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FAR INFRARED SPECTROMETRY OF THE
COSMIC BACKGROUND RADIATION

John Cromwell Mather
Inorganic Materials Research Division, Lawrence.Berkeley Laboratofy
and Department of Physics; University of California
Berkeley, California 94720
ABSTRACT o
I describe two experiments to measure the cosmié background
radiatien near 1 mm wavelength. The first was a ground-based search
for Speetral lines, made with:aFdx&—Perot interferometer and an InSb
detector. The second is a measurement of the speetfum from 3 to 18 cm—l,
made withea balloon-borne Fourier transform spectroﬁeter. It is a
polarizing Michelson interferometer, cooled in lieuid helium, and
operated Qith a germanium bolometer. I give the theery of operation,
construction details, and experimental results. The fifst experiment
was successfully completed but the second suffered equipment malfunction
on its first flight. |
I describe the theory. of Fourier transformatio#s and give a new
unde;standingfof convolutional phase correction cbﬁputations.
I discuss far infrared bolometer ualibratioﬁ procedures, and
tabulate test results on nihe detectors. I describe methods of improving

boiometer sensitivity with immersion optics and with conductive film

blackening.
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I. iNTRODUCTION

The Cosmic Background Radiation is one of.the few'clues we have
towards.understanding the early uni&erse. This is eléctromagnetic
radiation with a spectrum characteristic of a 2.7K black body, coming
to the earth from all directions. No clear deviatién from this spectrum
or from perfect isotropy has yet been proven, deépite many searches
and some éuggestive results. In thié ﬁhesis, I describe t&o experiments
undertaken to.measure the background radiation iﬁ fhe submilliﬁefer
 region, 6ne made from the ground and one from a baliooﬁ. The fo?mer
was a séarch for spectral features in the backgrouﬁd; ﬁade from a
"mountain top‘wi;h a Fabry-Perot interferometer..”If was suééessfﬁlly
completéd and gave a null result, showing no feafﬁfeé not éxpiained'by
‘atmospheric emissionsVGMather; Werner, and Richafds, 1971). The second
experiment is still an ongoing project; a balloop—ﬁg;ne measuremént
of the entire spectrum of the background over the'range‘from 3 to 18 cm—l.
The project was initiated by ﬁr. Paul L. Richards in 1971. David P. Woody
and I joined the project later that year and builf an apparatus wﬁich
" we flew on ifs first flight on October 26, 1973.}'The develoﬁﬁent of
this apparatus ié discussed in this thesis, along with prelimina;y
results from the ﬁnsuccessful first flight. The appéfatus is being
readied for a second flight’by David Woody. The thesis also describes

developments in detectors, detector calibration methods, and investigations

in Fourier transform computation.
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A. Theory of the Background Radiation

1. Big-Bang Theory

The Cosmic Background Radiation was predicted on very general
. grounds by Gamow (1948) from the Big Bang Theory of the universe. This
theory is discussed at leﬁgth in several introductory cosmology texts,
inasmuch as it is now the only widely held theory. The books by
Peebles (1971) and Sciama (1971) are physiéélly ériented introductions,
while the book by Misner, Thorne, and Wheeler (1973) is a monumental
effort to clarify the mathematics of graviaatioﬂ'for modern students;
According to this theory, the universe was once in a very hot, dense,
and ﬁomogeneous state, and it has been expanding and cooling ever since.
The Qriginal deﬁse state may have had a temperature'of lOlzK, which is
hot enough that particles such as muons, pions, pasitrons, and
neutrinos were present in great numbers. As expanéidn proceeded, these
unstable particles decayed and some helium nuclei formed from protons
and neutrons;v At such a temperature, the energy density of electro-
magnetic radiation was much greater than that of mattér. When the
expansgion reaéhed a point where the temperature was,ébout 3000K, the
matter and radiation had about the same energy densi;y. At about the
same time, by coincidence, the temperature became low enough that the
radiation céuld not keep the matter ionized. InvthéAsimplest theory,
it then abruptly formed neutral atoms and the univerSe became transparent
for thermal electromagnetic radiation. Before that time, the universe
was opaque due to Thomson scattering by free electrons, éo that a |
photon was scattered on a time scale short compared with the age of

the universe. Neutral atoms, being uncharged on‘the whole, can only



interact»with photons at certainrresonant frequencies, of photons
energetic enough to lonize them. |

The eiectromagnetic radiation which existed theﬁ has Been preserved
almost unchanged. All the photons present then are still present, but
their enefgies have been reduced by the general éxﬁansion of the

universe. At present, we observe a spectrum characteristic of a

black body of only 3K instead of 3000K. All photons have their frequencies

reduced byhthe same factor, so the black'hxbbnéfure Qf the specfrum is
preéerved; |

To‘the extent to yhich this radiation is black body and isotropic,
it is completely nonspecific as to the mechanism which producedvit.
Nevertheless, its very existence seems to rule out the Steady State
theo%y of the universe, which has no obvious and.nétural'mechanism for
producing the background radiation. No other simpie mechanism has yvet
been proposed which seens to explain the observed spectrum and iéotropy
except on an ad hoc basis.

The logical next step for observers is to refine the obéervations
so that deviations from the ideal spectrum appear;>§£ to.show that the
spectfum ié very precisely black body. When deviati6§é appear, they
will be .clues to the detailed processes which oééurtéd in the eafly
universe. | |

2. Primeval Perturbations

Many proposa1s have been made for procésses which would distort
the spectrum or produce anisotropy in the background radiation. Most
would produce small variations and cannot easily be ruled out by

present -day observations. By the same token, they[cénnot produce large

s
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fluxes in narrow bandwidths. At one time, as wiil”be described later,
direct measurementé from rockets and balloons seemed to require vast
fluxes of submillimeter radiation. Several thebrefical attempts were
made to understand the measurements (Setti and Wélfjer, 1970; Caroff and
Petrosiaﬁ, 1971; and Harrison and Kapitzky, 1972).' 
One especially interesting idea céncerns pértgrbation of the

primeval fireball itself, away from perfect homogeneity and isotropy.

It has been proposed, for instance, that there wefé many Little Bangs
insteady’of.bne Big Bang, and that these occurred at different times
and different places. As a variation on this ideé;uit is suggested
that thé ﬁniverse contains or contained maéter and antimatter in equal
amounts, which have for some reason fractionated. .More ordinary
turbulence migh; have existed as well.

| Peeblés discusses the quéstion of turbulence oh‘p. 222 of his book.
The analysis of galaxy formation is exeeptionallyﬁdifficult, and there
‘is no consensus on whether galaxies could form from a homogeneous medium
without prg-existing turbulent eddies. Peebles é?gﬁés that turbulence
is plaﬁsible and éould lead to formation of gala#iééjwith the presently
observed.maéses. According to his calculations, tufbulence could keep
matter ionized long after radiation was insufficient to do so. Until
the radiation temperature falls to 600K, Compton.ééatfering produces |

a drag force on moving ionized matter which amouﬁts.to_é viscosity,

and which, therefore, greatly infiuences galaxy qumation. The release
of turbulénf'energy would be expected to perturb fhé radiation spectrum
away f:om a pure blackbody, even though there could be enough electrons

to maintain the isotropy of the radiation.

i
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3. Later Perturbations

Several other mechanisms proposed occur at later times. As

galaxies‘themselves form, gravitational energy is released into'.optical

‘radiation, and some may‘be emitted at appropriate frequencies to-

perturb the béckground radiation fielﬂ. Or, as Harrison and Kapitzky
show, same of the original radiation could be simply trapped in

protogalaxies and not released until later. Thefé might also be a

burst of star formation, with rapid nuclear burning and great release

of energy._ Or gqguasars might have formed in great-humbers, releaéing
huge amounts of radiaﬁion in the infrared and far.infrared. Some of
these objécts might have been very duSty and this dust might have
helped to make the radiation isotropic. |

4. "Recent Perturbations

Ideas chcerning recent major perturbations‘of the background radiationv
are less tehable. The obser;ed isofropy of the background radiafion
'rulés‘out_presently visible‘bbjects as sources 6f any major pérgufbation.
Our own galaxy emits copiously at wavelengths longef’than 50 cﬁ by the
synchrotron emission process, but this radiation ié distinctly non-
isotfopic. At shorter wavelengths, our galaxy cbﬁlé'produce thefﬁal
emissions from dust pérticlés, but the.dust would ﬁéVe-fo have special
pfoperties tobbe invisible at other wavelengths. 'If dust wére iﬂ the
form of long needles or flat plates, or if impufity-atoms in dieiéctric
partiéies had appropriate resonances, then dﬁét might emit iﬁ the
millimeter.région withdut absorbing strongly in ﬁhé fisiblé.} This

question 1s explored by Caroff, et al. (1972).



Certain atomic and ionic species are also expected to radiate in
the submillimeter region: Some ate expected to be nidespread and to
emit large amounts of power. Ionized hydrogen (Hii);clouds cool rapidly
by their own emissions to about 10,000K, but at_iowet temperatures
cooling is dominated by impurity atoms. This qnestion is reviewed by
Dalgarne and‘McCray (1972). The lowest frequency transitions are
hyperfine transitions of CI at 610 and 369 microns;.CIIrat 156, and
NII'at 204 microns. Higher frequency lines wouid.be important if the
sources were far away and doppler-snifted. |

B. Observations

The observational situation has been summariied by several authors,
including Ipavich and Lenchek (1970), Peebles (1971), Chapter V, and
Thaddeus (1972). These are two classes of observstibns, direct and
indirect. Direct observations are made with micronave radiometers,
broad-band detectors, and spectrometérs, operatingeon the ground, in
‘aitplanes, suspended from balloons, or carried in tockets or in the
futufe‘in satellites. Indirect obsernations are made of interstellar
thermometers, which to date include molecules in_eqnilibrium with the
radiation field at some frequency, and free cosmic ray electrons. The
molecules have yielded a'precise measurement at 2.64 mm and upper bounds
at severai shorter wavelengths. Cosmic ray electrons interact with. the
background radiation to produce X and gamma radiation. We have estimates
of the intensities of both the electrons and the.high energy photons,
so we can deduce upper limits to the flux of backgtound radiation photons.

These constraints are discussed by R. Cowsik (1972).



"1. Long Wavelength Direct Observations

Di;ect pbservations of the background radiation we¥e first made
by Penzias ;nd Wilson (1965) at a wavelength of 7;35 cm. Wha£ they
saw was an exceés noise contribution in their low-hoise antenna, built
for Telstar communications and for studying galactic synchrotron emission.
This excess noise was immediately interpreted éé the cosﬁic 5aékground
radiétion predicted by Gamow, by the team of Dicke;‘feebles, Roll,
and Wilkiﬁson (1965). Roll and Wilkinson ﬁere at thét time constructing
an éppéfatus to search for it. | - |

Mahy further measﬁrements have been made in fhe eight years since

the discovery. The observations are statistically analyzed by Peebles

‘ (1972). His result is that the spectrum from 21.2.cm to 8.2 mm is a

black body spectrum, with a tempéréture of 2.69K. jEvén overvthis iimited
range, the spectrum deviates by 2.7.standard deviaﬁibns from a straight
RayleighFJeéns v2 power law, but is consistent with a black Boéyspectrum.
Ground—based observations havé also been.made at 3.3 mm. Thesé results
agree with the 2;69k black bbdy and deviate by-eighf‘standard.deviations
from the R#yleigh—Jeans law.

The baékground has also been carefully analyéed-for isotropy. No
evidence for anistropy of the fadiationvfiéld haé been proven, élthough
Conklin (1969) andiHenry (1971) have measﬁred a éméll effect that may
be explained by the motion of the earth relétive to the center of mass
of the local supercluster of galaxies. This Effeét amounts t§ about

one paft in a thousand.



2. Short Wavelength Indirett Measurements

The first observation to be mmde after the initial discovery of
the radiation was indirect. In fact the data necessary had been observed
two decades previously. It was qgickly understood>that_the optical
observations of interstellar cyanogen (CN) could bg understood in terms
of the background radiation. These observations Qere high-resolution
spectra of several stars which are situated behind dust and gaé ciouds.
The excitation temperature of CN was calculated.by'MéKellar (1941) to
be about 2.3K, from the ratio of populations of the ground staté and
the first rotational excited state. This tempezature'is, within
observational precision, equal to the temperature méasured by Penzias and
Wilson. 1Calculations showed that it should be éimply the radiation
brightness temperature at 2.64 mm wavelength, sincé all other excitation
processes.are negligible. This idea is supported by the fact that the
same temperature is observed for all clouds of Cﬁ}’ fhese transitions
have been observed by several groups in 3ucceeding’years. Thaddeus (1972)
has reviewed the data then existing, with the resultgthat the radiation
brightness temperature at 2.64 mm is 2.78i0;10K. .The best data have
been obtaine& by signal averaging techniques with high resolution
Coudeé spectrograms of & Ophiuchi made on the.120 in; telescope (Thaddeus,
1972). They have been further refined by even higher resolution spectra
obtained with a Fabry-Perot interferometer (Hegyi;vaaub, and Carleton,
1972). and by estimates of corrections for electron collisional excitation
(Thaddeus, 1972).

