the horn also complicates
the massurements, The reflectivity of the 25 um TPX film i- 4 at
10 cal. “hus some radiation emitted by the antenns in the upward
direction could have been reflected dack down the antenna. This source
of radiation would have incressed when the temperature of the antenna
wvas increased, thus making the measured flux difference in Fig. IV.2(b)
larger than would occur without the window. This could explain the

discrepancy batween the observed and calculated flux Jdifferences.
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In summary, there is some room for ;rror in the measurements and
model calculacion which may be ¢f importance at frequencies above
15 m-l but are irsignificant in the region near the peak in the 3K
blackbody spec:r.m. The antenna emission will be treated as negligble

throughout the cest of the data analysis.

B. Atmospheric Emissicn Model

The dominant feature in the observed night sky em.ssion spectrum at
an altitude of 39 km is the molecular line emission from the atmospheric.
This emission 1s due almost entirely to water, ozone and oxygen. Water
and ozone emit by electric dipole transitions between rotational levels,
while oxygen emits by magnetic dipole 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
baving an optical depth much greater than unity. There is a forest
of hundreds of lines from ozone, some of which have optical depths larger
than unity. Oxygen has saversl triplets of lines with optical depths
on the order of unity.

Ve have developed a model of the atmospheric emission which
accurately fits the olserved spectrum. The model includes the exponential
dependence of the atmospharic pressure on altitude and its effect on
the pressure broadened line widths. However the model has been
simplified by assuming that the atmosphere is isothermal end that the
emitting molecules are homogeneocusly mixed throughout the atwosphere

above the balloon. Tha developement of the msodel and validity of its
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assumptions are Giscussed below. A good reference for atmospheric
emission is volume I of Goody's book Atmospheric Radiation (1964).

The atmospheric emission is somewhat easier to calculate for
balloon altitudes than it is at ground leve'. The vertical column
densities are smaller by nearly a factor of 209. The pressure broadened
line widths are also 200 times narrower; the line widths being less

than 5x10°% cn”!

at a pressure of 3.4 mbar. This leaves even the
tightly spaced 03 lines separated by more than ten line widths. Thus
the emission from each line can be treated separately. This is in
contrast to the problem at ground level where many of the lines are
heavily saturated and the overlap from neighboring lines is important.

The resolution of the spectra we obtained (Av > .25 cm-l) was
wuch too low to observe the line shapes. The dectails of the individual
1lines are lost when the instrumental resolution is convolved with
the actual emission spectrum. Only the total flux emitted by the
individual 1lines need be calculated to construct a model spectrum.

The adsorption (or emission) is calculsted from the absorption
coafficient k(v) [c-zlnol.]. The frequency dependence of the absorption
coefficient is given by the line shape and is normalized so that the

1line strengrh S[u_l azl-ol.] is given by

-
s = f (V) dv . (.
(-]

The line strength is independent of the line shape. The change in
intensity of a beam traveling in the z-direction is given by
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a1

3. =~ k(n (Iv.2)

Hll—‘

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

givan by

AW) = 1 - TV (Iv.3)

with the dimensionless optical depth T(V) defined as

f k(V)ndz . (Iv.4)
(2

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

(V)

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

the spectral flux from a blackbody at the temperature of the atmosphere,
-
| ) f B(V,T) AV) dv ., (1v.5)
o

This assumes that the path £ is isothermal. In our case, the blackbody
spectral flux can ba treated as s constant equal to its value at the

1line center Vo* The integral of the emissivity over frequency 1s called

the equivalent width “‘“-1].

-
we f AV . (1v.6)
(]
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Thus the total flux emitted by a single molecular line is equal tc the
equivalent width times the blackbody spectral flux at the line center.

It is convenient to divide the emission lines into two categories;
unsaturated and saturated. The unsaturated lines are ones in which the
optical depth is small enough that the linear approximation to Eq. (IV.3)

is valid. Then the equivalent width can be written as a double integral

W= f dvfdz k({v) n(z) (1v.7)
o 2

=-SxU .

U[nol/cnzl is the colunn denaity of molecules along the path £. Thus
for unsaturated lines the emitted flux is simply proportioral to the
number of molecules and is independent of the line shape (as long as
T(v) remains much less than one). For saturated lines, the exponential
in Eq. (IV.3) must be used and the emitted flux depends upon the line
profile.

The line profiles which are important to our problem are the
pressure broadened profile and the doppler broadened profile. The
pressure broadened line has a Lorentzian shape with s line width parameter
a which is proportional to the prassure. The absorption coefficient
is

k(y) = __.Sal;_..._ av.s)

(vv,)* + a?
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(Coody, 1964, p.106). The doppler broadened line has a line width

parameter which is given by

\Y n\l/2
- (M) . (1V.9)

In this case, the absorption coefficient is

2
P (R RTLN (1v.10)
o/

k(v) =

(Goody, 1964, p.98). The doppler width for a HZO line at 230K is
1.56*10-6 Yo and the widths for 03 and (.)2 are smaller yet. This is

to be compared with the typical pressure broadened width of me"‘ cm-l
at a 3.6*10-3 bar pressure. The pressure broadening is dominant for
linee 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 integrals 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 end isothermal atmosphere., This is done by Goody (1964, p.126)

with the »esult expressed in terms of Bessel . functions of the first

kind with imaginary arguments,
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Cen=SU/ =270 I ( Su ) (su )l
W = Sue Io 2na + 11 27t " (1v.11)

The equivalent line width can also be derived for the case of
a pressure broadened line in an atmosphare with an exponential pressure
profile. The absorbing molecule is assumed to have a uniform mixing
ratio throughout the atmosphere. This problem 1s also treated by
Goody (1964, p.233). The optical depth for an atmosphere extending

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

2

HORE-F g1 (1 + —u°—2) . (1v.12)
T, (v—vo)

o, is the line width at the pressure Po. The equivalent width expressed
in terms of the Gamma function is
s v L1
r(zn o 2)
(]

S
rf= =
2n a,

W= 2/ a, (Iv.13)

L=]

In the limit of U+0, W behzaves like an unsaturated line despite the
logarithmic singularity in Eq. (IV.12). The singularity uarises from
neglecting the doppler and natural widths when the pressure widths
goes to zero.

The 1isobaric and exponential atmospheres are compared in the
Matheson diagram shown in Fig. IV.4. The normalized equivalent width

(W/Sxu) is plotted as a function of the strength column demsity product
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Matheson plot for isobaric and exponential atmospheres.
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(Sx1"y divided by a parameter (Z) related to the line width. There is
very little deviation between the isobaric and exponential atmospheres.
They aprce exactly in the weak limit (unsaturated) and in the strong
Limit (=aturated) if the isobaric line width @ is taken to be half
of a .

(]

The situation with our atmospheric emission is somewhere between
these two cases. The scale heighe of the atmosphere at an altitude

of 40 km is 7.7 km, Dbata from the Handbook of Geophysics (1961) gives

20 HZO, and 03 at the same altitude as 7.7 km,

3.5 km, and 4.8 km respectively. 0, satisfies the conditions for a

the scale heights of O

homogenevusly mlxed atmosphere very well while H20 and 03 have mixing
tatios which decrease with altitwde, Tn our model calculations, we
will use the exponential atmosphere with a constant mixing ratio.

The temperature of the atmosphere enters into the value used
for the line strength (S) as well as in the backbody spectral flux
in Eq. (FV.5). The line strength scales according to

(Iv.14)

e-hEg/kT =hv_/kT
S « (l e o ) .

Tam
Q(T) 1is the partition function: Eg is the lower state energy for the
transition; and hvo is the resonant transition energy. 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
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the temperature depending upon the molecule (McClatchey, et al.,1973).
The line width ccales 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 atmosphere is
assumed to be isothermal in our calculatioms.

We can now enumerate the parameters required to calculate the flux
emitted by a single molecular line. The line strength S and line width
o for some standard conditions of pressure and temperature are required.
The lower state energy Eg and transition frequency vo are needed to
scale the line stiength to a different temperature. [These parameters
have been tabulated for the infrared and submillimeter lines of the
common atmospheric molecules (including HZO and 03) by McClatchey,
et al. (1973). The parameters for 02 in the submillimeter region have
been measured by Gebbie, Burroughs and Bird (1969) and were kindl; sent
to us on cards by Bill Mankin at the High Aititude Observatory in
Boulder, Colorado. The parameters for 02 in the microwave region
were measured by Meeks and Lilly (1963).] The line strength and width
can now be scaled to the conditions at balloon altitudes. The flux
emitted is then uniquely determined by the column density U of the
emitting species.

The calculated emission spectrum consists of the sum of the emitted
flux from all of the lines. Each molecular transition contributes a

rectangula line of height equal to the blackbody spectral flux and width
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equal to the equivalent width for the given column density and located
at the resonant transition frequency. This spectrum can be convolvea
with the instrumental resolution function for comparison with the
observed spectral flux; or multiplied by the instrumental response
curve and then convolved with the instrumental resolution for comparison
with the detector response spectrum; or simply wultiplied by the
instrumental response curve and Fourier transformed for direct comparison
with the raw interferogram. 1In the last case, ;ny interferometer
corrections should be applied before computing the Fourier transform.
The key features of the atmospherir emission calculation are
summarized below. The calculations are based on four assumptioms:
1) The atmosphere is isothermal, 2) the atmospheric pressure depends
exponentially upon the altitude, 3) the emitting molecules have a
uniform mixing ratio, and 4) the emission lines huve a pressure
broadened Lorentzian line shape. The published line parameters for the
three molecules HZO’ 03 and 02 are used. The input data required are
the atmospheric temperature (T), atmospheric pressure (Pn) at the
gondola, and the column densities (U) for HZO’ 03 and 02. The
temperature and pressure were measured during the flight. This leaves

the column densities as the only free variables in the model.

C. Bagic Fitting Procedure

Fitting a model of the night sky emissjon spectra to the observed
data i8 the heart of the data analysis. The model consists of the

atmospheric emission plus possible simulation of continuum contributions
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such as the CBR and earthshine. The fitting procedure determines values
for the model parameters which aren't set by other measurcments.

Some of the considerations that arise in fitting a model to
measured data can be demonstrated with a 2-dimensional problem. First,
consider the case of fitting an incomplete model to the observed
data. Let the measurement be represented by a point M in the xy-plane
and the complete model by two vectors aand b which have fixed orientations
but variable magnitudes A and B. There is a unique value for the
magnitudes such that the sum of the model vectors yields the measured
point. [This discussion is illustrated in Fig. IV.5]. For an
incomplete model consisting of the vector i alone, a value for the
magnitude A' can be found which comes closest to the measured point
(least squares fit), The magnitude A’ will in general not be the
same a8 A and the incomplete model will produce an erroneous result.

The two values A and A' will be the same for the special case where
the vectors & and b are orthogonal. This is a corollary to the fact

that a fitting procedure which minimizes the magznitude of the residual

between the model and the r t prod a residual which is

orthogonal to the mudel vectors.

We can also illustrate the case in which there are error limits
on the measurement. This time the measurement is a circle in the
xy-plane. If the two model vectors are close to parallel, then there
is a relatively large range of magnitudes which will fit the observation,
as 1s 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 is useful to develop a measurement of the orthogonality of
the parameters in a model. The N-point interferogram in our experiment
can be treated as an N-dimensional vector. Over any small range in
column density, the separate interferograms for H20, 03 and 02 are
vectors whose magnitude is a function of the column density. The
interferogram for a blackbody spectrum or any other source can be
added to the set of mod. vectors. Computing the scalar product
between these vectors gives a measure of their orthogonality. It is
found that the model sectors are closer to orthogonal when longer
interferogrems are used. This is in agreemeat with our inmtuition
that as the resolution is increased the various spectra become more
distinguishable.

The requirements of obtaining high resolution spectra and low noise
are conflicting. This is easily seen when a step apodizing function
(A(x)=1 for "<",., and A(x)=0 for x>xmax) 1s substituted into
Eq. (III.l) for the spectral noise., giving

L

v (1v.15)

oy 2 .

s
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where n[V/vﬁ;] is still the detector nvuise, T[sec] the total observing

time, and Au[cm_l] the nominal resolutiou given by Eq. (II.4). Thus
for a measurement of fixed duration, you gain resolution at the
expense of increased noise. The height of a sharp unresolved feature
increases linearly with resolving power {(longer interferogram) so that
the sigmal to noise ratio 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 vesolution (assuming

a constant total observing time). Mather (1974, p.157) shows that the
rinimum noise for a given apodizing function (or equivalently, a given
resolution function) is achieved when the time spent measuring a given
interferogram point is proportional to the apodizing function at that
point.

The organization of the interferograms we took during the flight
was designed to maximize our ability to measure the CBR in the presance
of atmospheric emission. Interferogram scans consisting of 64 and 256
points were measured with the zero path at the 43 rd point in both cases.
This produced interferograms with effective lengths of 22, 43, and 214
points from zero path, corresponding to nominal resolutions of 2.8,
1.4, and 0.28 cn-l. In Case V + VI, the points closest to zero path
were measured more often: 50 times for the 22 point interferograms,

27 times for the 43 point interferograms, and twice for the 214 point
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interograms. The long path data allowed us to separate and quantify
the atmospberic lines, while the extra observation time near zero path
increased the signal-to-noise ratio for low resolution features. The
longest interferograms were high enough resolution to make the model
interferograms nearly orthogonal; the nmormalized scalar product being
less than 1% tfor any combination of molecular line emitssion and 3K
blackbody interferograms. This orthogonality greatly diminished the
mudel ficting problems discussed above.

The relationship between spectral resolution and spectral noise
in the flight data is demonstrated in Fig. IV.6. This is a sequence
of spectra computed from the averaged interferogram for Case V r VI
with apodization varying from long (214 points) unapodized at the bottom
to short (43 points) quadratic apodization at the top. The spectral
noise can be estimated by looking at the region above 40 cm_l where
there is no optical signal. The resolution (FWHM) and spectral noise
(¢ 10) are indicated in the right hand side of the figure. Note the
dramatic decrease in noise at low resolution when the apodization
emphasizes the points near zero path which have the longest intigtation
time.

There are several different procedures which could have been used to
£it 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
the two spectra.

Making the comparison in interferogram space oifered several
advantages. [t was not necessary to convolve the calcul:ted spectrum
with the instrvmental resolution curve computed from an apodizing
function, This was already taken into account by comparing interferograms
of equal length. The proper weighting of the data points was also
easily done. The points near zero path which had more integration time
were simply gilven more weight in the least squares fitting procedure.

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

The basic model we used to simulate the night sky spectrum consisted

of the emission spectra for the three molecular species HZO' 03 and 02
plus a blackbody spectrum to simulate the CBR. The vertical column
22 2

density of 02 was fixed at 1.54x10 mol/cm2 (or 1.69’»102 mol/cm2 for

a zenith angle of 24°) by its mixing ratio of 21% and the measured

pressure of 3.4 mbar. The concentrations of HZO and O, vary from day

3
to day, so their column densities are left as free parameters to be

determined by the fit. The temperature of the blackbody used to simulate
the CBR 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 weve as follows: a

vertical column density of 3.92x10"7 mol/cm’ (4.30x10'7 mol/em? at a
zenith angle of 24°) for HZO' a vertical column density of 3.50*1017

mol/cm2 (3.87*1017 mol/cm2 at a zenith angle of 24°) for 03 and a



~99~

temperature of 2.99X for the blackbody temperature of the 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 Setween the calculated
interferogram and the measured data. The residual is within the error
limits for the interferogram noise discussed in chapier III. A
statistical analysis showed that both the residual interferogram and
its Fourier transform are consistent with a gaue~lan distribution of
errors with a standard deviation of lo.Oxl()-8 V.

The spectrum of the CBR is obtained by subtracting the atmospheric
contribution to the night sky spectrum from the observed spectrum.

This is done in Fig. IV.7. The top spectrum is the chserved spectrum

and the cne below it is the best fit atmospheric concribution determined
above. The CBR spectrum is shown ¢ several different resolutionms.
Figure IV.8 shows the * 20 error limits on the CBR spectral flux computed
from the residuals shown in Fig. IV.7 (e), (d), and (e) regether 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 continuum radiation in tbe wings of the antenna
pattern are difficult to determine. We obtained a rough estimate of
the earthshine contribution using the spectra obtained at two different
zenith angles and the analytic formula for the anienna pattern in
Eq. (II.18). The increment in earthshine upon increasing the zenith

angle frowm 24° (Case I) to 45° (Case IV) was used to check the validity
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Fig. 1V.7?. (a) Ni_ht sky emission spectrum, (b) calculated best fit
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(residual of (a) - (b)) at three different resolutions.
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of calculations based on the analytic form for the antenna pattern.

It was necessary to correct the spectral difference between
Case IV and Case I for the increased atmospheric emission since the
column densities scale as the secant of the zenith angle. This was
done using the atmospheric emission model discussed in section B and the
vertical column densitles determined in section €. The original spcectra
from Cases IV and I, the difference spectra, and the difference spectra
corrected for atmospheric emission are all shown in Fig. IV.9{a).

The fncrement in earthshine has been converted to a spectral flux in
Fig. IV.9(b).

This measurement has some large uncertainties in it. Only four
scans were made in Case IV so that the noise is much larger than in
Case I where twenty five scans were made. Another problem was the
variation in coluwn densities as the balloon altitude changed (see
Fig, 111.1), which made it hard to compare spectra measured at different
times. Since we are computing a small difference between two large
signals, these errors are greatly amplified. The phase correction used
in Case IV alone increased the high frequency increment in the earth-
shined by a factor of ten.

This measured increment in earthshine can be compared with that
calculated from the analytic formula for the antenna pattern in Eq. (II.18).
The calculated earthshine is also uncertain because there is no direct
information about the backlobe response of the antenna. If the
backlobe is ignorad. the increment in earthshine in going from a zenith

angle of 24° to 45° is 1.5"10-12 chmzsr cn—l independent of frequency.
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This 1s shown as a dashed line in Fig. IV.9(b). The increment in earth-

12 w/cmzsr em L if Eq. (II.18) is assumed to be valid

shine is 1.3x10"
out to 6=T radians and the radiation coming from more 6=w/2 off-axis
(the backlobe) 1s included. The measurement is within a factor of three
of the calculated increment over the range from 4 to 20 cm_l. But
the spectral shape is more nearly that expected for scattering than for
double diffraction.