Thaddeus points out that the Fabry-Perot instrgment of Hegyi, et al.

should be able to detect the weaker transition R(Z)GQf CN, which will



constitute a measurement of the microwave background at 1.32 mm. At
.present we have only upper limits derived from the non-observation
with less sensitive devices.

It is'ﬁossible to look at interstellaf CN witﬁ_a radio telescope
as well, If the CN is in equilibrium with the radi#tion field at 2.64 mm,
then it will be invisible at that frequency, even in directions in
which it is abundant as evidenced by optical observafions. Penéias,
Jefferts,.and Wilson (1972) have searched for fhis emiésioﬂ and found
none, estéblishing that CN 1is a good interstélléf;thermométer.

Another interstellar molecule is H CO, formaldehyde. The grourd

2
rotational étate of this molecule is a doublet,vseparated by a 6 cm
transition which has been widely observed in mol;cular clouds. 1In
‘most clouds not' lying in front of hot bodies, the transitioﬁ is
observed in absorption against the cosmic background radiation. The
molecule is being refrigerated by some mechanisﬁ.“lBoth collisional

.and radiative pumping schemes have been proposed,.'If the brightnéss
temperature_bf the background radiation has even'éiight irregulérities,
of the order of 0.2K, near 2 mm wavelength;vthen méjor effects should
be seen in the 6 cm transition of formaldehyde.  Such a small
perturbation will be difficult to detect directly}i

It is furthermore possible to ﬁeasure transitions at 2 cm wavelength
within the fifst rotational excited state of forméidéﬁydé, separated
by the 2 mm transitions from the ground level. Obéefvations'at;Z ém

by Evans, Cheung, and Sloanaker (1970) on the cloud WSl imply that at

2 mm the background temperature is between 2 and 5K.
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Finally, there are other molecular species:oosérved optically which
are thermometers at other wavelengths. The interstsllar speciss CN,
CH and CH+ hava been observed in optical transitioms from the grouhd
state, but no tramsitions from higher rotationalvlevels have been seen.
The nonobservation of these transitions sets limits on the brightness

temperatures at the wavelengths of 1,32, 0.559,-and,0.359 mm, respectively,

which are 3.38, 5.23, and 7.35K (Thaddeus, 1972).

3. Short Wavelength Direct Observations

Direct observations at short wavelengths; lsss than 3 mm, have been
very difficult. The'shortest wavelength at which ground-based
measurements of the brightness temperature have been made is 3.3 mm,
and evenkthen the correction for atmospheric emission was an order of
magnitude‘larger than the signal. Nevertheless, theispectrum at short
wavelengths ﬁas the greatest theoretical interest; since.it is there
'that deviationsvfrom a black body curve should be most pronounced. The
previously suggested perturbations of the spectrum almost all involve
emission of radiation from hot-bodies at times after the condensation
of the primeval plasma into neutral gas. At longnwavelengths where the
Rayleigh~Jeans limit applies, all gray or black.bodies have the same

frequency dependence. Only at short wavelengths can they be distinguished.

a. Early Rocket and Balloon Results. It was a very important

 result when the first direct measurements of the short-wavelength

spectrum from 1.3 to 0.4 mm (7.7 to 24 cm-l) showed a-flux of
2.5%10° W/cm sr, which is 40 times larger than expected from a
2.8K black body. This result was obtained in 1968 by Shivanandan,

Houck and Harwit, of the Naval Research LaboratoryAand Cornell University,
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using an indium antimonide detector in a liquidfhéliUm cooled,
rocket—borne teleécope. - These authors could find ﬁé:explanétion
for the large flux in terms of local causes;

" If this large flux were spread out unifofmly oVér thé frequency
band covered by the rocket, then the brightness would be much larger
than the limit set by the interstellar molecule ¢H at 0.56 mm. If
these resﬁlts were both correc&, then the excess fluﬁ would have to be
concentrated in a narrow frequency band, avoiding ﬁhe CH transition.

Moreover, if the measured flux actually eiisted, it would be the
‘major form-of radiant energy in the universe, héving an energy_dénsity
‘of 6.6 eV/cﬁB. 'For comparison, we would get only 4.5 eV/cm3 of energy
- 1f we cohverted all the hydrogen now existing into ﬁelium; Thig
figure is based on a mass density of 1.9><1030 g/cﬁ3, 60thydrogen. This is
 1/10 of thé mass density required to close (gravitétionally 5ind) the
universe; with an assumed Hubble expansion constanf pf‘100 km/seé/Mpc.
We would hé&e to conclude that the major functioﬁ of the univérse is to
produce submillimete: radiation. Theoretical atfempts to expléin this
radiation héve thus met with severe difficulties. ¢ardff'an& ?etrosian _
(1971) have considered extragalactic sources, and.Wagoner (1969) has
considered galactic sources. Local galactic soufcég are ruled out by
the observed isotropy of the excess radiation, exéept for very special
cases. | |

The existence of this large flux of radiation was not immediately
plausibie. However, the importance of suéh a discovefy would bevgreat,
if it were true. The Cornell telescppe was floﬁn'égain with various

changes to investigate possible errors (Houck and-Hérwit, 1969;
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Pipher et al., 1971)., 1In 1971 the apparent éxcésg flux had been
reduced to half the previous value, but was stiiijégove the liﬁit set by
interstellar‘CH. |
Balloon-borne observations were initiated byiMuehlner and Weiss (1970)

of MIT. Their first observations supported the ;qéket results of large

. excess flﬁkeé. They used a series of low-pass filters cutting off at
10, 12 and 20 cm-l. The excess flux appeared to be localized between
10 and 12 cm L. |

b.  Ground Based Searches for Lines. The possibility that there

might be a iine emission spectrum superéosed on thé'2.7K»black body

curve stimulated several searches with ground-baséd-spectrometers, and
later with aircraft~borne devices. Beery et a1.1(1971) used a large
telescope.on Mauna Kea with a standard Block Engiﬁeering Fourier transform
spectromgter, and a Hea—cooled germanium bolometér as detector. They
observed the';ransmission of the atmosphere using_tﬁé sun as a source

at several zenith angles, and_théy also obsérved.ﬁhe emission of the

sky alone{ ' Their results showed a spectral line at 11.7-cm_1 of sufficient
magnitude fo account for. the roqket and balloon observations, providing

it originéted at an altitude of 40 km or more.

The second ground-based search for lines was ﬁade by John C. Mather,
Michael W. Werner, and Paul L. Richards of the Uniyersity of California,
Berkeley, and the Lawrence Berkeley Laboratory. -fhis search is described °
in detail in Chapter II of this thesis. We used é.Fébry—Perot inter-
ferometér‘with'an InSb detector, and observed from Barcroft Station on
White Mountain, CA (12,500 ft). Our search covered the range from 6

to 14 cm-l. We saw no evidence of any spectral feature that was not

!
)
!
!
i
{
i
i
i
j
i
|
|
|
;
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expecte&‘from atmospheric water or oxygen. We céﬁcluded'that“the large
excess flux feported by Pipher et al. (1971) couid_n6t~be-concentrated
in a single.narrow line in the 10-12 cm-'l region,és suggested by them.
However,>tﬁe large flux could still exist if itiwefe in a line wider

than O.I»-c:m'_l

, 1f it were hidden by an atmospheric line, or if it were
. carried by a series of smaller narrow lines. ”

Subsequent observations by other groups ha?e confirmed an extended
our results. Aifcraft flights reported by Nolt; et al. (1972), and by
Beckman,vet al. (1972) carried Michelson interferometers as spectrometers.
Both saw atmospheric features and nothing else. The later were able to
see emission features from ozone and nitric acid as well as from water

and oxygen.

c. Recent Rocketvand Balloon Observations. Rocket and balloon

obiservations have been continued since 1971. The.first rocket-borne
.experiment to find agreement with the 2.7K Elackfbody curve was that of
Blair, et al. (1971) of Los Alamos Scientific Lébbrétory. Their bandwidth
was from 6 to 0.8 mm. They obtained an equivalént B1ack.body temperaturé ,
of 3.1 C+b.5, -2.0)K, so that their net signal—té#ndise ratio was about
2. The saﬁe group flew another rocket with three'detectors and filters
in 1972 (K. D. Williamson, et al., 1973). Their three wavelength bands
were 6-0.8 mm, 6~0.6 mm and 6~0.3 mm. In each band they achieved a
signal—to-nqise ratio of about 1 and found no disaéréemenf with a
2.7K black body. |

Muehlner and Weiss continued to fly their bailbon-borne apparatus
with mddifications and improvements. In their latest paper (April, 1973)

they report results for the frequency ranges 1—1;,5'cm_1, 1-13.5 cm-l,



and 1—18.5:¢m—1. Their results are consistent with a 2.7K black body,

but their signal-to-~uncertainty ratios in these bandwidths are respectively

2, 1 and <1. This uncertainty arises not directly from detector noise,

but indirectly through the atmospheric corrections which must be made.

They had two narrow-band filters tuned to the emiésions of water and ozone,

and they performed zenith-angle scéns, but theif cdfrections are still
very indetgrminate.. In the highest f;equency ban&,“the atmosphere emits
more than three times as much as the signal to be ﬁéésured.

The Cérnell;NRL group have coﬁtinued to impréve their instrument
as well. Houck et al. (1973) report that they no longer observe high
vsignal lévels, and their results are consistentIWith a 2.7K black body
over the wavelength range from 1.3 to 0.4 mm. Their net signal-to-noise
ratio is also about 1.

The next step in balloon—borne'observations.iévsoon'to be carried
- out. Chapter III of this theéis describes the dééign, construction,
testing and flight of a liquid-helium cooled spectfometer for absolute
flux measurements between 2 and 40 cm?l. On its fi;sf flight it did
not produce épectra due to a malfunction of ‘a motori :We intend to make
a new atfempt in the coming year. The spectrome;ef system was initiated
by Dr. Paul L. Richards, and John Mather and David Woody completed it
and flew if;

Two British groups are also planning spectro@éter experiments with
ballons, and a French group at Meudon Observatory is preparing a broad-

band radiometer for a balloon flight (Grenier, et al., 1973).

-t
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C. Orggnization'of the Thesis

This thesis contains descriptions of two:e#périments concerning
tﬁe Cosmic‘Background Radiation. Chapter II concerns a grouﬁd—based
search fof emission 1ines,_while Chapter III de#c?ibes.aﬁ instrument
built to measure the entire spectrum from a ballééﬁf Chapter IV gives

- the mathematics used for Fourier transformation'qf interferograms made

with a Fourier spectrometer, ana.results of my compﬁtatiénal investigations
of phase_cpfrection. Chapter V discusses detec;dfs-We use and methods I
dévéloped for calibrating them.

Most of the research effort was spent on ingtrﬁmént dééién-éﬁd
detector aeVelopment. The information presentedvhéfé is, theréfore,
organizeﬂfaccording to the major problems being sleéd, rather fﬁéﬁ by

" experimental technique, | | B

To assist the reader who 1s interested in techniqués>ratﬁéf than the
actual iﬁstrdments, I gave here the locations of fhé diséussions'of the

most important techniques.

The most important subjects diédusSed are éfecfromefer dégign and
0peratioh: The Fabry-Perot interferometer is discﬁséed Ehebretiéally
in Sections II-B-1 and II-B-2 and the cdnstructioﬁrand operafioﬁ'of our
submillimeter interferometer is described in~Sections II-B-3 and II-B-4.

The Fourier transform spectrometér is a much»ﬁdre efficfent instrument.
In our balloon-borne radiométer, we use a Poiariziﬁg.Michelsdn Iﬁéér—
ferometer, It is described in Section III—B—l—b,-aﬁd‘its ofefation is
discusséd in Section III-C. Data analysis is discuésed iﬁ Sectidn I1I-C-3,
where I introduce my least-squares fitting procedure. This procesé’is |

<

used rather than Fourier transformation because wé Are studying an
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H
unresolveable series of atmospheric emission lines. These lines arise
from only a few molecules, and therefore a least squares fit requires
only a few parameters.

Fourier ;ransforms themselves are the subject of Chapter IV,

Phase corrections are important to us, so I made an ‘investigation of

the computations associated with them. A noise analysis is also present.

Detectors are of such major importance that they are described
in three locations. Chapter V describes the methods of calibrating

detectors and summarizes the results for nine detectors in various

~configurations. The detector used with the Fabry-Perot interferometer

S

is described in Section II-B-8, and that used for the balloon-borne
instrumenf is discussed in Section III-B-1-c. Iﬁﬁefsioh optics is
discussed in all three locations, as an aid to imprOVing the senéitivity
of detectors. |

Another subject discussed several times is #ﬁevéffect of light
pipes and cénical light condensers. Pipes are diééuééed in Sections
I1II-D-7, V-A-2 and V-A-3. Cones are used in botﬁ'spectrometers and
with both détectors., The image ball constructioﬁ for a cone is given
in Section ;I—B—7, where I show that the construption has a simple
interpretation in terms of the kinematical invariaﬁts. Cones are used
with all our detectors, as they are the simplest syéfems which can
efficiently illuminate a plané detector surface frém-all directions

equally. Finally, we are using a conical antenna for the balloon-borne

' . spectrometer. It is described in Section III-B-l-a, and its geometric

and wave-optics properties are discussed in Section III-D. Both its

emission and its diffraction are calculated.