We can now calculate the absolute magnitude of the earthshine
at the zenith angle of 24° where our best observations werc made.
Again the backlobe 1s important. If the backlobe is ignored, the
earthshine increases by a factor of =3 upon going from 24° to 45°.
Whereas the earthshine only increases by a factor of =1.5 if Eq. (1I.13)
1s used all the way to the backlobe. Thus the calculated earthshine

13 12 H/cmzsr cm—l.

at 25° ranges from 7.5 10 to 2x10
This analysis hasn't produced any reliable value for the earthshine

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

~11

the peak in a 3K blackbody spectrum (1.5x10 J/cmzsr cm-l) and should

probably be put in the model for the night sky spectrum as a free

paranmeter., 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
prouuced in section C have been investigated. The random errors are
in the measured interferograms and show up as spectral noise. This was

treated in chapter III. The systematic errors are in the calculated
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model, either in the form of incorrect spectra calculations or imperfect
simulation of the spectrophotometer.

There are several possible sources of systematic errors in the
model, The most obvious is that something was left out of the model,
such as earthshine; although the small residual for the fit done in
section C indicates that it can't be anything very large. Another
possibility is that including a blackbody in the model somehow biased
the results. This is unlikely in light of the orthogonality between
the blackbody interferograms and the atmospheric interferograms.

The atmospheric model could also be in error.

A series of fitting procedures was used to check for such systematic
errors. The basic model was extended to six parameters; three column
densities, a blackbody temperature, plus two parameters for a power law
continuum (AVB). Any of these could be set to fixed values with the
remainder being free parameters determined by the fit. The procedures
used are tabulated in Table IV.l along with the best fit values for the
various parameters.

The quality of the fit is judged by the normalized rms residual
r in the last column of Table IV.i. The statistical errors in this
number are quite small since it is the result of averaging over the 256
independent points in the interferogram. In fact, the xz value for

the fit is given by

¥ = 256 x (/)2 (1v.16)



Table 1V.1.

Fitting Procedures

and Parameter

*
Values

'] Vertical Column Densities Blackbody Continuum [W/cmzsr cm-l] Normalized
1 molecules/cn Temperature Residual
w,0020'") | o,020"”1 | 0,110%% fd Coefficient  Lreduemcy (08 vl
2 3 2 etiie exponent
1 3.93 3.53 1.54 2.99 z g zo 4.12
2 3.92 3.51 1.66 2.99 =0 =0 4.11
3 3.76 3.58 1.54 2.83 z 2x10712 =0 23.8
4 3.92 3.51 1.67 2.98 6.49x1071%|  0.338 4.09
5 .n 3.22 1.54 o 1.27x1072 2 o.785 5.27
6 3.93 3.66 1.56 zo =9 zo 6.88
use limited data
7 4.02 3.52 1.54 zo resolution Av < 3.0 em! -
8 3.75 3.61 1.54 z 0 frequency v > 17.0 cm L -
include ghosts
step thruput
modulation | modulation
9 3,90 3.53 1.54 2.94 2.57x1072| -1.92x1973 4.08

*
Parameters values which are fixed are preceded by =,

-901-
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where n is the actual normalized standard deviation for that interferogram
noise. The expected value of x2 for a fit limited by random noise is
256*16. Thus a variation in r of more than 3% is significant. We have
no accurate way of calculating n other than using the lowest value of

r obtained in the various fitting procedures.

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

The fitting procedure was modified in fits #7 and #8 to increase
the orthogonality between the atmospheric emission and the CBR. Only
high resolution (Av < 3 cm_l) data was used in #7; that is only the
interferogram points more than 0.17 cm from zero path were used. This
prevented broad features such as the CBR from influencing the fit,

Fit #8 was restricted to high frequency (v > 17cm™ly spectral informaticn.
Thus the CBR was again excluded, since it is assumed to be negligble

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

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

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

of the interferogram and thus are very large.

The last fit tested for the presence of ghosts by including
parameters for step size modulation and thruput modulation in the
cosine (real) spectrum. The results show no indication of significant
ghosts. In addition, the corrections to the sine (imaginary) spectrum

discussed in chapter III had no effect on the best fit value for the
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parameters in any of the fits.

There are several important conclusions that can be drawn from the
data in Table IV.1. 1) The three free parameters in fit #1 (H20 and
03 column densities and blackbody temperature) were necessary and
sufficient to produce a good fit. WNome of the fits had a significantly
lower residual and leaving out the Llackbody (#5 and #6) gave a residual
more than ten standard deviations too large. 2) The column densities
of H20 and 03 showed very little dependence upon the fitting procedure
ugsed. Comparing fit #1 and #6 shows that the column densities increased
less than 3% when the blackbody is not included. The largest change was
a 6% decrease when an large continuum was forced into the model (fit #3)
and when the continuum was left in and the blackbody removed (fit #5).
Both of these fits had an rms residual much larger than the interferogram
noise, These results verify that the atmospheric model parameters are
indeed orthogonal to the other fitted parameters. 3) The atmospheric
model 1is a close approximation to the actual atmosphere. The mudel
produces a value for the 02 column denaity which 18 within 7% of the a
priori value calculated from the mixing ratio and pressure. This is
well within the accuracy of the calculation. The column densities
of “20 and 03 sre in agrasemant with the values obtained by Muehlner and
Welss (1973) at a similar alritude.

The limits on the vertical column densities due to systematic
errors in the model are 3.9::;*1017 for H,0, 3.6t.1x107%7 for 0, and

22

1.6¢ .1%10 ““ for 0,. Figure IV.10 shows the CBR spectrum obtained

2
when the upper and lowsr column density limits are used. For the upper
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~13 vl/Z 2

limits a continuum of 6%10 W/em” sr cm'-1 was included (this is
ten times larger than the value given by fit #4). These limits have
almost no effect on the CBR near the peak in the Planck curve and do
not degrade the turn over of the spectrum at higher frequencies.

Errors in the measured atmospheric parameters can effect the fit.
While the pressure is measured to a few percent, thie atmospheric
temperature is difficult to measure accurately and could lie in the
range from 205 to 250K. The largest effect from chanzing 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 effact on the spectral shape or intensity of the
CBR. There is a small effect on the spectral shape because a change
in temperature alters the lower state occupation numbers which changes
the relative strength of the molecular transitions.

An error in the effective size or temperature of the inflight
calibrator will also effect the fit. The product of the calibrator
temperature and effective size is the calibration factor. Changing this
calibration factor rescales the flux responsivity which will result
in a shift in the column densities. Again there is no effect on the
spectral shape of the CBR, but its magnitude is altered.

We have estimated the errors in the calibration factor and
atmospheric temperature and calculated the resulting errors in the
fitted parameters. A similar calculacion was done for errors in the

amount of earthshine continuum included in the model. The uncertainties

in the most important parameters and the implied errors in the
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blackbody temperature are shown in Table IV.2. The doninant error in
this temperature comes from the uncertainty in the continuum contribu~
tion. An rms sum of the errors gives a best fit temperature for the

coR of 2.99%'%

We can now combine all of the error estimates ito produce the limits

K at the 90% confidence level.

on the CBR spectrum. The errors which are included are the interferogram

nolze of 4.0x1078

V for any point in a single scan and the systematic
errors in the model which would effect the spectral shape plus a +10%
error for the calibration factor uncertainty. The decrease in noise
at low resolution can be exploited by plotting the spectrum on a
log-log plot at a 20% constant fractional resolution. This improves
the signal-to-noise ratio at high frequencies where the signal is
din ‘nishing. Tris shown in Fig, IV.11 with the error limits.

These rep..ls differ only slightly from the results we reported
earlier (Woody, Mather, Nichioka and Richards, 1974). Previously we
had used the results of fitting procedure #2 in Table IV.1 to calculate
the CBR spectrum. In this work the number of free parameters was
reduced by using the results of fitting procedure #1 which has the
oxygen column density fixed at its apriorl calculated value. This
produced no noticeable change in the CBR spectrum. The only observeable
change 1s in the error limits. The more thorough error analysis discussed
in this work has produced slightly tighter error limits.

Our observarions clearly show t!al the submillimeter CBR spectrum
definitely daes turn over and follow the 3K Planck curve at high

frequencies at least until the curve has fallen to 20X of its peak



Table IV.2.

Model parameters and errors

Value with 90% confidence limits

Error in blackbody t:emperat::.u:ea

Fixed Parameters:

Atmospheric temperature

b
Calibration factor
Earthshine

Fitted Parameters:

H20 vertical column density

03 vertical column density

02 vertical column density

Blackbody temperaturec

+ 35
ns 7 K
+ 3.3
3327 3K
0ot g x 10-13,1/2 W
cm 8r cm
3.92 *+20 , 1,17 molecules
-.20 2
cm
3.50 + .18 1017 molecules
-~ .18 2
cm
+ .17 22 molecules
1.67 7 "5 % 10 3
cm
+ .07
299 7 ")k

+ .05
- .02

+ .05
- .06

+ .00

- .001
+ .001

- .02
+ .02

- .0L
+ .01

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

bProduct of calibrator temperature and filling factor.

Cl'-.'rror: determined by the rms sum of the detector noise plus the errors shown in column three.