-
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II. GROUND BASED OBSERVATIONS WITH A
FABRY-PEROT INTERFEROMETER

A. The Problem
Aé.noted in the Introduction, in 1971 there ﬁas relatively‘strong
experimentél evidence for the presence of extraterréétrial line
emission in the 10-12 cm_1 frequency band. The éppéfent flux was
Fo = 1.3x10f9 W/cm2 sr, as reported by Pipher, et al. (1971), Muehlner

and Weiss (1970), and by Beery, et al. (1971). Pipher had a broadband

. detector in a rocket, Muehlner and Weiss had a series of ‘low-pass

filterstith an InSb detector in a balloon-borne radiometer; and Beery
had a Michelson interferometer as a Fourier spect?bmeter with a large
telescope on Mauna Kea. |

‘We, therefore, set out to do a ground—based,séarch for narrow lines.

Even though the atmosphere has several strong absorption lines:due to .

. water andvokygen, there are windows in the 6—14 Cm-l'Band. 'Thesé windows

permit searches for narrow lines with high resolution spectrometers.

. With our spectrometer we easily achieved a resolution of 1%. High

altitudes are still necessary to cut the amount of’Water vapor in the
line of sight down to 1 ppt mm.

Because the excess flux‘F0 could not be understood theoretically,

it seemed that it might be an experimental artefact. We: therefore

attempted tb»make our experiment as distinct as poSsible‘from’that of
Beery, et al. We chose a Fabry—Perot interferOmetér instead of the much
more efficient fouriér spectrometers available. -We'frequently calibrated
the instrument with a liquid nitrogen blackbody.' We.used'signél averaging
techniques with rapid scans of the spectrum to miﬂimize the effeét of

atmospheric fluctuations.
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B. Experimental Design

vOur observatiops were carried out with a high throughput rapid
scan Fabry-Perot spectrometer, shown schematicalini; Fig. 1. Radiation
from a 6° field of view on the sky was focused by é teflon lens and
chopped at 550 Hz against an ambient temperature'bl;ck body. The
reflector at the fronﬁ of the instrument could be rotated around the
optic axis to permit spectré to be taken at anynzénifh'angle. It could
also be.poiﬁted down into a liquid nitrogen cooléd Bi§ck body which served
as a calibration source and establisﬁed a temperafufé‘séale for our
spectra.' A 3m lbng section of 7.5 cm diameter pdlished brass pipe
- transmitted the chopped beam to the interior of azlaboratory building
where the spectrometer (discussed below) wés located. The detector
vas a 1iquid hgliﬁm cooled InSb electronic bolométef;,fed by a germanium
cone (Vyétaﬁkin'et al., 1970), A cooled transfotﬁetgmatched_the detector
to a nooﬁ'teﬁperature FET préamp.- Following amplifié;tion and ﬁhase
sensitive detection the s?gnaleas fed to a signéivaveragingvsyétem
which accumulated several houré of data by superpriqg successive
spectral'sééhs. |

The spectrometer consisted of low and high fineéée 3 in; diameter

Fabry-Perot etalons (FPl and FPZ) in a series, with FP, operated in

2

first order to act as an order sorter for FP The reflectors in FP

1.
were 125 line per inch nickel mesh, giving a finesse N = 8 at 1 mm;

2

in FPl, they were 300 1lpi mesh having N =~ 70 (Ulrich, Renk and Genzel,

19635. Radiation with v = 15 cm"1 was rejected by a capacitative grid
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low pass filter (Ulrich, 1967). In the 10-14 cm—¥ region, we operated
up to the third order of FP1 and attained nesolu;ibn =0.05 cm—1 at
10 cm-l. Wé also carried ouﬁ some observations af‘V‘> 10 cm_l; Here
the sighal was so small thét it was necessary to work in the first

order of FP_, or FP1 alone, adding a polyethylene grating scatter filter

2
to reject high orders. One of the reflectors of FP1 was mounted on
a microscope stage, which was driven by a stepping motor to scan the
spectrum by va;ying the reflector spacing. When.FPé was used simultanebusly,
its spacing was varied in sﬁch a way that the tw& etalons alwvays
transmitted the same frequency.although they wefe set for different
orders. The r#te of scan was 0.1 cm-llsec and individual sweeps were
accumulatéd for several hours with the signal avetéging system. This
rapid scanning greatly reduced the influence of slow fluctuétions of
" the atmospheric water vapor emiésion on the uveragé& spectra. The
noise temperature of our entire system was ~20°K pk-pk for.l sec of
integration and 0.1 c:m-1 bandwidth.

In order to be above much of the atmosphericvwater vapor, we
carried ouf our observations at the University of'California's Barcroft
Laboratory at an altitude of 12,500 ft on White Moﬁhﬁain in Eastern
Cﬁlifornia between April 27, 1971 and May 3, 1971. ﬁuring the obserQing .
period, the atmospheric water vapor content was Betveen 0.5 and 2

precipitable mm so that windows with greater than 50% transparency were

available at frequencies up to 14 cm_1 (Nolt et al., 1971).
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1. Theory of Fabry-Perot Interferometers

My primary reference for submillimeter Fabf&;Pérot Interferometers
(FP1's) is the paper by Ulrich, Renk and Genzelﬁ(i§63).. I will summarize
here the basic formulas relevant to our instrumeﬁt;'

The Aify formula for the power fransmissivity_f(V) of a FPI with
two identiéal*plane para}lel reflectors and a.norﬁally incident'plane

wave of spatial frequency V is

. 2/ S\l
T = (1 E R) 1+ ———éB;—E-sinz §/2y -, )
1 -R) )
where
§=4mTavd - 2(9 - M) , W
1/2 i¢ . ' .
and where R™""e” " is the amplitude reflection coefficient of a-single

reflector, T is its power transmissivity, A is its:pqwer.absorptivity,_
and n is the refractive index of fhe medium betwéeﬁ:them, having
thickness d;

At frequencies Vq where § = 2Tq, q = 1, 2,-3,;; ;_. the FPI
has maxima in transmission To = Tz/(l - R)Z. For-gpod plates this number
_can be near unity.

The resolving power Q is defined with AV, the(FWHM (full width at

half maximum power points) of a given transmission{maximum in order q:

- Q yq/Av . | o (3)

The finesse F is the resolving powef in first order:
U ~ _TR
1-R 1-R
2/R

(4),

2 arc sin

For high resolution we need 1 - R much less than?lf‘ ¥
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In our case good mirrors were made from metal screens. Woven screens

of round wites are available up to 120 lines/cm.._Eér finer screens
electrofofméd nickel meshes from Buckbee—Mears,.Iﬁc;, work well. These
are perforated sheets with square holés. |
The proper electromagnetic theory of thesé meshes isvdifficult.

The results are given by Ulrich, Renk and Généei (1§63). The properties
seem well explained for A > g (where g is the gtid'ébacing) byvan
approxiﬁatién with superposed "one dimensional gfi&é;" A "one dimensional
grid" is éh‘array of wires~like an ordinary difffacfion grating or a snow
fence, while a "two dimensionalygrid" is a screen with wires running in
two perpendicular directions. Fér light polarize&~with its electric
field paraiiél to the wires of a 1-d grid, thevgfid is a conductor
and hence a reflector, and only a small amount leaks through. For light
polarized'wiﬁh its electric field perpendicular to the wirgs, the grid
has no conductivity averaged over a wavelength, and has little effect
on the radiéﬁion. Hence, for a wave polarized parallel to a set of
wires, there is little perturbation introduced if;a éecond_set of wireé
perpendicular to the first isvadded. L

‘Symmetry aéruments are sufficient to show that at normal incidence,
the properties of a square mesh reflector are indépéhdent of polarization.
Only two perpendicular polarization states are needed to specify the

state of an incident ane, and the mesh treats both the same.

.
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2. Proﬁgtties of 1-d Grids

.A»pne dimensional grid in free space méy be-repfesented by an
equiva}ent circuit of a transmission line shuntea,byva lumped impedance.
For poiérization parallel tohthe wires andvfof loﬁ}ffequency, the shunt
impedance is small and inductive. For polarizatioﬁs perpendicular to
the wires, the impedance 1is large and capacitive;:'A’form of Babinet's
principlé connects these two cases. MSller.andeothschild (1971) give
.multielement equivalent circuits that work over BfQéder frequency
ranges.

In therlimi; v << g-l with transmission lin¢ impedance Z the
shunt impedance is on, with Xo = Zowg , Where w ié-a‘constant depending

only on the cross section of the wires. For a << g the formulas are:

for circular wires of radius a | -,w_ In(g/2ma) -,

and : | | _i' (5)

[}

for flat wires of width 2a " w.=.1ln sin(g/Ta) ..

H]
" Then the phase of reflection is

¢ = T - arctan (2X0/Zo) =T - wgV o, (6)

and the transmissivity and reflectivity are

2.2

T=1-R= Sin2¢ > tah2¢ = 4w2g Ve, “ €))

For our'purposes the absorption which arises from finite conductivity
is negligible. An approximate formula is

A = (2gR/u) - (cV/0)

where u' is the circumference of the wires, ¢ 1s the velocity of light,

‘and O is the conductivity of the metal.
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3
¥

Putting these formulas together gives for the.fransmission of a

FPI in ?acuuh
’ 1 2 ‘ -1
T=(1+——— sin”(2TV(d + wg/T)) €))
4 4 4 7). s
bu'g 'V o
which gives finesse

F = /(g™ . o (10)

Calculating the resolutions at FWHM in first order gives

i - 4W2g2/ﬂl. ’ ’:‘II' . an
A(Az)'= 8w2g2/ﬂ, independent of A ,l;' ' (12)
o L
Av = 4,w2g2\’3/TT - ] | ,: , : (13)

The fact that A(Kz) is a constant was used in daté énalysis to simplify
the compufation of simulated spectra. -

It is important also to see that the effect of the phase shift
on reflection is merely that the waves appear to pghetrate a distance
x = wg/2m past the reflector, and that this quantity is.independent
of wavelength. :

In the case of high finesse, it is a very gdod.approximation to resolve
the Airy‘formula into a sum of Lorentzian line profiles.

If the plates are not flat or parallel, it is as though we have
several FPI's side by side. To avoid serious pertufbgtion of the
transmission curve, it is necessary that the flatnéss be better than A/F.

If the FPI is not illuminated at normal incidencé, the lowest
order effect is that d is replaced in the Airy formuia by d cosd, where

0 is the angle of incidence of the ray, measured from the normal. This

g
|
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sets a resolution limit of Qmax = 21/Q, where Q is the solid angle of
the incident cone of light. This formula followé"simply from the

formula for.the differential of solid angle in sphgrical geometry:

dQ = 27 sinb dO = 27d (cosf) . : C : (14)

If the plates of the FPI afé not identical, the result is that
the efficiency is reduced. According to my derivations, the change
to the Airy formula is simply that R and T are replaced by the geometric

_ s
means of the values for the two plates.

3. Construction and Opefation of the Fabry—Perot’?létes

We conétructedvthree_sets of Fabry-Perot plgfés; All were made of
Buckbee;Mears nickel mesh, glued to aluminum ringéfgithﬁépoxf_and then
stretchédxover specially flattened holdgr rings._‘The hdiders were
made of stress-relieved aiuminum, and their shapes are indicated in
Fig. 2.‘ The clear apertures were 7.5 cm.

One:fixed—tuned reference etalon was made withiSOO 1pi (=200/cm)
mesh. Both meshes were mounted on a single suppbrt ring, separated
by a spacer; The spacef was a ring made from brass_éhim stock about
0.05 cm thick by photoetching techniques, to avoid léaving'burrs on
the edges. .The spacer showed a.tendency to be cquéd but‘thiégc6;la
be overcome by stretching the mesh»tightly over it.;tThe Sﬁim éﬁock

appeared to be very constant in thickness. Our major evidence for

" this is the finesse of the FPI as measured by a laboratory Michelson

interferometer and by the lower resolution FP set described below.’
It was necessary to prevent dust particles from lodging under the

spacer ring.
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The second set of plates was the measuring_étglbn. One plate
was fixe& to the bed of a large (about 10%15 cm)"ﬁiéfoscope stage
(Nikon)'having motions in two directions. The ofhér.plate was attached
to fhe grooved top plate.. A large_Starrétt micréméﬁér'with a dial
readable to.one miéron drove the stage. ~.

The orientation of the mesh flate relative tﬁtits holder was
determined by three 1/4-80 écréws. One bore on ;fﬁbié ih the pléte,
ahothér bn'a slot, and the third on a flat, givinéﬁa kinematié design.
Two sprinés held the plate against the screws. Tﬁis érienting system
was a weak.part of the design. It did not stay in aiignmen# for more
Ehan a few ﬁours at a time. Perhaps the sérings were not‘strong'

. enough, dr the screws were loose in their holes; VIhé alighment‘
 >6céasiona1l§,shifted b;Lmore than a milliradian."This was deteétable
by a loss of resolution in the spectra,'or by fre&ﬁeﬁt éhécks with a
helium-neqn_iasef, as described.léter. o

An iﬁproved design would probably usevtrue micfometer scréﬁs for
the adjuétments, or even differential screws. Keéﬁing track of the
settings would help, as the adjusfments are not 6rth6gonal, espeéially
if it is desired to do the alignment by maximiziﬁg‘fﬁé signél from a
.moﬁochroﬁatic source. In addition, if would be déSiféble to éepafate
the functions of angular orientation from those of_iéteral constraint;
A third improvement would be a mbunt.which allowed. the meshes to be
‘remOVed and replaced without spoiling the'alignment.

\.A thifdhéet of plates was made to serve aé an.orQér sor;er.

Spectra could be ugefully observed in the first thrbugh fourth orders

of the main etalon. The moving plate of the order éQrter was supported
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- by threeASérews which rotated together, connectédlbyfa PIC toothed belt
running over pulleys. Initially it was intended'thét the order
sortef bé set at a fixed position while the measﬁ?iﬁg etalon scanned
the waveleﬁgth. This mode had an'inconveniently'éhortafree spectral
range, so we connected the tootﬁed belt by shaftsjapd a gearbox to the
drive fqr the main micrometer. The pitch of theigqrews and the gear

ratios were chosen to match the metric micrometer with English screws

within 0.1%Z. This system worked but was touchy because of slight backlash

problems. Better systems are needed,

Mounﬁing ;he meshes on the rings required care. The nickel meshes
are shipped sandwiched between two sheets for plastic for protection.
They can.be_cut with scissors while still sandwiched, providing sharp
new sclssors are used, and the sandwich ié held fifﬁiﬁ»at'the edges to
prevent ;elative motion of the layers. The meshes cﬁfl up spontaneously
when free;‘and are very susceptible to the electfosféfic fields
produced by the protecting plastic.sheets. It is ﬁecessary_to handle
the meshes in such a way that all the cofners are élways held down.
Befofe gluing.the meshes to our aluminum rings, weyﬁransferred them to
a cardboard stretcher. Our procedure was the‘follgﬁiﬁg: 1. Cut the
mesh to size while still in its sandwich. 2. .With'tﬁeezers, slightly
separaté thé layers at one of the corners, and wifh ééissors cut off
alcm triaﬁgie from each plastic sheet, léaving'phé corner of the
mesh sticking out. Repeat for the other corners. 3. Cut a hole in
a stiff‘cargllarge,enough to pass over the.suppor;;ring to which the

mesh will be glued. Be sure the edges of the hole. are smooth. .
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4. With maéking tape tabs, tape down the mesh, stilizin its sandwich,
at its four cornmers. 5. Lift off the top plasfiéléﬁeet. 6. Lift the
tape from the card at one or two corners to allow the lower piastic

sheet 'to slide out, and then retape the corners.

A

4.'.Aligning.and Testing the Etalons
We ﬁad expected to align our plates by maximizing their transmission
for a monochromatic source. This turned out to_bé iﬁpractical because
oﬁr monochromatié source was too weak, being meféiylbur reference etalon
as a filter for a black body source. |
Our best method of alignment and testing was fo reflect a laser

beam from a small helium-neon laser from the plétes, as shown in Fig. 3.
The reflectién showed a set of spots for each piaﬁé,"arising from the
diffracfién of the light. For the coarse etalon_(SO/cm) and for the
measuring etaloh (120/cm) the method worked well.ésrthe nickel was
sufficienfly smooth to give bright reflections. .If Qés not true of
the reference etalon (200/cm) and of several othét pieces of mesh
similar to those used for the measuring.etalon. ‘We were fortunate
in our initial choice. For the coarse etalon there‘were many bright spots
so that a careful initial alignment with a micro@éte;;was necessary
to identify the central spot of the pattern. |

‘ To obtéin fuil theoretical resolution, the ﬁlétes of the measuring
etaibn had fd be made parallel to within O.limilliradians. The laser
beam was elliptical with a diﬁergence’of‘aﬁout 1x3bmréd, so it was very
helpful to focus the beam with a lens. The method was to image the
laser aperfure on a screen after bouncing the light from the etalon.
We used a 1 diopfer lens with source and image distahCes of 2m. The image

could be examined with a magnifier.
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Tﬁe felative flatness ofvthe plates could be déterminedbby scanning
the‘laser.beam across the surfaces. The techniQué‘was sufficiehtly
sensitivé that deviations were alw#ys seen, espécia}ly near the edges.
Some of the meshes had wrinkles in them which did'#di'stretch but
and were‘Viéiblé to the unaided eye. However, theSé;did not seém to
affect the large-scale flatness. 5 .

In ordef to achieve flatness it was necessary ﬁé lap the support
‘rings. Aﬁ aluminum bloqk 20%25 cm was ground fiét t§ bettef thaﬁ
0.063 cm, aﬁd had a gféoyé’around the eége to Qﬁiéﬁ'a v;&&%& pump
could.bé attached for holding down sandpaper. Aiﬁiéée df 600—grit
sandpaper waé taped to the edges and a vacuum aééiiéq. Tﬁeﬁ;fhé.ring
to be la?ﬁéd was simply sanded on the surféce, beiﬁg heid“dowﬁ with
light finger'preésure and freduently rbtated.fobéQéf;gé)éut irrégularity
in the papér and the aluminum block. As méaéured;With an élégtronic
feeler gauge, the resulting surface was generélyy;fiét £o better than
0.3 micron; quite sufficient for ﬁé, without ény”;égpial effort.

We had some evidence that the springs and SQréwé used for attaching
" the riﬁgs to the supports may havé flexed them.-_Qﬁé“of the rings was
made veryﬁthin becaqse'it'was intended that it wéﬁid vibrate atvthe
chopping frequency. This idea was abaﬁﬁdned wheﬁ.it,turﬁed out that

thé oﬁtimum éhopping frequency was arouﬁa 1 kHz.ii v

We also tested all our etaloné for their iﬁffé;éd éransmissioﬁv
andlfinesser ’The reference etalon was used to feéf;the méésﬁring
etalon and it in turn tested the order“sorter. ﬁheﬁ%one FPI is used

to observe another, the apparent line profile is still a Lorentzian

shape, whose width is the sum of the widths of the source and the
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instrumeht. This theorem may be demonstrated byeeitect convolution
using coﬁtohr integrals and residues,‘or equally»weil by looking at
the Fourier transforms. In general our results eéreed well with
theoretical calculations when some allowance was made for residual
distortions and lack of parallelism. Peak ;ransﬁiéSion of the order
sorter was over 80% at 1 mm wavelength, while the_peasuring eﬁalon
reached at least 657 and the reference etalon 402. “fhese low.values
are due pfimarily to lack of flatness, but somewhet_to.the absorption
in the metal. Copper plating has been suggested'bﬁt was not attempted.
The etalons were also tested using a large laboratory Michelson
interferometer having 15 cm optics and a maximum_path difference of
10 cm, ae &eecribed by R. R. Joyce (1970). Thelineefferogram
corresponding to a single Lorentzian peak in theiﬁfenSmission is an
exponentialiy damped cosiﬁe wave. At large enough'path difference,

the sharpest line in the spectrum dominates the interferogram. Its

width may then be ascertained from the damping factor of the exponential

" curve, even when there is not sufficient path diffe?epce or signal
strength te fully resolve 'the line. 1In one case;;hie‘equivalence was
tested for a resolved peak and gave the expected.a;ewer.

The finel test for resolution was the operatioﬁel test. The data
taken ofvthe atmosphere were fitted to theoretica}_line profiles,
accounting for the natural line shaﬁes of atmosphe?ic absorption lines
and for finite resoletion of the plates. The resq}u;ion was only

slightly degraded from the theoretical values.
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5. Low Pass Filters

When metal mesh screens are used as‘Fabry—Pgibﬁ.reflectors, excellent
filters are'required to eliminate other orders tHan:Lhe one desired.
For a‘given:spacing of the plates, and when iooking_af a Rayleigh-Jeans
black body, the total power transmitted in a g&ven;érder is propprtional
fé the fourth péwer of the order number. When thé ;ﬁterferometer is
to be used in ldwest qrder, only a low-pass filtep,i§ necessary. When
if islused in higher order, a bandpass filter is.ﬁééa,_called an‘order
sorter, and it is usually an etalon in first ordefaéégethgr with a
. low passvfiltef. | | | |

Sevéral.tyﬁeé of low pass filters were used. A good summary of
the availéble types is given by Maller and Rothsehiqu(197l), Chapters 1
and 3. | | S

Tﬁe first‘low paés filter in our syétem was’ﬁéé atﬁosphér¢.itself.
At fréquencies above 30 cm_l or so, fhe atmosphefe i§'opaq§e, eveﬁ
frqm a mountéin top. The secdnd filter was a sefies of three relatively
thiék Teflén lenses, S0 ﬁhatveach ray passed thrbﬁgh@about 3 cm of |
.Tefion. The absorption céefficient of Teflon is a§§f6ximate;y
ﬁroportional to frequency, except for a bump aroﬁnd?ss cm_l. The loss
in our lenses was about 407 at 14 cm—l. |

The.third low pass filter Was used only for méésurements at
‘frequencies.below 10 cm—l. This was é.pair of pol&ethyleﬁe ffénsmission
_ gratings with 45° grooves, oriented so'the two sété‘of gfooves were
perpendigular. Several sets of these gratings wege:fequirea, siﬁce
each has a useful frequency range of les§ than 40%iwﬁére it has both good

transmission of the fundamental and good rejectionléf;the harmonics.
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Our gratings were measured to have transmission curves similar ;o these
‘given by Moller andecKnight (1965). |

Ourlkourth low pass filter was a multiple layétﬁinterference filter.
The theory_for these.filgers is given by Ulrich’(i?éfj. A "capacitive
grid" isrthe complementary structure to a screén;}‘ié_is composed 6f
“small isolafed spots of metai, supported on a suséfrate. A two element
equivalenﬁ circuit that works well fér wavelengtﬁé'lafger than the grid
spacing is,a sefies_resbnant.circuit; resonant at‘A;%Ig, shunting a.
transmission line. When d filter is constructed;ﬁéiﬁg two of these
meshes, there is a broad low pass characteristic}?ﬁ?;fthere are also
a series pf roughly equally spaced transmission pééké; as the plates
" form a Fabry-Perot Interferometer. The.interferénéé effect§ can be
used to'sharpen the low-pass characteristics. Wézﬁéed a filter having
three layers and unequal spacings to suppressithé:ﬁigh frequency peaks.
Our filter haé a cutoff around-14_cﬁ-1 and a smai}L(}Z) peak é few cm—1
wide at about 35 cm—l. B

Our'éapacitive grids wefe méde_By‘evaporatiﬁé ngper directly
onto thin (4 micron) Mylar in é vacuum, using a.niékéi mesh as a mask.
This was.éone af a pressure of about 10_6 to 10-? To£r at a distance
of 25 cm from a 5 cm long boat of molybdenum. TheJMylar and the
nickel mesh wéré stretched over a spherical alumihq@f§urface of radius
about 1 m, to'insﬁre close contact. We‘experience&faifficulty obtaining
good results:because the ﬁeat of the filameﬁt cgﬁéed the Mylar to
contract unevénly. A partial solution was to puﬁ'éi&rop of diffusion
pump oil uhde; the Mylér to insure thermal contaé;;v This was not

completely:satisfactory because the oil leaked throggﬁ pinholes in the
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Mylar. It was also necessary to shield the part:ofithe Mylar which
was not supported by the aluminum stretcher. o |

Our fifth filter was the immersion optics system used to illuminate
‘the detector, as described later. This only works well when good contact
is achieved between condenser and detector. High efficiency requires
contact within a hundredth of a wavelength, as itfturns out. For our
case I estimate that the cutoff frequency 1is 15 cnf};A . ”

Our sixth filter was the detector itself, iwedh;ed InSb in the low
impedance_node, with no magnetic field. .Accordiﬁgigg»a simple model,
this material becomes transparent and ceases to ahsorb.radiation‘above
the electron collision frequency. For us this frequency is also around
15 cm 1, and the experlmental falloff is fairly steep.

The net result of these six filters was that the _apparatus worked.
The contamlnatlon from higher orders could be kept down to less ‘than
10% of the signal when working in first order and looklng at a black

body. The efficiency was rather low.