-TI1-
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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. CONCLUSTION

A. Present Status of the Observations

We have measured the night sky emission spectrum at an altitude
of 39 kim and analyzed the data to produce the first moderate resolution
spectrum of the CBR in the submillimeter frequency range (see Fig. IV.1l).
The instrument used was a fully calibrated liquid helium cooled
spectrophotometer carried aloft by a high altitude¢ balloon. The
spectrophotometer was thoroughly characterized before the flight,
including a measurement of the antenna pattern out to nearly 70°
off-axis. This allowed us to determine the possible sources of
contaminating radiation, mainly antenna emission and earthshine, and
make corrections to the data based on inflight measurements. The
calibration of the instrument during the flight apgreed with the preflight
laboratory calibration. The data were analyzed to remove the atmospheric
contribution to the observed spectra and to check for other possible
sources of radiation. The 256 independent data points were successfully
fit to a model containing only three free parameters; the column
densities of water and ozone (the column density of oxygen was fixed by the
atmospheric pressure and known mixing ratio) and the temperature of the
blackbody used to simulate the CBR. The residual from the fit was
within the expected noise level. Both the random noise and possible
systematic errors are included in the 95% confidence limits shown in

Fig. 1V.11.
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Our measurement can be combined with previous observations to
establish the CBR spectrum over three decades of frequeacy. Figure V.1
is a log-log plot of the microwave, interstellar CN and our submillimeter
data. Also shown is the spectrum of a 2.9K blackbody. These
measurements extend from the Rayleigh Jean's limit well into the
quantum cutoff region. Our results show that the CBR does turn over
and follow the Planck curve on the high frequency side of the peak.

All of the measurements are consistent with a 2.9X blackbody tem-
perature. A convenient way to check this consistency is to convert the
observed fluxes to equivalent blackbody temperature. The results of
this conversion are shown in Fig. V.2. All of the data are ia close
agreement with a temperature of =3K. This can be made quantitative
by carrying out a x2 squared analysis similar to the one Peebles {1971)
used for the microwave data alone. The data point provided by our
measurement is 2.99t:g; K. We conclude th-~t ail ot th> measurements
over a frequency range from 0,013 to 17 cm-‘1 are consistent with a
blackbody temperature of 2.90t.04K (10 error limits). The value of x2
from the fit is 16, which is within the range 18t6 expected for
19 independent measurements. The most recent broadband submillimeter
measurements (Muehlner and Weiss, 1973; louch, et al, 1972; Williamson,
et al., 1973) are in agreement with this value and don't affect its
precision. The Los Alamos work (Williamson, et al., 1973) extends the
measurement to 33 cm"1 but at low precision. The Queen Mary College
report (Puhson, et al., 1974) did not provide any temperature or error

limits which could be included in this analysis.
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Many experimen.r have been carried out to measure any anisotropy
in the CBR (Peebles, 1971, p.39 and the references given tiwre). These
neasurements have beun made using grounddascd nicrowave radfometors
with sensicdvities ax high as 0.12. No definite anisotropy hias been
detected at angular rcesolutions ranging from a (ew ninutes of arc
to o full 24 hour sidureal varfation.

These spectral and anisotropy measurements fimely support the
“sig Bang" coswologicsl model and requires chat aiy - lternatlive model

produce a universe {illed with ~2.9 blackbody radiation.

8. Future Experiments

The next step is to improve the sensitivicty of the measurenents
and look for deviations from an ideal blackbody. Just as the present
observatinns tell us about the genersl rvolutionary history of the
universe, any deviations frcm a blackbody will have to be explained
by the details of that evolution at the time the radiation lase
interacted with the matter.

A promising approach is to look for anisotropy in the CBR. The
next generation of microwave measurements will have greatly incieased
sansitivity (Alvarez, et al., 1974). They expect to detect the motion
of the earth rclative to the comoving reference frame of the Universe:
in particular, the motion of the earth around the sun. Muchloer and
Weiss at M.1.T. have modified their apparatus to messure the anisotropy
of the submillimeter CBR (private communication). The fractional

change in signal for a given change in temperature should be larger at
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the higher frequencies where the flux depends exponentially upon the
temperature.

It is also of interest to look for deviations in the spectral flux
of the CBR. A convenient way to display the data for analysis of such
deviations 1is to plot the photon occupation spectrum, since this is
an invariant scalar quantity. The occupation spectrum is derived from
the observed spectral flux by dividing by the density of states and

the photon energy

2

MW = 1(v)/2m3c w.1)

where 1(v) is the spectral flux and v the frequency in cm_l. This can
be compared with a universal plot plot of the occupation number as a
function of x £ hcv/kT for a blackbody. Figure V.] is a plot of this
universal curve [N(x) = (exp(x) —1)_1]. The observations in Fig. V.1
have been added to the plot assuming a value of 2.9K for temperature
in the equation for x. Altering the temperature corresponds to shifting
the data to the left or right. Decreasing the blackbody emissivity
corresponds to shifting the universal curve downward.

A possible perturbation to the ZBR 1; that it interacted with matter
sometime after the initial combining of the electrons with the nuclei
to form neutral atoms. This might have occurred during the formation
of galaxies if the matter became re-ionized. The CBR could establish
equilibrium with the matter through photon conserving Compton scattering.

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

nonzero chemical potential u

N(V,T,u) = [exp Li‘;ﬂ -1t w.2)

The chemical potential is set by requiring the total number of photons
to be correct. As the universe expands, the number density distribution
is retained, but U scales the same way as T; so that u/kT can be added to
the universal curve of N vs., X and are shown in Fig, V.3. The biggest
effect is seen at low frequencies where the photon modes are depleted.
The data put a limit on of u/kT < 0.001.

This type of analysis has been carried out in much greater detail
{and in terms of the spectral flux) by Chan and Jones (1975 and 1975).
They carry out a time-dependent numerical analysis which includes

both Compton and Br trahlung pr .

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

Contrary to the work of Noerdlinger (1973), the observed data don't
give information sbout 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

x~hcv/hT. The consistency between different types of measurements may
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test for variation In the speed of light, however, since the microwave

observations ed the freq y and we red the wavelength.

The future of nmeasurements of the CBR promises to be very
fateresting. The sensivity of the measurements is steadily improving
and signlficant unexpected features are bound to be found. We are
repeating our experiment with a factor of ten improvement in sensitivity
in 1976. Dr. J. Mather is proposing to repeat our measurement from a
satellite. There also are satellite proposals for anisotropy measure-
ments. A satellite measurements would avoid the one large protlem
of the atmospheric emfssion and provide for many months of ohservation
time. It will still have the same problems of instrumental and earthshine
contamination that we observed. With our vetter sensitivity and higher
altitude we will come close to reaching the limit for terrestial

submillimeter measurements of the CBR spectrum.
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APPENDIX A

Low Emissivity Material for Use in Cryogenic Applications

We have fabricated a laminated material with a very low emissivity
&t sub-zullimeters wavelengths and low thermal conductivity which can
be cycled to low temperatures. 1Tt consists of a stainless steel
backing which is eclectroplated with copper and coated with a pro-
reflection coating of polyethylene. The low emissivity (high
reflectivity) is produced by = 25 um of caopper which has a high
electrical conductivity. The copper also dominates the transverse
theinal conductivity. Mechanical strength is provided by the 127 um

thick stainless steel sheet. The theory and measurement of the optical

properties of chis posite is di d in part 2 of section D in
chapter II.

The difficult part of the fabrication procedure for this material
is applying the 50 um 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 & vacuum oven. The layers are tightly wrapped around a
cylinder to bring the polyethylene into g;:od contact with the copper.
It ia critical that the surfaces which are to be joined be clean. The
polyethylenc is wiped with xylene which actually removes a surface layer
of materisl. The copper is vapor degreased in trichloroethylene. A

teflon sheet is used to keep the polyethylene from sticking to the

back of the stainless steel. This bly is evacuate to =10 ym of

Hg for ™ 12 hours and then heated to 115°C for * 1 hour. This
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produces a firm bond which can withstand the stress of cooling to liquid

helium temperatures.
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APPENDIX B

A Program to Calculate the Optical Properties
of a Stratified Medium

STRAD is a program which calculates the reflectivity, absorptivity,
and transmissivity of a plane stratified medium. 1t uses the method of
characteristic 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 refractionm,
thickness, optical frequency and direction of propagation. There are
separate matrices for the TE and TM modes. This method is valid for
any medium in which the propagation of a plane wave is described by
a 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 general purpose program,

It has been written in modular form to make it easy to follow and
modify. The input data cards can direct the program to perform a large
number of different calculations. The optical properties of a plane
stratified medium consisting of up to ten layers can be calculated for
a serles of frequencies, angle of incidence and thickness of the layer.
The complex index of refraction for each layer can be derived from a
choice of input parameters, such as the dielectric constant or the d.c.
electrical conductivity. Even the anomalous skin and relaxation effects
described in chapter Il car be included in the calculations. The
results can be displayed in several different different ways, including

in the form of a Cal-Comp plot.



-128~

Program Control Cards

A set of data cards is required for each series of calculations
about a given stratified medium. Any number of different calculations
can be done by in including additional sets of cards.

1. Title: Any title in col 1-80; a blank field in the first 10 columns
terminates the program.

2. Execution data: Data telling the program what to calculate;
col. 1-2 (12) number of layers (10 or less)
col. 3-4 (I2) variable for x-axis
1 = wavenumber
2 = angle of incidence
I+2 = thickness of the Ith layer
col. 5-6 (I2) variable for y-axis, same code as for x-axis
col, 7-8 (12} property to be calculated (z-axis)
1 = reflectivity for TE mode
2 = reflectivity for TM mode

3 = transmissivity for TE mode

~
[

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)27 cosOsinbd/f 2ncosd51n0dd
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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 (1I2) plot information

0

no plot

1

plot calculated property {z-axis) as a function
of x-axls variable

2 = gpecial plot of calculated property as a
function of angle from grazing incidence

Note: If a plot is done, there is no printing of
the calculated results.