6. Geometrical Optics: Lenses

Fast lenses were needed for the chopper systenpto'keep the chopped
dimage small. The small image allowed a good chopping:w5veform and a
‘high chopping frequency. Three lenses were fabricated from Teflon having
a clear aperture of 8.9 cm and a focal length of'lZ}ffcm, based on a |
refractive index of 1.44. The front surface of the;iens, facing the
parallel rays coming in, was a sphere of radius'5.6 cm,; while the
back surface was approximately plane. Spherical aberratlon is quite
serious for a lens as fast as thlS, so the back surface was ‘a curve

chosen to eliminate it. No attempt was made to_eliminate any other
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aberrations. The lens is essentially achromatic;i§ §§r frequency range.
Our lens;sﬁrfaces were generated on a lathe, the é;ﬁ¢re by a radius
cutter and pﬁe seéond surface by numerical stepé_iﬁfthe coordinates.
The corréétion surface deviéted from a plane by=0;26_cm at the edge,
and had a slope there of 0.23; The surface wés_qqﬁéhted from the
principle that all parts of the wave frontvshou13€ﬁé§é the same travel
time to fheifocus. S

I wiil now give a brief derivatidn of the féfﬁula used to generate
the curve. Referring t§ Fig._4, the priﬁcisle of edual travel times

becomes

ct = s, +ns, + s , C

X + n(x - xo) sec(i -~ r) + )k%;f=f)2 + y2 ’

1

where s ié the path length in vacuum before strikigg the lens, s, is
the path lengﬁh in Ehe lens, n is the refractive:iﬁdék, and s, is the
path length between the lens and the focus. The §ﬁa§tities (xo;yo)
.are the cbordinates of the first surface, assumedfk@6§n, and (#,y) are
the coordinates of the unknown second surface. The qgantities i and

r are thg angies of incidence and refraction, meaé@ré& from the normal
to the surface. If we say the first surface is sgﬁerical and put its
center at (R,0), then its equation is (xo - R)2 + yi = R2, and

sin({i) = yo/R. Snell's law is sin(i) = n sin(r).ffipigonometric
identities can express tan(i - r) and sec(i - r):iﬁ;ﬁgrms of sin(di)

if so desired. The equation can be solved ifVSnell‘é,law is used to

give the eduacion for the refracted ray
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y -y, = =(x - x) tan(i - 1) . o (16)-

If we put in the known valoes of the invariant ct1and'assume an initial
ray parametey &o’ forlinstance, then these equatione:mean that all
'parameters except x ere known in Eq. (15) above. .fhe equation is a
quadratic which may be solved by coﬁputer easily. Then y can be found
as well from Eq. (16).

Tests of the lenses showed good performanceraiﬁeasures of'the'focal_
length of the lenses were ﬁade, giving a distance of 10.8+0.2 cm from
the back surface of the lens to the focal point. Thick lens formulas in
the Handbook of Military Infrared Technology then give the effecti§e
focal length as 12.3 cm, close to the expected vaiue of 12.7 cm. Focal
lengths were measured in several ways, of which the best was to image
a small eolderiog iron on:the detector with a symmetric pair of lenses
as ehown in Fig. 5.

7. Conical Light Condensers

-We used_é’polished brass cone to condense the light into a light
pipe which 1ed into our detector cryostat. We aleo used a polished
germaniuh cone just in front of the detector. ‘Light cones are simple,
fully enclosed, and efficient. A review of a smai; amount of literature
about them is given in Moller and Rothschild (19?1); A construction
is given there which traces rays through e few'refleotions and generalizes
from a two-dimensiooal'case to the three dimensional.cone, to show the
following property, as shown in Fig. 6. The effect of the cone is
to make the small aperture look like a sphere, especially when the.cone'
angle is small. This sphere has the seﬁe center es‘ﬁhe cone. Any ray

which strikes the spherical image ball is allowedfthfough the small
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aperture of'thé cone;

I wish to show that this result is no mere gene;alization, but is
the direct result of the kinematical invariants of the problem, In the
case of spﬁerical geometry the invariants are L%b'thé.angular momentum
of a ;hoton.around the axis of the cone; and Lz, the square of the
total angular momentum around the center of the sphere. For wave
optics,.these are the eigeﬁvalues which deséribg a given mode. It is
easy to see thét they are éonserved in the geometric opticé'problem.as
well, since each ray is reflected only from surfacés.ﬁhich pass through
the center of the coordinate system and which are symmetric arouﬁd the
z axis. Now a ray which passes through the smali aperture of‘thé:cone
must have'L2.< p2R2, and |Lz| < pr, where r is the'radius of the aperture
and R is the radius of the image ball. The quantity p is thé to;al v
linear momentum of the photon, which could be taken by convention to
bé unity for ray optics, but which would have impo?tahce'fér ﬁave
optics. vThe radius of the image bali'is given by'tﬁé relation sinf = r/R,
ﬁhere 0 is the half angle of fhe cone. The cénstraint that L2-< szz is
équivélent to the con;truétion of the imége ball. The construétion
fails for large cone angles because the distance from.a point in the
plane of the exit aperture to the center of the sﬁhere is hot independent
of its position in the plane. Hence, the maximum value of L2 dependé
én the exit point and no single sphere works for ail boints. The limits -
given by Lz do not give further restrictions,-at_igast whén the’cong is
:long and.the angle.is small. The throughput of a system like thishis

. . 2.2
a constant as expected from the conservation of photons. It is AR = T'r
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as expeéted from the small aperture alone, accounting for Lambert's law.
This subject will arise again in connection with the balleon-borne
interferometer.

8. Detector Optimization

‘Our detector was one of several given us by Dr; Judy Pipher of Cornell.
It is a piece of n-InSb, about 5 mm square and 0.5 mm thick, with leads
attached with indium solder. It was selected as the best of its kind
and compared with_existihé germanium and silicon bolometers. As operéted,
it was distinctly superior to any of the other detectors. It was
operated in the circuit shown in Fig. 7, aﬁd its properties are summarized
in Table I.. No magnetic field was.used, although the effects of a field
. were tgsted.

The'trahsformef's properties are given in Tabie II. It wa;
operated’at liquid helium temperature, shielded by a mumetal can and
additionally by a superconducting solder layer ovefzthevcopper box
which,surrOUndéd it. Without this superconducting‘shielding thé
transformer was sensitive to electriqal interference from harmonics
of 60 Hz up to thev12th. 'We looked for excess néise coming from the
transformer, using helium temperature resistors éﬁBsfituted'for the
detector, and using an unbiased detector. For reSistors of 2008 and B
frequencies from 100 to.lboo Hz,'excess noise waé‘nbt more than the
other ﬁoises; The féeamp wés a room temperaturé FET breamp with a
noise of about & nv/vHz, which was much less than the detector noise.

The transformer was not apparently degraded by dc currents in the primary

up to 3 ma.
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Fig. 7. InSb detector circuit. '~
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Table I. InSb.Bolometer.

.Sourée

Mounting

Size

Throughput
| Illpmination
System Efficiency
Lattice Temperature
‘Bias Voltage
Bias Current
Resistance
Imbedance

Responsivity

Noise with Transformer .

NEP Electrical

Judith Pipher, Cornell
University

Vacuum Space, - Infrared
Laboratories Dewar

5%5%X0.5 mm

1 0.25 cmz—sr

Immersion Opticé with
Germanium Condensing Cone

0.1

4,2 K
43 mv
0.15 mA
255 Q
100 R

2000 V/W bare
10° V/wW with 50:1 Transformer

15 nV//Hz at 1000 Hz

50 nV/V/Hz at 300 Hz

90 nv/vHz at 200 Hz
1.5%x10" 13 w/VEz at 1000 Hz
5x16° W/VHz at 300 Hz

9x10™" w/VHz at 200 Ha
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Table II. Transformer for Bolometer

Type.

Shield

Nominal Impedance
Turns Ratio
Nominal Frequency Range

Secondary Inductance

Seééﬁdary Self-Resonance

Secondary Impedance
(primary open)

vPrimary Impedance

(secondary open)

Primary Impedance

(secondary shorted)

UTC 0-14

Mu metal, UTC 0-17;
Superconductor

20082-500kS2

- 1:50

50-5000 Hz

2500 H+257% between.
Transformers at 300°K

1000 H at 4.2°K ‘

500 Hz

7 MQ at 400 Hz -

200 k2 at 16 Hz .

30002 at 500 Hz

2002 at 50 Hz, 5000 Hz

80012 at 50 Hz with Resonating

Capacitor

13Q at 300°K, 500 Hz
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The entire system was mounted in the vacuum space of al liter
infrared Laboratories helium'déwar. Problems imﬁe&iétely arose Qith
establishing thermal contact. We used vacuum grease in thinvlayers
at all mechanical junctions. In the final configuration, the open end
of the alumiﬁum transformer was séaled with epoxy,vand the mounting
holes at the other_gnd filled with greased screws;_ Cas tfapped in thé
can, which can serve to establish heat contact dbﬁn'to 50°K or so where
air freezes, may have been responsible for the sucéééé of .this scheme;
Two pieces éf black polyethylene served as the cold.low—pass filter.
When this was used with a silicon bolometer it wasvunsatisfactofy, as
it seemed that it did not get cold. However, for InSb, the only
requirement is that it stop the room-temperature emission of 5 micron
radiation,.which-makes InSb a photoconductor. This pair of polyethylene
layers was assembled as a sandwich in an attempt to trap alsmall amount
of gas in the space between them. |

Immersion optics was used for this detector;'as éuggested by
Vystavkin.(1970). The pointvis that the solid angle of a ray bundle
is reduced by a factor ofAn2 on entering a dense ﬁedium of index n.

For InSB, nz = 17; so that in ordinary operation; a detector is not
nearly filled with photons. Seventeen times as mény could go through
the same surface if it were not for the index chaﬁge. If the detecﬁor )
were immersed in a medium of the same index, it could be smaller by

a factor of 17 in area and would be mofe sensitive by a factor of ~4

if the usual scaling law applied. : _ .
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Our system used a cohdensing cone of pure.gerﬁanium. This material
closély:m;tches the refractive index, having n2 = 16. The cone is
2.5 ém long, 1 cm in diameter, and has a small end 1 mm in diameter.
The large end is ground to a sphefical éurface with radius 3/4 the length
of the cone, to act as a lens. This was necessary since no low-index
optical material can achieve the required focal length. The small
"end was ground flat. Total internal reflection keeps the light in the
cone until‘it reaches the detector,'and actually keeps it in the
detector tod.. With InSb detectors, the cone can be brought into
thermal contact with the detector, since bure gérmanium ié an eléctrical
inéﬁlator when cold, and since the bolometer is hot dependent on the
- lattice temperature but only on the electron temperature. When the
' cone was added to the system, there was no change in the sénsitivity
at frequencies below about 10 cm_l, and there was a loss at'higher
-frequencies. The frequency dependence is due to poor optical coﬁtact,
wbich must be better than a hundredth of a wavelength for the efficiency
to be better than 70%4. Immersion optics would have been more beneficial
if I had made a smaller and more sensitiﬁe detector;

Noise from the detector was measured using a lock-in amplifier,
the PAR HR-8. Various methods were tried and found‘to agree. The
simplest way is to set the output time constant to l'sec, with
6 dB/octave filtering, giving a noise bandwidth of 0.25 Hz. If the
output is observed for 1 minute, then the expected peak-to—péak |
fluctuation is about 5 standard deviations, for Gaussian or.white noise.
This number 5 is not very sensitive to the observing time used because

slightly larger deviations are ‘much more improbable. The method gave
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results gbod to around 20% usually. The noise formula is finally
noise/YHz = 0.4 (peak-to-peak noise). Vtime const.

Also used for these tests were true rms voltmeters and averaging
voltmeteré. An ordinary Simpson multimeter used as an AC voltmeter is
an averaging meter, A large electrolytic capacitor across the meter
movement can give it a time constant of minutes; Ihe reading on
the meter must be multipliéd by a factor of 1.13 to account for the
different calibrations for sine waves and noise.
C. Results

Figure 8 shows a first order spectrum of sk& eﬁission in the
7.5:— 13 cm‘—l region, together with a theoretical atmospheric.spectrum.
The experimental spectrum in Fig. 8 is divided fnto two sections by

a vertical line. These represent the ranges of actual experimental

scans. The data in each range were obtained under different conditions

of water vapor, resolution, and noise. Each égction of the exﬁerimentél
curve is the weightéd average of several individu51 £uns. The in-
dividual spectra consisted of 1 to 3 hours of observation §f the sky
divided by a cal;bratiqn spectrum of the liquid.Nzlblackbody to
estaﬁlish a temperature scale. Because we measure.fhe temperature
difference AT between the sky and aq ambient temperature blackbody,
emission features (corresponding to a hotter sky and smaller AT)
protrude downward on the plots. The theoretical spectra were

prepared hy using the compilation of H_O lines given by Burch (1968)

2

and the 0, lines listed by Gebbie et al. (1969) to calculate

atmospheric emission for an assumed atmospheric témpérature To = 270°K,

r

J U VU N CH
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Fig. 8. Observed 7.5-13 cm ~ sky emission spectrum (so0lid) com-

pared with theoretical spectrum (dashéd),for 1.25
precipitable mm Hp0 (V > 10.6 cm~1 and 1.5 precipitable

mn (v < 10.6 cm‘l).-
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pressure p = 0.67 atm, and various quantities of HZO' The emission

was convolved with our instrumental function to obtain the theoretical

POy

spectra shown. The theoretical curve shown corresponds to 1.25
precipitabie mm of H20 for v > 10.6 c:m_1 and 1.5 precipitable mm for
V. < 10.6 cm_l. The theoretical and experimental spectra show the

expected strong lines of H, 0 at 10.85 and 12.68 cm—l. The continuum

2

emission is due to the wings of the higher frequency H,0 lines. The.

2
close agreement between the theoretical spectrum and our experiméntal
“data is a useful check on our calibration procedure. ' Since the
atmospheric HZO above White Mountain is concentrgted in a thin layer
of (presumably) uniform temperature (O'Connor et al., 1968), the
atmospheric transmission t (V) may be estimated from our spectra as
t(v) = AI(V)/TO. On the basis of this model the o;dinate in Figs. 2-4
varies from zero to 1007 transmission. Note that ﬁ(v) ~ 70% in the
11.5 cm“l window, Trising to >90% for Vv < 10 cm_l;
Figﬁre 9 is a third ordéf spectrum of the 10—14 cm_l region at
three times higher resolving power than in Fig. 8; Note the.O2 lines
at 12.3 and 14.2 cm—l. The intent of this observation was to search
Qith high fesolution and low noise for sharp speétral'features. To
attain this goal, some sacrifice was made in the completeness of
‘rejgction of unwanted orders from the interferometer. >Such contamination e
is largely fesponSible for the reduction in apparenf transmission on
the low frequency side as compared with theory or the data of Fig. 8.
We found no evidence for any features on our experimental spectra
which can definitely be related to the hypothetical flux Fo' If we

9

assume that.FO = 1.3X10 ~ W cm'-ZSr—l was concentrated in a line of
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Fig. 9. 10-14 cm—l sky emission spectrum observed in third order

(solid), compared with theoretical spectrum (dashed) for

-1 precipitable mm Hy0. Note the 0y lines at 12.3 and 14.2 em .

This spectrum contains a substantial contribution from
unwanted orders from the interferometer.
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width &V at frequency V, this line would appear bn our spectra as a

feature of depth

Fot™ 15706 (V) o

2keviAv  vZAv

T(V, V) = (a7)
Here, k = Boltzmann's constant, c is the speed of ligﬁt, and AV is the
full width at hélf.height of the line as it actually appears on the
spectrum. If the feature is sharp, then AV equals the experimental
resolution AVI. In this case T(V,AVI) is very large (100°K line for
AVI = 0.08 Cm—l at Vv = 11.7 cm—l). No sharp féature'approaching this
strength appeared in any of our spectra. If the feature is much broader

H

than AV_, its actual width 6V is observed and the depth is accordingly

1°
reduced. Our sensitiviﬁy to narrow features was greatest in thir&
order (Fig. 9), while our sensitivity to broad f;atures was greatest in
fi?st order (Fig. 8). Very broad features could nof Be detected
because the atmospheric emiésion spectrum is not known accurately. By
comparing the theoretical and experimental spectrél shapes we set a
lower limit 6VL(v) to the width as a function of frequency of any
spectral features contriﬁuting the flux Fo' On thié basis, we arrived
at the values for GVL(V) tabulated in Table III.'.Thevcorresponding
upper limits on the temperature of the feature calculated from Eq. (17)
lie in the range 20-30°K.

The arrows in Figs. 8 and 9 at 11.7 cm-1 indicate the frequency
at which Beery et al. (1971) reported detection of an emission feature
with T = 30° and AV = (.2 cm_l. In data obtained at various times

throughout the day and night and at several zenith angles, we found

no evidence for an emission feature at this frequehcy greater than
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TABLE III

Limits on Width of Sub-Millimeter Emission Feature

-'Contributing Flux FO = 1.3 x 10—9 W/Cm2 Sr

Freg. Range Total Observing Time 6VL(v}

1

13.15-13.9 cm 22 min. o o 0.25 em”
11.1-12.1 | 7 (Fig. 8), 288 (Fig. 9) 0.4
10.65-11.1 | 120 : o
7.5-10.65 200 B 0.5

SvL minimum width of supposed feature. " Limits are average
vaiues for each frequency range and vary from one frequency range
to another because of differences in atmospheric transmission and

observing conditions.
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the peak—td—peak noise, which was typically *5°K;b The weak feature

appearing at 12 cm“l in Fig. 9 did recur in several individual spectra

and may be real. o v : ‘
Figure 10 shows a>10w resolution spectrum df sky emission in the

6-9 cm_l region.- The main feature observed is the 6.11 cm_1 HZO line.

We saw no evidence for the diffuse emission reported in the 7-9 cm.-1

region by several groups observing under conditions similar to ours

(Harries and Burroughs, 1970; Gebbie et al., 1971) and attributed . |
to the water vapor dimer (H20)2. If the theoretically predicted dimer

opacity (Viktorova and Zhevakin, 1967) is extrapolated to the- atmospheric N

conditions for high altitude observations, the expected emission 1is

" somewhat less than the noise level in Fig. 10.

D. Conclusions from Ground-Based Observations

A consistent interpretation of all data on the ‘sub-millimeter
background available in 1971 required that the excess flux F0 be
concentrated in the’10—12 cm_1 region. Our obserVa;ions ruled out the
existence of é single narrow line in this region cérrying tﬁis much
flux, such as might arise from an atmospheric mase#. Thus, there seems
to be no plausible terrestrial origin for this flux. Additionally,
all features definitely present in our spectra over the wider region
from 6 to 14 cm__1 were attributed to atmospheric O, and H,O. However,.

2 2 .

our data could be reconciled with the earlier observations in several

ways:
1. F0 is present in the 10-12 cm-1 region but the width of the
 feature is' 20.4 cm_l, corresponding to a line depth <20°K. Under these

circumstances, the line becomes difficult to detect because its width
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spectrum for 1 precipitable mm H70 (dashed). Total ;
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features in the 7-9 cm~l region which could be attributed to
the water vapor dimer, (H20)2. '
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is comparable with the scale of the structure in the atmospheric

emission.

2. The radiation is present as a narrow line hidden behind the

12.68'cm’1,uzo line. If the line is actually the 12.68 — H,0 line

(say from an interstellar maser) one has the probiem‘that this HZO
transition has an excitation energy of 200 cm.-1 éb that Fo may represent
only a small poftion of the énérgy emitted.

3. The radiation is due to a series o% lines each contributing
a fraction of Fo, clustered in the 10-12 cm'-1 region. Since any liner

having width AVI and T 2 10°K would be apparent on:our Sbectra, at

least five such narrow lines would be required.

Pt
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III. BALLOON-BORNE SPECTROMETRY OF THE
COSMIC BACKGROUND RADIATION .

A. The Problem

In this section I describe the intentions of Qur experiment, -
the difficulties which must be overcome, the expefiences'of our
predecessors in tﬁis field, and the present state pf affairs.

Our balloon-borne spectrometer is designed to measure the speﬁtrum
of the cosmic background radiation in the frequency range from 3 to 18 cm—l.
This band includes about 90% of the total power emitted by a 2.7K
black body. The total intensity of the emission from a 2;7K'body.is
only 10-;0 Rchzsr, while the rate of photons is'1012/cmzsec sr. We '
are 'using a thermal radiation detector with sensitivity to absorbed
power of dnly 3"10—‘14 VVVﬁ;; and an efficient spéctrometer with a
throughput of 0.25 cmzsr; Spectrometry of the 2.7K background radiation

“thus appears easy, especially when observing times 6f the order of 104
sec are évailable with balloons.

Complications arise, of course. Firét, our sbéétrometer is lossy
our detectqr,doeé not absorb all incident radiatioh, énd the radiation
must be periodically interrupted byva chopper. Thé'system has a net
efficiéncy of less than 0.01 and detector noise is therefOrei‘important.
Moreover, we are interested in spectral information, for which we must
give up signal-to-noise ratio. Second, we are a;tempting to measure
the spectrum at relatively high frequencies, wellfaﬁove the frequency of‘
, peak_inténsity. At 18.8 cm_l, where hve/kT = 10, the emission from 'a -
_2.7K black body is less than 10»5 as large as the emission from a 300K

body. The entire apparatus is therefore immersed in liquid helium.
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The antenna must reject all radiation from warm objects without emitting
any of its own. No window can be used to sepérate the liquid helium .
bath from the atmosphere, for even the thinnest available’Tefloﬁ emits

1. Third, the atmosphere

more than a 2.7K body at frequencies above 13 cm
emité more than a 2.7K black body at frequencies abQﬁe 12 cm-l even at an
altitude of 40 km. A spectrometer is needed to measure the atmospheric
‘emission. Water, ozone and oxygen molecules eﬁit radiation with different
zenith-angle dependences, and relative abundances are difficult to
obtain from the zenith‘angle data alone.

Dirk Meuhlner and Ray Weiss of MIT have comp;eted a series of
balloon flights measuring the cosmic background fadiation with broad-
Band filters. Their early flights produced data which did not agree
_ with a 2,7K curve. Their most recent flight, Octéber 1973, gave results
consistent with a 2.7K curve (Muehlner and Weiss,ﬂApril 1973). However,
their signél—to-uncertaint& ratio after corrections are madé is only 2.5 for
their 1dwe§t frequéncy band‘(l—ll.Sém—l), 1.2 for the middle band
(1-13.5 cm_l), and is lesé than 1 for their highes;'ffequency band
(1-18.5 cm_l). Their largest uncertainties are nét-from detector noise
but from atmoépheric ébrrections, despite the facts that they had two
filters specially tuned to the emissions of ozone and water, and that
they were able to measure the zenith angle dependencés of their
intensities. |

The é;perience of Muéhlner and Weiss has been”ve¥y valuable to
‘us.invdesigning our apparatus. Their observation of isotropy justifies 

our choice not to orient our antenna in azimuth. Their results
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confirming the 2.7K curve and estimating the densities of ozone and

water allow us to plan our data—taking and analysié in accordance.

They realized that a dielectric coating on a metai'reduces the emissivity
of the métél for grazing incidénce radiation, so we have coated paft

of our antenna. Finally, they found as a resultlof'an accident that

at high altitude it may be unnecessary to use a window to separate

the helium dewar from the atmosphere. They thus solved the problem.

of the window.

The éresent state of affairs is that Muehlﬁer and Weiss have
reached the limit of broad-band radiometry with their apéaratus, and
have ended this series of measurements. Our own apparatus has been
flown once, on October 26, 1973. It malfunctionéd and yielded no |
spectral information,.buf was recovered in good cﬁndition. It is
being rebuilt and improved by David P, Woody for a future flight,

Three other organizations have, to my knowledge, had plans to fly
balloons to ﬁeasure the far-infrared background ra&iation, namely groups
at Queen Mary College (London), the University of Leeds, and Meudon
Obserﬁatory (Grenier, et al., 1973). The first two will have spectro-

meters, while the third will not.

B. Description of the Apparatus

1. The Instrument

Our‘éystemris built into a liquid helium cryostat holding 62 2
of liquid. A scale drawing is shown in Fig. 11, a schematic drawing
iﬁbFig. 12, and a table of perf;rmance parameters is,given in Table IV.
The optical train consists of the following elemehts%.in.order: a

warm calibrator, two windows, a warm horn, a long hollow conical
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- Table IV. Balloon-borne system performance.

. Property - Value

Geometric beam divergence ' 7.6° (farfield
diffraction-limited effective = 22cm S
antenna size ' ‘ o

Throughput AQ ' . v | 0.23 cm2—sr

Resolution . - =0.06 cm—l

Frequenéy_range 3-40 cm

Power sensitivity : 5’<10mll W/cmzerﬁz at 12 cm-1

' (zero path)’

Range of visibility of 2.7K About 3-18 cm-l, depending on
black body -resolution

Net efficiency ' 0.004 at 12 cm_l

Approximate.breakdoﬁn:,

antenna 0.95
lenses (0.93)2
iﬁpdt polarizer o 0.5
vignetting ‘ 0.5
chopping | . 0.3
low pass filter : 0.8
unfilled detector ' ' 0.33
bolometer and,unknoﬁns ) 0.24
| 0.004
Helium ¢apacity ' 624
Loss rate B © 2-3 &/hr
Obsefving time at | 10-15 hr
altitude - :

Altitude ' >35 km
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antenna, a re-collimator made with a hollow cone and a lens, a moveable
mirror and cold reference black body , a polarizing Michelson interferometer
used as a Fourier transform spectrometer, a chopper wheel, and a detector.

a. Upper Optics and Antenna. First, the calibrator is a thermal

emitter, a black body at ambient temperature which may be moved into

the.beam. It is moved by a stepper motor on command It is a hollow

cone, cast of EccosorbT M. CR-110, an 1ron—filled epoxy. It fills 10%

of the beam.