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:
col. 1-10 (E10.3) smallest angle from normal incidence
col. 11-20 (E10.3) largest angle from normal incidence
col. 21-30 (E10.3) angle increment

5. 1Incident Medium:

col. 1-2 (12) code for calculating complex index of
refraction N

col. 3-22 (2E10.3) D., D, data from which the complex index
[} re?raction is to be calculated
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code = 0, complex index of refraction is given
= 1, complex dielectric constant is given

real dielectric constant and conductivity in esu
units in given

il
N
-

"
w
N

conductivity in esu is given as D,

n
F-3
-

impedence in ohms per square is given as D1

5, conductivity and electron density is given for use

in anomalous skin effect calculation

6. Exit medium: same data as required for the incident medium.
7. layer data: one card for each layer

col. 1-22 (12, 2E10.3) complex index of refraction data,
same data as required for the incident medium.

col. 23-32 (E10.3) minimum thickness of layer in cm.

col. 33-42 (E10.3) maximum thickness of layer.

col. 43-52 (E10.3) thickness increment
If no plotting is to be done, another set of cards starting with the
title card can be added. A blank card here terminates the program.

If a plot is to be done, a set of plot data cards is required.
These cards are the input data for a general purpose plotting subroutine
{SKETCH) based on the LBL Cal-Comp plotting package.

1. Title Control:
col. 1-10 (Al0); determines plot sequence

NO PLOT , nothing is plotted.

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.

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 (TI4); character size for title (usually 2).

Letter height = character size X 0.06 inches.
col. 21-24 (I1%V: maximum number of characters in title (usually 80)
col. 25-28 (I4); character size for program identification (usually 1)

col. 29-32 (14); maximum number of characters in identification
(usually 40)

col. 33-52 (2E10.3); x and y paper coordinates in inches for
locating title (usually 0.0, 10.2)

col. 53-72 (2E10.3); x and y paper coordinates for locating
identification {usually 0.0, 10.4)

2. Coordinate ranges: determines coordinate limits.
col. 1-10 (E10.3); minimum for x coordinate.
col, 11-20 (E10.3); maximum for x coordinate.
col. 21-30 (E10.3); minimum for y coordinate.
col. 31-40 (E10.3); maximum for y coordinate.

col. 41-50 (E10.3); determines whether a linear or log x-axis is
to be used.

€ 0.0 gives a linear plot.

> 0.0 gives a log plot.
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51-60 (E10.3); determines whether a linear or log y-axis is
to be used.

Plot location: determines the size and location of the plot in

col.

col.

col.

col.

inches measured from the lower left corner of the
paper.

1-10 (E10.3); beginning of x-axis (usuvally 1.0)
11-20 (E10.3); end of x-axis
21-30 (E10.3); beginning of y-axis (usually 1.0)

31-40 (E10.3); end of y-axis (usually less than 10.0)

x-axis data:

col.

col.

col.

col.
col.

col.

1-4 (I4); number of divisions separated by grid lines (* 1).

5-8 (14); number of subdivisions separated by large tic
merks (> 1).

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

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

21-40 (2E10.3); paper coordinates for locating x-axis label
(usually 1.0, 0.1).

y-axis data: same data as for the x-axis. The maximum number of

characters ig usually 40 and the coordinates are
usually 0.0, 1.1.

x-axis label:

col.

1-80 (8A10); anything

y-axis label:

col.

1-80 (8A10); anything

Another series of calculations can be done by starting again with

the title card in the program control card set.
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STRAG7y 7LLJ5.40b812,,wULLY
SUSERPK
SNCSIAGE
PNF.
LIMK,P=SYSLIUe A,
Ell!.

* 783 CanD

PROGRAN STRELILIPIT »OUTFUTICUNCH,PLET» TAPEZ8, TAPEII=PLAT)
CINNUN /7LDATAZ JTITLE(8) v ulDeNT (4}
VINEASTUN FREAMILL) W PSTRI(1209PE2Ut12) 4»DLTA (120 FOUTIED
COMPLEA CINCINGC koo T CINDER
CORMONZL o YUITA/ mal dJPeaNULE ¢ THICKLAC ) ¢ RYE yRTP W ETE  TTHLATE JATH
1 SNUMLAY IR NG UL I L 2INIRD0 T DLLIT W I2IUT INO(L22DLC10)
e WU eCIGTsCINDIN CIADUUTWCIASEALLD)
COHMUN/ZPRFTR/AAJSTRY ANGSTRT ¢THSTAT(LA3) JWAVENDSARGENT, THEND 1 10)
1 wAAVOLTA  8%NGLLT Ay THELTA L)
COQUIVALEMCE (PANAMIL)¢wAVNUNTW (PSTRECLD yWAVSTRY) S IPENDLIL),
1 WAVENUD p (PDLTALL )¢ WAVULTA) fIFOUT L) (RTED
JIUEAT(3)=30r P IGRAN
JIoenTi2)=16n STAUL
CALL OATELJICENTI31)
CALL MUURLJICERT (L))
Plst 0 ATAM(1.3)
Re&d 100, JTITLE
100 FUxMAT (84101}
IF (JTLTLELD) oEge 20M ) GO 1O 1008
PRINT Sis JIITLEJJIGENT
50 FORMAT {Lh14SXs83104¢42406A10,77)
READ 310s NUPLAY G IAaIT4LLoKAVRGKPRNT4KOLOT
110 FONMAT (81&)
IF (IXx «LTe 1} Ix=1
IF (IZ L. 1) I2=1
REAU 12Ls HAVSTRI, wAVEND WAVELTA
120 FORMAT (2€10.3)
PRINT 125, wAVSTRT ,WAVEND ,NAVILTA
125 FORMAT (® WAVNUMBER RANGE ®4F8,24% CH~1 TO ®,F8,2,* CN=1 IN STEPS
10F ®3FB,24° CN=1")
READ 120, ANCSTRT,ANCEMD,ANGD: TA
PRINT Liz?e ANGSTIRTIANGEND,ANCULTA
127 FURHAT ([ ANCLE FikJM NORHAL ®oF8.5+" RADS TO *,F8.5+¢ RADS IN STE
IPS UF *,F8.5,% RAUS®)
IF (KAVRG oE£C. 1) PRINT 128
128 FURMNAT (% & LAMJERTIAN AVERAGE CVER THE ANGLLAR RANGE IS PEEFCRNE
1 ¢}
ERINT 125
129 FORART (/774° INOLX CCHPUTATION CODE AND DATA®,20X
1 +* LAYER THICKMESS OATA IN CENTIPETERS®)
REAU 213G INCINJOLINGO2IN
130 FORMAT (1245€10.3)
PRINT 135+ INDId,D1IN(OZIN
135 FORMAT (¢ INCIDENT HEUIUN ‘-l?vél.é(xlplP 10.30
READ 3133 INCOUT,0100T,0¢0UT
PRINT 160y [NOQUT,010UT,D20UT
FOKMAT (® EXIT HEDEUM ®,I2,2ZKe2(1Xe1PGLO. IV}
If (NUHLAY .LT. 1) GO 10 300
00 200 I=3.MUMLAY
READ 130y INLUL)e01410¢D2¢1) sTHSTRYCL) o THENO (I, THOLTA LTS
PRINT 1804 LoENOCI}aOL4B) o020, THSTRTSI)« THENDUT ) o THOLTALT)

-
°

o

14
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18C FORHAT (® LAYER 5i0. *elledXel2¢240201XoebPG1043) ¢Sy FRON ¢
1 W3P010.3,% O TO %e2PLULGLD,% CMA IN STEPS OF®,1PG1D.3+* CH®)
200 CONTIAGE
360 CONTInue
NUHPRASALMLAY+2
U0 wul [zl oNLYPRM
a0y PARAMLLI:-FSIRTLTY
IL=1
IF (Llx «CFa 2) IL=lx-2
IF CLY J6T. ¢} IasIv=2
AF K2LUT LELe 2 aPRud=l
IF IAPRNT JGEa 21 CALL LISTCUTUEPRNT J4 i ¥R3Lx 1Y (1Z4ILY
IF (KPRNT obce 1) CALL AVvZPRNT( KAVRG IXe1Yal2410)
IF (aPLUT JECe 1) Call PLCSIFILIIN,IZ4ILoKPRNT 4KAVRG)
IF {nFLUT Calt LUGPLCTIIZWXPRATY
60 Tv 10
1000 COMTIAJE
IF InPLLUY LT 0) CALL CCEMNC
STOP 5 ENC

SUBROUTIME LISTCUT(APANT 4KAVRGy BaolYeZaIL)

UIHEASICM PERAMILIZIWPLINTILICISPENCLLL) ,PDOLTALL2)-FOUTIE)
COMPLEX CIKCiNoCINOULTsCENUEX

COMMON/LBYURIAZ AV P ANGLL ¢ THICK (20 ) 4 RTEWRTFHTIE TTNGATE ATH
1 CNUHLAY IAGIN DTN D2IN IRIOUT 4 010uT «D20UT,[ND120},D1 {120}
2 D20I0) 3 CINGTLeTEMOCUT,SIMIZ X (10D
CUNNON/PRETR/AAVSTRT 4ANOSTRT s THSIRT(LD) s WAVEND JAHNGENT, THEND {10}
1 PMAVULT L, SHGLL TA, THULTALLD)