Second is a Mylar (polyethylene terephthalate) w1ndow O 013 cm

thick, and 15 cm in diameter. It is carried on an aluminum frame so

that it can be opened by command. It protects the instrument during
ascent and is removed at altitude. Atmospheric emissions can be observed

‘through this windovn but not the cosmic background radiation.

Third is a Teflon window (polytetraflouroethylene) which is only

0 0003 cm thick. Some observatlons are made through this w1ndow,

and then it too is removed. It keeps air out of the antenna.

Fourth is a low emissivity horn leading from the window down into

 the cryostat. Its diameter changes from 15 cm at the top to 6 cm at

the bottom over a length of 25 cm. This horn is the warm part of

the beam-defining optics. 1If it were not for diffraction, it would be
entirely'outside the geometric beam'of radiation entering.the antenna.
However,.6 cm is only aboutv100 typical.wavelengths across'and diffraction
is very important. The horn serves to minimize the etfect of_diffracted»
rays. It'is\made of stainless steel for low thermal conductance, coatedv
with copper to nax1m1ze its reflectance for mlllimeter waves, and

coated with 0. 005 cm of polyethylene to further improve its reflectance
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for grazing incidence rays. The temperature of this horn ranges from
ambient (200-300K) at the top down to a low temperature at the bottom
which runs from 3 td,ZOK. The tempefature is varied by command to
study thé emission from the horn.

Fifth.is a long electroformed hollow copber cohg. This cone is
:the primary beam—~defining element of the system; its diameter. changes
from 6 cm to 0.3 cm over a length of 70 cm. Iﬁs temperature is also varied
to study its emission. The heat inputs td the cone and horn are metallic
and gaseous conduction from the surroundings, radiétion,-and local
electric heéters turned on by commahd.: The heat outputs are metallic
conduction to the boiling liquid helium bath at the bottom and gaseous
conduction to the rising cold helium gas. Two foUntain—effect super¥
fluid helium pumps mb&e'the liquid helium to the top and bottom of the
cone. These pumps are operated electrically by éommand. The rate of
gaseous heat tEansfer is determined by the total gaslflow rate, which
is determined by the tOfal amount of heat reachiﬁé the helium bath,
ana by a gas valve. The valve selects éombinations of three gas flow
paths: out the cone and.horn if the window is obén;zor up tﬁe outside
of the horn to cool it, or direc; to the atmosphere without cooling
the horn.

Sixth in tﬁe optical_train is a short copper cone with a Teflohf
lens. These take the light which has passed through the 0.3 cm hole .
in the cone and collimate it to pass through the séectrometer. .The
beam is now 6 cm in diameter again.

Seven;h is a mirrdr which boﬁnces the radiation sideways into theat

spectrometer. This mirror rotates about a horizontal axis on command

~
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so that the spectrometer can also look down into a cold Eccosorb

black body. The mirror is moved by a stepper motor on the top plate

of the cryostat, and the connection is made by two cranks and a long

wire cable. The cable slides inside two pieces of Teflon spaghetti

insulation for low: friction.

b. Spectrometer. Eighth is the spectrometer. This is a polarizing

' Michelson Interferometer (PMI). This is one of the most efficient known

types of spectrometer for the far 1nfrared It was. invented by
Martin and Puplett (1970)

The c13531cal Michelson interferometer used for visible light has

il been used since 1898 to give spectral 1nformat10n but the spectra

observed had to be simple line spectra to avoid conquion. " The modern'

interferometer replaces the eye with a detector and digitizing system, the
hand with a drive motor, and the brain with a digital computer performlng
Fourler transforms. In this form the 1nterferometer has become a general

purpose'spectrometer capable of good efficiency,‘large light-gathering

power (throughput, étendue), high resolution, and rapid data acquisition.

It is compact-and simple.

Other kinds of spectrometers used around 1 mm wavelength are Fabry-
Perot Interferometers, ordinary grating spectrometers, greting spectro-
meters mith coding masks to improve throughput and data acquisition rate
C?hillips;-Harwit, and Sloane, 1970), and microweve spectrometers. None
of these have the advantages of the Michelson interferometer ot wide
bandwidth and simple mechanical construction.

The operation of the Michelson interterometer as a spectrometer.

has been described in numerous articles and has now been summarized in
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several excelient books. R. J. Bell's "Introductory Foutier Transform
Spectroscopy' (1972) describes the history, the design, the operation;

and the dété reduction procedures, and discusses ébmmercial instruments.

The proceedings of the Aspen Infernational Conference of Fourier Spectroécopy
(1970) report many less comventional instrumental.dévelopments and
innovations. The recent texts by L. C. kobinsonv(i973), K. D. Moller

and W. G._Roﬁhschild (1971), and G. W. Chantry (1971) are more general
introduction; to the field of éubmillimeter physics. Oider books on
‘interferometry include thoée by D. H. Martin (1967), W. H. Steel (1967)

and M. Frangon (1966).

Briefly; the interferometer operates by separating the incoming
radiation into two beams. Thé beams are récombined aftef traveling
different distances. When the two beams recombine they interfere. As
the path difference between the two beams is va:ied,_the output intensity
varies to produce an interferogram. The part of fhe'interferogramlwhich
depends on'path difference is of utmost simplicity, being propo;tional
to cos(Zﬂvx),’where V is the spatial_frequency of.the waves, assumed

monochromatic, -Integrating over frequency givés,vfot the ideal system,

I(x) =f S(V) cos(2MVx) dv , o (18)
o]

where I(x) is the output interferogram and S(V) is a spectrum to be
determined, The spectrum is recovered by calculating an approximation

to the Fourier inversion formula

S(v) = Z.I.’ I(x) cos(2Mvx) dx . (19)

=00

-
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In our polarization interferometer, drawn schematically in Fig. 12 and

pictorially in Fig. 13, the interference occurs between waves of
different polarization. The radiation is fifst polarized by an
entrance polarizer. It is then split equally iﬁto'two beams by a
second ﬁolarizer called.the beamsplitfer. The Beaméplitter polarizatioh
is 45° from that of the incident radiation. :The fwb beams travel to
dihedral corner reflectors which change the polarization directions .
by 90°, and return the beams to the beamsplitter. The beams recombine
at the beamsplitter to producg a wave whose po;ariZation'State depends
on the path difference x between the two beaméi vThis fepombined
wave is entirely directéd toward the outpuf of the interferometer,
and none is airected back téward the input ﬁélafizer. This occurs
becéuse of the change.of polarizétion by the corner feflectors. The
beam which was first refiected frdm the beamsplitfer returns in the
other poiérization and is transmitted, and vice_&efsa for the other beam.

As the path difference x 1is increased from éérq,_the (generélly
elliptical) polarization of the output wave goes ﬁrom linear, to
circular, to the perﬁendicular linear, to the otﬁef.circular, and
back fo the.original linear polarization state. |

The polarization state of' the output wave i; analyzed by a
ﬁolarizing chopper wheel. .The wheel carries sectors:of polarizer
material_which,alternately transmit one linear polérization and then
" the perpendicular polarization. The difference betﬁeen the intensities
transmitted by the two orientatioqs of output polarizer is proportional"'
to cos(Zﬂvk) as desired. 'There is no constant offéet term as there is

with many of the other forms of the Fourier spectrometer. This feature
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is one of the important virtues of this interferometer, as it means
that variations in detector sensitivity or source brightness do not

simulate spectral information, at least to lowest order.

The interferometer i1s constructed of Invar aﬁd aluminum., In the
far infraredbordinary machine shop tolerances are‘éufficient for most
' purboses, so the mirrors, for instance, are merely polished aluminum
blocks.

For our wavelength région, very simple and'nearly ideal polariiiﬁg
material is awailable. As discussed in connection:with FabryéPerot inter-
ferometers, a one-dimensional grid has the desired properties.

It is an anisotropic conductor, conducting along_fhe wires and not
perpen@icular to them. The material then transmits all of the
radiation with electric field perpendicular to thé wifes and reflects
all the radiation polarized parallel to the wires.

Our entrance polarizer and the polarizing chopper wheel are both
made of gola wires, deposited on a Mylar substrate.b.The spaqingv
of the wires is 0.00254 cm and the Mylar is also 0.0025 cm thick. The
wires are protected by a coating. This material.ié commercially
availéble frpm Buckbee-Mears, Inc. | |

The beamsplitter is made of copper—platedltungsten wires supported
on an Invaf frame. We made the beamsplitter this way for two reasons.'
First, the freestanding polafizér is a better beaﬁspiitter‘than the
dielectric~supported beamsplitter, since it avoidé'the'interference
effects betwéen waves reflected from the dielectric surfaces and the
waves thatkinteract.with the wires. Second, we can choose the grid
constant of the wires to make the efficiency of the_beamspliﬁter fall

off at high frequencies. It is thus a low-pass filter.
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The tungsten wires are 0.0025 cm in diameter and are spaced by

0.0153 cm. With these parameters, the theory discussed in Section I1-A-2

prediéts'that the efficiency is 907 at 16 cm—1 and drops rapidly.to

50% at 36 cm

. The simple theory is expected to be 1lnaccurate because
it appliesffor normal.incidehce, while our incidence aﬁgle is 45°.
Measurements of the efficiency of the interferometer were made

using a black body source and a calibrated Golayvcell detector, and by

direct substitution tests. The results are in doubt but suggest that

the interfefomefer has a lower efficiency than predicted, and falls off

at ablower cutoff frequency. At low frequencies, the efficiency is
about'O.S. Several effects are thought to be in§01§ed. First, if
optical éurfaces are not flat, then the interference cannot be con-
structive. Surfaces need to be flat to about 0.05 wavelengths for full
efficiency. At 20 cm—l this length is 0.0025 cm, a tolerance easily
achieved for solid mirrors, as described below. The beamsplitter is
therefore suspected. It appears flat, and indeed the edge of the

Invar frame is very good. The wires remain taut wﬁen the system is
cooled in'liqﬁid helium because tungsten contracts'mofe than Invar;'

The.wires bend as they'pass over the edge of the'fraﬁe, and they are

not all under the same tension. Moreover, the spacing of the wires could

not be made perfectly uniform. A nonuniform spacing simulates roughness," .

since the reflected wave penetrates a distance behind the wires which
depends on the spacing. For our case, a change in spacing simulates

a roughness about 0.1 as large.
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The corner mirrors are made of solid aluminum, cut to shape on a
‘milling'machine, lapped on sahdpaper as described previously in
connection with the Fabry-Perot Interferometer, and ;hen polished with

Brilliantshine?'M'

The polishing was done with soft'paper laps and
“was noticeably nonuniform, resulting in turned—ddQﬁAedgeé. A moderate
polish is ;écessary for the visual alignment procedure described later.
Estimates from the displacement of visual images indicate thét the
mirrors still are very nearly flat, for the purposes of the far
infrared.‘

The interferometer path difference is varied>by moving one of the
cﬁrner refle;tors with a micrometer screw. As shdwn in the figurF,
the>moving mirro; slides inside a tube. The micrometer screw is
attached with a ball bearing to one end of’;hevtube, and the nut on the
screw is attached to the mirror. A follower on the mirror runs along
a»rail to keep the nut from turning. The micrometer screw is turned
by a paif of gears, spring-loaded to take up backlaéh. One gear_is

connected by a stainless steel tube used as a shaft to a stepper motor

T.

. (S1lo-Syn M') on the top plate of the cryostat. .Tﬁe‘motor position

s read but'electricélly by a potentiometer, and turns are countgd by
a prgcision shaft encoder on a gearbox. |

The micrometer screw is from a Starrett micrometer with 5 cm travel,
about 1.6 cm thread diameter, and 20 turns/cm. The length of this ‘
screw allows a best spectral resolution of 0.05 cm—l. The screw has a
sélit nut so the tightness can be adjusted. It wés thoroughly degreased-
in tfichloroethylene to permit use in liquid heliﬁm,‘but it soom rusted.