EAUIVALERCE (PRI mdvtivn)((PITRT (L) sBVSTRT) ¢ {PEND (1),

1 WAVERC ) o {PCLTA (4 b ewAVILTA) g (FOUTLLEGRTED

PRINY 1G5 IL

300 FOKNMAT t2/7/7,37K," REFLECTIVITY TRANSHISSIVETY ABSCRP

itiviny Ye/4* MAVAUPF  ANGLE
2 Te ™
JAND THICKMGSS5%9 /)
200 CunTlHUE
1IF (RAVRC .Lé. 1) GO Tu 30D
CALL RTA
PRINT 210, wilVNUMgANGLE JRTE+RTM,TTE TTH,ATE JATH,CINOCUT
1 +CIMEXCIL) o THICK (1)
210 FORMAT C1XoFEalodXeF 84501y 3(1XelP20902) s 1Ke5(1X+1PG9.2))
GO TO 4uy
JOO CALL ANGAVRGIKPHAT)
PRINT 31ds wdvNUM, RIEWRTM o TTESTTMoATE S ATH, CINDCUT
1 sCINDEX(EL) »TRICKLIL
310 FORMAT (1X4FEelslXoPAVERLGED® 1A 3ULXsIP26G202)41Xe5(1Xs1PGFe2))
400 PARAMLIRI=PARANCIKIOPULEALIX)
IF IPARAF(LX) oLte PENOCIX)) GO TO 200
PARAMCIXI=FSIRFALA)
IF (1Y oLTe 50 GO TO 2006
PAKAMLLY J=PARAMCLY b+ PULTALIY)
IF tPARAFP(LY) JLbe PENDCIYIY GO TO 200
PARAM (L1 = FSTRTLIY)
1000 CONTINUE
RETURN § END

€ ™" TE
EXIT fNUEK LAYER NO4*412+* IND

SUBROLTINE XYZPRNT{KAVRGsIXeIVeI2eIL)

DIMENSION Yi20042(20)

COMHON /JLARELSZJPARAME3) ,J0UT (6]

DIMENSICM PARAN{L2)oPSTRT(12),PEND(12) 4POLTA(12) FOUFLED
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COMPLEX CINOINSCINOUULTSCINDEX
COMHONZLAYDATA/HAVNUMoANGLE s THICK (10D o RTE yREFSITEs TTH ATE AT
1 sNUBLAY o INDINGULENGU2INs INDOUTD10uTvD20UTINO(1D),01(10}
2 WU2UL0 ) »CINUINSCIADCUTCIMEXL1Q)
COMHUNZPRITR/HAVITRT JANUSTRI o THITRT 119 +HAVEND JANGENC, THEND (10D
1 eWAVUL TALONGULTA , ThDLTAIRD)

cQUIvALeACe (PARAN{L ) ¢ NAVNUMD o (PITRTIL) oWAUSTRT) o (PEND (L},
1 HAVEND) p{PULTA(L) o HAVLLTAY, (FOUTELD 4RTED

UAFA JOQUT/10F FFLCT TE ,10H KFLCT TH 108 TRANS TE .
1 10H TXANS TM ,i0H A9S50kB TE,310H ABIORE TH/

UATA JPARAN/ZLOH  HAVNUN 220k ANGLE w20k THICKNESS 7
IF 1y ,L7. 1) 1v=1

PRINT 100, JCUTLIZ)

FORMAT (1H1410Xs* INTENSITY PLOT OF ®,A10}

IF 41y 4iT. 2} PRINT 110,10

FORMAT (/7/420%,% THICKNESS OF LAYER NOe *412)

LF 41Y JLEe &} PRINT 1204 JPARAMULIY)

FORMAT (//42X4810)

PARAM(IY)=FSTIRTLLIY)

U0 200 k=120

YUL)=PARAN LYY

PARAR (LY ) =PARANLIY ) ¢PCLTALIY)

LF (PARSP(IY) .uls PENDIIYD)Y GO TO 300

CONTINLE

LEND={

PARAM (LY I=FSTRTI(LY)

PRINT 320, (Y(1}y1=141END.2)

FORHAT (84,1041PG1043,2X3)

PRINT 3204 LY{1Dsl=20JENL2)

FURMAE (1uX,10{1PGLde302X))

PRINT 33Ue JFARAHEIX)

FORMAT (1x,010)

CONTINUL

U0 w00 J=1.1EN0

PARAM (LY )=Y (1)

IF IKAVRG oGte 1) CALL ANGAVRGIOD)

IF (KAVRL .Ll. 1) CALL RTA

L{ll=FQuTii2)

CONTINUE

PRINT 410, PAKAMCLX) o(ZC1)al=0,4 1ENOY

FORMAT (1Kg1F59e241X40P20F6.1)

PARAM (Y X )=PARARCIRIYPOLTACLAD

IF (PARAF(1X) +LE. PENDULIX)) GO TO 352
PARAM(XX)=FSIRT (IX)

PARAM(LY J=PSIRT(IYS

RETURN 3§ END

SUURQUTINE FLOTFIL (1 A2124ILoKPRNT oKAVRG)

COMNON /FLTINFO/ X(100004241000)

CUMHON /L LABELS/JPARAN(3) ¢ JOLT(6)

COMNUN ZJDATAZ JTITLE(B) yJIDENT (&)

OINENSION PARAM(12)2P5TRT(12)4PENDIL2) oPOLTALL2) $FOUT(6)
COMPLEX CINDIN.CINOUUT,CINDEX

COMMUNZLAYDATAZ RAVNURANGLE ¢ THIUK 1100 o RTE s RTE S TTE TTH,ATE JATY
1 sNUNLAY, INUINGOLIND2IN. EROOUT4D10UT 4D20UT,IND(L0),D2£10)
2 4020400 4CINDiR¢CLMLOUTICIMIEX (20}
CONMON/PRFIR/HAVSTRT sANGSTRT o THS TRT (102 yWAVEND s ANGENC, THEND {10}
1 WMAVULTALANGOLTA, THOLTACLO)

EQUIVALENCE (PARAM(1)oWAVNUMY 4 (PSTRY (1) yMAVSTRT) o (PEND (L),
I WAVERD) » (POLTALL Do WAVOLTA) 4 (FOUTEL) oRTED

IF CXIX LLE. 2} PRINS 100 JOUT(EZ) ¢ JPARAMLIX)
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100 FOAMRT (777450 ,® PLOT OF ®0Al10,° AS A FUNCTICN OF ®,A1D)
IF CIa oCTe 20 PRINT 130, JOUTCEZDWlL
110 FGEMAT (27/70544+°% PLUT OF ®48104° 33 A FUNCTICN OFTHE THICKNESS COF
1 LAYeR hu. *,12)
InaxIsza
200 Ixaxls=IxAafser
IF IXavRG oués 1) CALL ANGAVRGIA)
IF {2yl oL3. 1} Calr RTA
KCINAR]S)zPacANLLN)
ZeIraxlsrzFLitl)
PARAMLI &) =HIRAMUINI*PULTA{IR)
IF (PaRLPLI£) oic. PENLILXDD GO TO 20J
PAKAMLEAD=FSIRTEIXD
CALL S<c TUHEIXAXIG o84 2oJUITLECJIVENTY
RETUaN & END

SUBROUTLAE LCUPLUT (LZ4KPRNT)

COHNON ZFLTIARSZ x12J30),2(2300)

CONNON 7, LAdELS/7JPARANI )y S0UlL6)

COMMON /.0ATa7 JTITLEL8) 4 JIDENT (4)

DINENSEUGM PaRIHILC)JPSTIRTLI2)aPENDILLY sPOLTA(12) WFOUTIS)
CONPLEX CINCINGCINUCUTHCINUEX

COMHONZLAYULTA/ RAVIIUM ANGLE o THICK (LD 4 RTE 4N TPy TTES TTHIATE, AT
] SNUHLAY ¢ IND L oU 1154 02IN INJOUT D10UT 4D20UTIHDC10) 0020200
2 W0LE102,CINDL0eCEALOUTSIMIERLLD
COMBCN/FRPTR/AAVSTRI ANGSTRT S THSTRT (103 oMAVERDIANGENRLC THEND € 10)
1 oWAVEL TA4AGLLTA, THDLTACLG)

EQUIVALEACE (PLRAKILIoREUNLNI s EPSTRT (1) +MAVSTRT) o (PENDILD,y

1 BAVEND )  (PULTA UL D omAVELTAD s (FOUT LD oRTE)D

Plzua3°ATARLL.O)

PRIMe 100w wCUT(ac) o JPRRANEZ)

300 FORMAT (777,5%4° PLUT OF #,010,% AS A FUNCTICN OF ®,A10)

L=t
PRINT 105, IL
105 FORMAT (7777.174,° KEFLECTIVITY TRANSHISSIVITY ABSORP
L] 1

1TIvlTY ®1/79* RAVNUMN ANGLE
Tt ™
JAND THICKMESS% ¢7)
IF (ANGSTIRY +EQ. 0) ANGSTRT=ANGOLTA
GANG sANGS T}
FALTORz 1.0¢ANGURL TAZANGSTRT
IRaX15=¢
IAXISzEXARDISeL
ANGLES (P1/2.0) =GANG
CALL RTA
PRINT 130+ hAVNUMsANGLE
1 SRTEGRTH TTESITH ATE 28 TH, CINUOUTCINOEX (1) e THICK L)
110 FORMAT (1K FEalolXoF €a52dXa3{0Xs1P209¢2)s1Xe5(1X31PCIe2N)
XLLNARIS D 2bARG
ZUIRAAIS)IZFCLILLY)
GANGIGANC*FACTOR
AF tGANKL .LE. AKNGEHD) GO TO 200
CALL SKETCHIIAAKIS X o2eJTITLESJIDENT)
RETURN § EmMd

L ™
EXIT INOEX LAYER NO«®412,% INOEX

SUBROUTINE ANGAVAG (KPRNT)

COMPLER CINOINSCINDOUTCINLEX
COMHON/ZLAYUDATAZ/RAVNUMGANGLE + THICK CLODsRTE WRTHTTE« TTH,ATESATH
1 oNUMLATY o INIINGO 1INy 0N INDOUT,010UT 2020UT+INDC203,012¢10)
2 oD283013CINDINGCIMO0UTCIMDEX(20)
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COMMUN/FANTR/RAVSTRY JANGSTRT o THSTRT (101 ¢ WAVEA Dy ANGENC, THEND( 10)
sMAVOLTALANGULT A, THOLTA(LD)

UIHENSLION FOLT LBY4T0UTZI6])

EUULVALENCE (RTESFOUT(1))

Pl=y, 0%4TANI2.D)

Ud 5y {=is+0

TOTZ(1)=0.0

TOTOMGA=Gel

AMGLE=ANGSTRT

CALL RTn

LF (KPRAT EGe 3} PRINT 210y WAVWUMemNulE
SRIE s TMyITE o TTH,ATELATH,CINDUUT 4CINDEX{1) 4 THICK (1)

116 FORMAT (LXoFEelylX1F8e%92Na301Xp2E962) 41X 9511X4EFa2))

20

30
180

v

t

Z

UUHLA= 24 U*PI®CIS(ARGLE ) *SIN(ANGLE)
DO 2ul 1=1.b
TATZ4L)=1CHLLL Y +O0MGASFOUT LI
TOTUHLA=TUTCFGA#O0MLA
ANGLLE= ANCLE +ANGOLTA

IF (ANGLE +LE. ANGENCY GO TO 100D
IF (TOTUPMGR LEQ. 0.0) GO TO 1400
00 Juld I=le0
FOUTCII=TOTZ(1)/TOTOPGA

CONTINUE

RETUKK 3 ENU

SUBROUTIRE RTA

COMPLEX CINOINGCINUOUT,CINDEX

COMHMGN/LAYUATAZ RAVNUP o ANGLE ¢ THICK (100 ¢ RTE ¢RI TTE 4 TTPyATE JATH
eNUHLAY+ INDINJDLINsD2INy INDOUT,010UT +020UToINDI20),D2¢(20}
D210 4CINDINSCIADOUT,CINDEX (10)

CALL COMIND (INDIN4ULINGD2INGWAVNUMs1.0+CINOIN)

CALL CCHIMU(INBOUT D 10UT»020UT 4WAVNUH. Lo 04CINDOUT)

IF (NUHLAY .LT. 1) LC TG 200

UC 1L0 JsleALMLAY

CALL CCMINUCINDLJ) »D1€S) D21} ¢ WAVNUM, THICK(J) +CINDEX(J))

10U CONTINVE
200 CONTINUE

10

1

1

1

1

c

1

CALL OPTICS(RUFLAY,CINDIN,CIMNDQUTCIADE Xo ANGLEWAVNUF, THICK
21eRTE+ITLLATED

CALL OPEICSCMUMLAY2CINDINSCINOOUToCIADEX s ANGLE s HAVNUF, THICK
*=14RTFTTHATH)

ReTURN & EAD

SUBRUUTINE OPTICSUNUPFLAYCINGIN:CINDOUT +CINDEX ¢ AHGLE sHAVNUN,
ThICK ¢HCOE yReToh2

COMPLEX CINGEX(1),CHATIC242) JCHATZ(202)CHATI12+2)sCONSINILY,
CINUIN:CINDOUT,CS ININ,CSINOUT

OIHENSIOM THICK{L)

CMATL(1,1)21.0

CHaTLlL,c)=0

CHATL(241)=0

CHATI(Z242)=140

CSININSUSINCCHPLXUANCLE 4040))

CSINUUT=CINUIN®CSININ/CINDOVUT

U0 100 LNUM=14NUHLAY

IF (NUMLAY .LT. 1) GC TO 300

COMSINCLNUM)=CINDINTCSINEN/CINDEX (LNUM)

00 200 LNUM=1,NUHLAY

CALL AATRIXUnAVHUMs THICK(LNUP) 9 CINDEX(LNUD CONSTNILNUNY,
HODE +CHATS)



~138-

CALL MULTIACPATL,CHAT2.CHATIY
CHATI (1+20=CRAT 3L
CRATLL192)=LN2T3(Le2)
CHAT1L24127CMATS(L,1)
CHAT1{Z42)1:0PATS(L42)
20U COMINUE
3ui CALL RESLLY(CMATL,MUCE+CSINIPoCSINOUTCINDINLCINOOUTRT 4R}
AtTuxh 3 tAD

on

SULRGUTIML CCAlia¢isULs0ZoWAVNUP, FHICK 4 CINDE X}
COMPLEX CINUEZL
JATA LLILHTA2. 8924056420/
Co®® =) LUAPLEX INIEX GIVLN
IF (1 «bC. 0) CINULX=CMPLALDL,D2)
CPe3 =) CumMPLEx CLELECINIC HIVEN
IF {1l otCe 1) CINUEXSCSQRTICFPLX(0L,02))
Co*e]-¢ ReAt, ULELECTRIC AnMC CONMDUCTYIVITY OIveN
IF (1 «EC. 2) CLHDLX=CSORTICFPLX (UL+24 0%D27/ ChAVNUNSCLIGHT 1) }
GO -3 LOMIUCTINILY GLVEH
IF (1 «ECe 3) GINUEXzCHPLXUSIRT (D27 (WAVNUMPCLIGHTD),
1 SRT LU/ (HAVHUNACLILITI )
Co®® -5 (HAS PER SCUSRE GIWEN
IF €l abGe %) CING=AzGPPLELSURT(SUs3/7{UL RAVAUH*THICTK) ),
1 SORT (304 0/(ULSHAVAUMSTHICK) )
CP®9 =5 ANOMCLCUS SKIN EFFECT FRCM OLNGLE
IF (] obGe %) CALL ASKIN(WAVNUI,D14324CINDER)
<XETURN 91 EAND

on

SUSROUTIME ASKINEWHUMN,COND¢ECQENSsCINDE XD

COMPLEX LINUEX (X19X2¢X39DUHsADNNCRoAUM

DATA CLICHFT4EMASSoLCIRG o PLANCK/2,997925E+1019.109550E=20

1 26000329209 1 0245919E-27/

Plzue@”ATANILLD)

FREUsMNUP*CLIGHT

TAUSCRY 13, 0PI*EMASS/LEDENSYZECHRGOECHRG) )

VFERMIs (3.0%PIPPISLUENS)®*(1.3/3.4) SPLANCK/EAASS

YHUR=YFERMESLL 1GHT

FREUNDR=FREGOTAUPZ.07(3.04UNDOR)

CONNURZLONU® TAUS yhuR

ALPHARERECNCE® (CCHNOQRO?3)

KIZCHPLX 4120 oF HEUNDRPCONNDR)

X2=CHPLN (0.uALPHA)

K1zX2/(R3I®NI¥K3Y

X2=CSGRT (XL}

K3sCEXPLCLLG XL *PL)Z3.0)

IF (CAUSIX1) «LE. (a8)
DUME 1,1547°K2-0.2500°K1¢0.1564%209 30,1262 015281
2001188%02995-0,1216%X1%%340,1307%K2%*7=-Ds106B2x1%%4
+0.1685%82%%9

IF (CABS{x1}) .Gl. G.8)
UUM3 1015673 03-0a4351%CL0G(PT®X1)=0,5330¢0.0036/23
=le0b43/(X3%X3) ¢1.0/(PI*X1)

AUNNOR= 1000 1o G POUMSCHPLX (140, CANNOR®FREGNOM Y

ADMAQNNCR®*CLIGHT/ (4 0®PI*FREQNOR®CONNUR® UNOR)

CINDE X244 Q%P I®ACH/CL IGHT

CINDE X=CONJG ICINDEX)

RE TURN

END

R e

[ 1]
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SUBROUTIME FATRIX{HAVNy THICK sCNyCSENE s HODE4CFATS
COMPLEX CNsUMAT(2,2) yCNCOS4CBETACI{¢CSINE
CI={Uabelou)

Plz3.181%927

CNCOS=LSURT{1=CSINL""*2) *CN®*FODE
CBLTA=2*FI*WAYN®THICK®CN®CSQRT LL-CSINE **2)
CHAT{1,1)=CCOS{CAETA)

CHATiL,2 CI®*CSINICBETA)}/CNCOS

CHAT(Z, CI®*"3LIN{CRIETA}*CNCOS
CHAT{C c}=CLESICUETA)

RE TUR"

ENU

SUBROUTINE PULTI{CHATL,CHAT2,CHATS)

COMPLEX CHMATI2,2) 4CHAT2(2,2)sLiHATSI2+2)
CHATS(¢1,1)=CHAT1(1,13%CMAT2C141) +CHATL(142) *CHAT2{(241}
CHAT3(142)=CrATL(L,L P CHAT2{1e2) +CIATLIL)2) "LHAT2(2,2)
CHATI(241)=CRATL(2,1 ) CHATZI1,1) ¢CHAL L{242)°CHAT2(2,41)
CHMAT3I(Z2421=CFATL(2 1 I%CHAT2{1,2) +CHATLI2,2) CHAT2(242)
RETURN

END

SUBPOUTEME NESULT(CHAToHUDE CSINI+CSINE ¢yCNIWCHE 4Ry T A
COMPLEX CHMAT{2¢2)s CRy CTy CAy CHy CNCOSLs CNCOSE
15 CSINIls CSIMEs CNILy CNE

CNCOS [=CSJRT (1~COINI*%2) SCN1 **MODE

CNCOSE=CSGRV {1~CSINE®®2) ®CNE ®*NODE
CA={CHAT(1,1)¢CHAT(142)*CNCOSE} *CNCOZT

[n MAT[241)+CHAT(242)*CNCUSE

CR={CA=CE) 7/ (CA+CB)

R=CABSICR}®®2

CT=2°CNCCSI/(CACCE)
T2CAUSICT)I®®2%REAL (CNCOSE) /REAL {ICNCOST)

Az1=R~T

RETURN

END

SUBROUTINE SKETCHINPIS,X,YeuTITLEWJIUENT)

UIHENSION X(1) 4Y(1)+JTITLELB) 4 JEDENT (D)

COHHON ZFLOTCAT/NS XL sYS YL o XLOG »YLOG,A (20500 #3020 350}
COMMON/CCFOCL/XMIN ¢ XMAX s YMIN 9 YMAK JCCXM IN, COXMAX, CCYHIN, CCYNAX
COMMON/ CCFACT/FACTUR

OLMENSION ICONT{5) IREADIO) yUXLABEL (81 4 JYLABEL(B) ¢NREADISY
FACTOK=100.0

PRINY S0y NPIS4JTITLEJIDENT

FORMAT (/774540224100

NGRF=NP1S

READ 110, IREAD

FORMAT (8R10)

PRINT 145+ 1READ

115 FORMAT (10X¢8A10)

AF C(IREADIL) +EQe 1UHNO PLOT ) GO TO 900

IF (IREADI1) <EQs 10K ) GO TG 300

IF (IREAB(1) .Eu. 10WHSANE PLOT ) G2 TO 200

IF (EREAD{1) +EQ. 10HSAME SET } 60 TO 150
REAU 110+ NREAD

PRINT 11€; NREAD

DECOOE (80,1204 NREAG(L2) ASeXLyYSeYLyXLOG,YLGG

120 FORAAT (EEL10.3)
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Reay 11lUe NREAD

PRINT 11S4 NREAD

e QUOEC3Gy 1209 NKEADL1)) CCXMIN,CCXHAX+CCYMINJCOYMAX
AMIN=XS

XMAX=XL

YMIN=YS

MAx=YL

F (ALOU «GTe ded) XMINZALOG1D (XS)

IF {XL0G oGTe 9.0) xMAX=ALOGLOUXL)

IF (YLOUL oGTe 0.0} YMIN=ALOGL01IYS)
IF (YLOL 6T Ua0J YHAXSALOGLOC(YL)
IF {IREAC{1) .EJ. L0ANEW RANGES ) GO TO 200
UECODES?7U9100y IREADL2) )

LABYORN, LTITSZoETLTCHRyIICSZ o LIDCHR TATX,WTITY

wElUX4 210N

106 FUKHMAT { Aoptiwg4Elle )

130

150
180

200

&00

10
900

REAU 110y NREAD

PRINT 115, NREAD

OELODE(BO,130,NRCADCL)} NXLoNX2.NX3,IXSZ¢IXCHRXLABX,XLABY
READ 1104 NREAD

PRINT 112, NREAD

OECUDE(BULJUINREADIL)) NYLGNY2 NYS,1YSZyIYCHR.YLABXYLABY
FORMAT {Sius2E1de3)

READ 110, NREAD

PRINF 115, NREAL

OELOUE(BO,110,NREAD(L)) JXLAEEL

READ 110, NREAD

PRINT 115, KREAD

VELUDE (80,1104 NKEAD(L)) JYLABEL

CALL LCNEXT

CALL CCGRIVIMAL4NX2yNX3oLABYCRN)NYLINY2,NY3)
CALL CCLTR{XLAUXIXLAEY 20y IXSZyJNLABEL,IXCHR)
CALL CCLTRCYLABX,YLABY4141YSZsJYLABELYIYCHR)
CALL GCLTR(TITXoTLTY40+1TITSZ4JTATLE,ITITCHR)
CALL CCLTR(ZIOXeZ2IDY+0,11DSZsJIDENT LIIOCHR)
CONTINUE

IF (IREAL{1) «EQ. LOHPLOT GRIO } 60 TO 700
CALL LIMITSURGRF,X,Y}

CALL CCPLOT{A+B,NORF 44HJIOINS O

PRINT 410+ NGRE 3 XS s XHINe XL XKHAX oYSaYRINsYL s YHAX
FUKHAT (5X,14,% POINTS PLOTTED *,8E11.3)

CONT INVE

RETURW ¢  EMD

SULROUTIME LIMITSENPTS Xs¥)

OIMENSTUN X{1),¥ (L)

COMMON /FLUTCAT/XS ) XLsYSaYL o XLOG2YLOGA(2050),8(2050)
COHMON/CCPOOL/XMING XHAX 9 YHIN s YHAX4CCXH TNy CC XHAX 9 CCYMIN9CCYMAK
420

00 200 1=1,NPTS

AX=X41)

IF (XX oL¥. xS5) GO TQ 268

IF (xx «6T. Xt} GO O 304

IF (J .GE. 2050) 69 TO 250

J=drl

AtJd=xtl)

IF (XLOG «6Te 043) A(JI=ALOGLOCALJ))

BlJr=v{I}

IF (B{J) «LT. ¥S) 3UJI=YS

IF (B{J) «GTe YL} BLJI=YL

IF (YLOG oGTe 0,00 BUSI=ALOGLOCBEIND
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200 CONTINUE
G0 To 300
258 PRINT 270, J
270 FORMAT {///7/745%4* T00 HANY POINTSs FIRST *,16,% WERE USED*,///}
300 NPTS=J
RETURN & EAO
Cevedvs 749 CARD
[
ce

®® CONTROL CAKD3S WHICH PRODUCEU PLOT IN FIGURE 1I.€

c
EMISSIVITY AS & FUNCVICK (F ANGLE FOR BARE COPPER
0 2030¢ce¢

160
1.0 E£=041437079623 0e1 E-04
0 1.0 0.0
S 5439 E+17 8.5 L¢22
NEW PLUT wNULLLS 2 40 1 &0 0.0 10.2 G0 10+ 4
led E=D41.57u79c33 t.u E=-04 1.0 1.0 1.0
1eu .70 1.0 .60
1 1 1 2 40 1.0 Gl

1 4 1 2 40 0.0 1.1
ANGLE FRUM GRAZING INCIUENCE (RADIANS)
EMISSIVITY
EMISSIVIFY AS A FUNCTIUN (F ANGLE FOR BARE COPPER
0 208U 2k

10.0

led E=D41.57u79b33 u,1 E=C4&
0 1.0 Ge2

S 5459 L#17 0.5 E¥22

SArE PLOT

EMISSIVITY AS A FUNCTIGN CF ANGLE FOR OIELECTRIC COATED COPPER
L2y de8 22

10.0

leD E=~041457079633 uvel =G4

0 1.0 CeD

5 5439 E+17 6.> Ee22

0 1.5 v.0 LbalJ5C8
SAMe PLOT

EMISSIVITY AS A FUNCTION (F ANGLE FOR DIELECTRIC COATED COPPER
1 ¢00wne

100

1aD E-041457u79633 0.1 E~04
0 1.0 0.0

5 5239 E#17 6.5 £+22

0 1.5 0.0 U.00508

SAME PLOT
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APPENDIX C

Superfluid Helium Pump

We have developed a simple pump for transporting superfluid helium
insize ¢ur crystat. It operates on the superfluid fountain effect which
is »riefly described in section E of chapter II. The pump is capable
of purping 3 liters of liquid helium per hour a height of 1 meter while
dissipating less th-a 0.1 Watts of heat in the bath.

The pump 1s very easy to construct. Figure C.1 is a scale drawing
of the davice. The lower inlet chamber is machined out of Lava StoneTH
(American Lava Company). This is a ceramic material which is porous
to the superfluid component of 1liquid helium but inmpervious to the normal
component. It is an easily machined material before being fired which
turns into a hard ceramic after firing. The heater in the chamber is
a metal film resistor used to establish the temperature gradient
required to run the pump. Glass tubing is used to convey the helium to
the desired location. The various parts are fastened together with
Miller-Stephenson 907 epoxy. The only part that requires any care is
the exit nozzle in the glass tube. Thils nozzle must offer enough gas
flow impedence that the desired temperature gradient (and thus a
corresponding gradient for the vapor pressure) can be achieved without
excessive power dissipation. We found empirically that an aperture

of =,7 mm worked well. None of the other dimensions are critical.
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Superflvid Pump

Gloss Tubing
I0mm 0.D., 6mm 1.D.

| meier //\,

—
S = P A
,\- L s
r " . | Love Stane
— “." | Chamber
Heater S 3 -
e K/,
‘. :,
’ LS 0
IR N (RN LRV N 1 9
AN DALY . ™
XBL 7510-7518

Fig. C.1. Scale drawing of superfluid helium pump.
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