It is now lubricated with a small amount of fine Teflon powder. It
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‘'seems that the nut must be set rather loose to perﬁit operation in
liquid helium without squeaking, since the detectpr is sénsitive t6
mechanical vibration. As a result, thé precision of the screﬁ has
been sacrificed and the performance of the interferémeter suffers.
This design is‘under review. An alternative sc;ewkﬁaé been testeé. It
is a preciéion ball bearing screw made.by Beaver Precision Products,
Troy, Michigan, which appears to work very well wﬁen clean and tight.
Its tightening adjustment, however, requires frequeéent attention when
the screﬁ is;cycled betﬁeen room temperature and'liquid‘helium
temperatures. o

The chopper wheel is close to the detector, néar the focal poiﬁt
of a Teflon lens. It has eight sectors of Buckbee~Mears polarizer
with alternating directions. Its shaft runs straight to the top plate
of the cryostat where it is turned by a gearbox ahd motor. The shaft is
specially hardened stainless steel hypodermic needié tubing, 0.475 cm
in diametef; It is supporfed by two bearings,,ong ﬁear the chopper A‘
and oné near the middle. The bearings are Teflon—covered aluminum :
split bloéks, clamped tight on the tubing. The tubing was polished
with Bfilliéntshine to reduce wear. The bearings ére'perfectly quiet
as far as the detector is concerned. The shaft turns at 4.26 Hz giving
a chopping frequency of 17.1 Hz. The top of theIshéft is éonnécted
by a specilally made weak wiré flexible coupling to the gearbox, which |
is a 9:1 PICT'M' speed reducer. The input shaft of‘the gearbox is

turned by a hysteresis synchronous motor (GlobeT Mf) whose two windings
are driven with square waves at 76.6 Hz, 100 Vrms. These frequencies | '

and gears were chosen to keep the acoustic noises prdduced by the chopper
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from simulating opticalbsignals, and to separate.the chopping frequency

. from fundamental télemetry cyclé'frequencies. DéSPite the weak coupling
of the gearbox tq the shaft, the detecﬁor output. contains over a microvolt
of kilqhertz‘nbise assiciated with the gear téeth‘in the speed reducer.
A low-pass filter was installed in the detgctor preamp to minimize the
effect of this noise on the telemetry.

c. Detector. Lastly, the detector is located'direcfly under the
chopper. It is a small germanium bolometer purchased from Infrared
Laboratories after lengthy laboratory development efforts, described =
below in Chapter V.

The electrical and optical propertieé of the detector are described
in Table V;>and a drawing is shown in Fig. 14. The detector is operafed
in a mode not previously used with germanium bolométers. It is mounted
in physiCal'and optical contact with a pure germanium focusing cone,
very similar to that used for the InSb detector qu the Fabry-Perot
interferomgter. The new fact which came to light is that desbite a
gentlevphysical contact between the two pieces of-gefmanium, there
is no electrical or thermal contact. The force holding the Eolometer
against the cone is merely‘the elasticify of the wire leads to the

- bolometer . They'are'bréss, about 0.0025 cm in diaﬁetef and 0.1 em 1§ng.

Because this bolometerbis smaller than the light beam to be observed,
an improvement in signal iévobtained when the cone is used. In this |
case an improVément of a factor of three is seen.;'The full improvément
theoretically possiﬁle if all surfaces coulq be iliuﬁinated by the

germanium cone would be 16 (the dielectric conStant).j We are‘illuminating

only one part in 3.5 of the total surface area of the bolometer, since
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Table V. Germanium bolometer. -

Property A Value
' Source ‘ Infrared Laboratories
Material ' | Germanium. _
Size - Q.8x0.8x0.3 mm
Blackening ; None »
" Resistance 4208 exp(17§K/T)
Best Electrical NEP_ o107 wi iz

Operating Point During Flight

Bath Temperature TS - 1.5K
Bolometer Temperature Tb 2.2K

Voltage V 0.7

Current I 0.7 vA

dv/d1 0 MQ

vV/I 1 MQ2
Responsivity 0.7x10° V/W
Noise C40x1070 v/
NEP | _ ' 6x10” 1% w/Viz
Frequency 17 Hz

Time Constant 7 msec

Load Resistance 5 MQ

Optical Properties

AR (bare) ' 0.07 cmzsr
A2 (immersion optics) 0.25 szsr

Absorptivity a 0.05-0.2 ?
, (temperature dependent)
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we can make contact with only one surface‘out of Six. If is presumed
that the remaining discrepancy with the theoretical.improvgment is
explained by lack of perfect optical contact and by not having a large
enough light beam to cpmpletely fill the detector;_oﬁing to vignetting
aﬁd imperfect alignment. | |

"~ An additional factor of 1.3 is obtained by the use of an anti-
reflection coating on the curved front surface of the germanium cone.
This coating is a quarter-wave thickness of material with index of
refraction approximating the geometric mean of the indices of the other
two media. In this case the vacuum and germanium have indices of 1
and 4, while the coating is Mylar with an index of 1.75. The coating is
0.0127 cm fhick, making a quarter wave thickness at 11 cm_l. At

1

22 cm it is a proreflection coating and causes a loss of signal by

a factor of about 1.3. The Mylar was cut from sheet and heated in a

mold to match the spherical shape of the front éurfaée of the germanium

cone. Tt is held down mechanically at the edge; ‘

The detector is mounted in a brass ﬁacuum qﬁémbér which has a
window of 0.005 cm Mylar.. This window is chosen because it can be made
so thin that its reflection losses are negligible, énd it is-easy to
attach. It is epoxied to the brass housing wifh Miller and Stephenson'
epoxy #907, after the Mylar has been sandblasted and the brass roughened
with sandpaper. Thé.adhesion is not very strong even so and the window
must be protected from being peeled off. A smalllﬁag of activated
charcoal in the vacuum space cryopumps the small amount of helium

which diffuses through the window.

£
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The detector chamber is surrounded by a bakéiite box with a
Fluordgold?'M' top, which serves as a low-pass filfer (Muehlner and
Weiss, Jénuary 1973). The box is both a mounting device and a thermal
filter. The time constant of the filter is set b}}; the volume of the
superfluid helium contained.within it and by the aréa of superfluid
chénnels_conﬁecting the inside to the outside.

The detector is biased by a cold 5 MQ wirewound resistor and an R-C

"filtered adjustable room temperature voltage supply. Connections are

made to the top of the cryostat with a special low—ﬁoise‘cryogenic coéxial
cable (Microdot #250-3896-0000) which appears to_be essentially noiseless -
fof our purpbses. Since the insulation of the central wire has a

conductive coating, the cable must be arranged to avoid unwanted céntacts

to this coating. The load resistor is contained in a superconducting solder.
shield to minimize magnetic pickup from vibrations. in the ambient

magnetic field. Calculations showed that this woﬁlduotherwise be

.important. The most evident source of microphonic noise was the connector

to the preaﬁplifier, which was therefore immobilized with a clamp.

d. Cryogenlc Liquid Handling. Our cryostat has no liquid

nitrogen chamber, being fully superinsulated ané hav1ng a radiation
shleld thermally connected to the dewar neck, which is cooled by the
escaping gases;  bespite its large size and wide mouth, it dissipates
only 0.25 2 of liquid helium per hour when there is no exp;rimental'
apparatus installed. It was purchased from Cryogeﬁic Associates.

The éapécity is-62 liters below the styrofoam plug which shields’the

top plate. -
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The cryostat and spectrometer are precooled By partial fillihé A
with liquid nitrogen. A total of 15 liters of nitfogen are required
to precobl the system, and then some 15 mpre'afe added. This nitrogen
is bdiled by a heater to provide gas coo;ing of'thé:geck of the dewar
for a period of abéut 12 hours. 'Then the nitrogen.liquid remainiﬁg
is forced out and the last vestigeé boiléd away with the heater,vwhiqh
is ﬂeld'down onto the véry bottom of the cryostat. Theﬁ the system is
filled wifh liquid helium. ‘Again it requires about 15 liters to cool
it before.liquid can remain inside.

Ensuring the cleanliness of the optical system is difficult. Before
cooling with liquid nitrogen, the entire vessel ié evacuated and -
flushed with dry helium several times until the.gas which is removed is
also dry; Purifying the helium is done by mqltiple passes through
liquiq nitrogen cooled tubes. Between passes through the liquid nitrogen,
the heliuﬁ gas is Qarmed up by tubes in warm watér;fSThis sequence seems
necessary because a fraction of the water in the gas.forms‘fog and

does. not condense on the walls of the tube. The purity of the gés is

monitored by a glass U~tube dipping into liquid nitrogen which condenses

impurities as they pass through.

After liquid nifrogen is in the dewar it is crucial to maintain
a gas flow up the antenna and horn. Otherwise éir:whigh'leaks in and
'vapors which are outgassed by styrofoam andvother‘organic materials
may diffuse down the antenna until they freeze on it. Howéver, a
quite moderate flow seems adequate for qhis purpose,‘and the cryostat
‘may be kept cold for days with either nitrogen or helium, providing
the gas fiow is maintained, without generating visible condensat;on of

solid air.
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I£ is important that if the system is evacuated‘whiie cold, this.gas
flowvmusf still be maintained by pumping gas oﬁt thrbugh the antenna
rather than by other paths.
The spéttrometer itsélf is protected from the liquid nitrogen by
a copper box. This box also keeps out stray radiat;bn and kéeps the
spectrometer immersed in liquid helium even when‘the supply is low
elsewhere. It prbved to be difficult to prevent.nitrogenvfrom freezing
into thé_microméter sérew without these precautiéns.- The box is filled
through'éither a valve at the bbttom, or through é small’héle at the top.
Liquid.heliuﬁ_is moved about by two superfluid helium pumpsbmentioned
previousiy. ‘They use the thermomechanical effect,uwhich in the two-fluid
model of superfluid helium is just.a kind of osmosis. R. J. Donnelly
(1967) gives graphs showing the amount of‘pressure:developed.by such a
‘?ump, and describes the theory. The osmotic membréhe is porous ceramic
material called Lavasfone,T'ﬁ' which may be fabricated while soft and then
fired. The Lavastone allows the superfluid fractionaof helium to flow
frgely but stops the normal'fféction. Thevdifference in concentrations
which rﬁns an osmosis machine is determined in this case solely by the
témperature of the helium. A heater on the insidé'of a Lavastone cavity,
therefore, increases the mechaniéal pressure of the liquid helium. Our
pumps have glass tubing leading the helium to the destinations. The
end of each tube is drawn into a nozzle to inhibit gas flow. If this
" is not done, thé helium evaporateé from and cools the Lavastone |
chamber so ‘that it does not work, Metal tubing was tested but
abandoned Because its thermal conductiﬁity was too large. A pump

connecting a warm location with the bath can conduct,enough heat to’
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run itself‘if it is made of metal.

The two pumps are used to fill the copper ﬁoﬁsaround tﬁe specttomefer
and to cool the top of the copper antenna cone. :Eééﬁ.réquires a power of
- léSS’than 0.1 watt to‘pumpl3 liters -per hour. |

(Thé level of tﬁe liquid helium is measured by'fwo level sensors
made by‘Amerigan Magnetics, Inc. They are fine sqperconducting wires
of Nb—Ti.ailoy. When biased with sufficient curgént, the wire stays
normal when in gaseous helium, althoﬁgh it is still sﬁpergonducting
when in liquid helium. The resistance of the wi?e:isvthus a measure
of the helium level.

The level of liquid nitrogen is measured by 1/8 W, 1.5 kf carbon

radio resistors. When biased with a power comparablé to this rating, they

heat up noticeably more in gaseous nitrogen than they do in liquid
nitrogen. As they are temperature-dependent resistors, the resistance

affords an indication of the presence of liquid.

e. Liquid Helium Lifetime, Helium hold timé is.a major design
problem. It is neceséary to maintain a cold antenné:a short distance 
from theiwérm outside world, without vacuum'insulatibn. The major
estimated heat inputs to the helium chamber are (1) gaseous conduction
through the styrofoam plug in the top of the dewar, 6W; (2) gas con-
duction down the antenna horn, 1 W; (3) metallic'condugtion in the horn,
3 W; (4) direct radiation into the antenna, <1 w;van& (5) radiation
to the dewar wall through the superinsulation and heat shields, <1 W.
Items (15 and (2) are estim%ted-from the thermal conductance of helium

=5 T3/4

gas, k = 2%X10 W/cm deg (Chelton and Mann, 1956). Item (3) is

obtained from the conductivity of copper, 4 W/cm deg at room temperature.

et S e o m
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The copper film dominates the conduction of the horn. Item (4) is not
well known but it is probably small due to the multiple bounces the
radiation makes, so that most of it is absorbed in warm'parts of the
cone. Item (5) is estimated from the loés.rate>of an empty dewar,

- 0.25 &/nhr.

The observed loss rate of the dewar with apparatus installed»is
about 2.5 &/hr, enough to account for items (1), (4), and (5). The heat
" of vaporization is 84 J/mole, and its density of 36 mole/f. In addition,

we obtain coéling ffom the specific heat of the boiloff gas, which is
(5/2). R = 21 J/mole deg. Under typical conditions, the gas warms froﬁ.
1.5 K to 10 K just under the styrofoam. The net power absorbed by the
helium is then 6.6 W.

The heat conduqted and radiated down the horn is carried away by'
helium gas. vThe boiloff gas is directed either oVér the outside or up
the inside:of the horn, but in either case its temperéture gfeatly
increases as it absorbs the heat.

2. Balloon Gondola and Electronics

A drawing of the balloon payload is shown in Fig. 15. The framewprk
is a modification of a pre-existing frame. It is é nearly rectangular
structure, 120 cm X 120 cm X 155 cm high. The instrument in its cryostats
is pivoted near the center of the volume, so that it can look ouf at

‘different zenith angles. The total scanning range is out to 40° from

the zenith in one direction and 25° from the zenith in the other direction.

A nearly horizontal mirror is installed at the top of the gondola and a
movie camera is in one corner, so that photographs of the dewar top
can be made. These photographs show the inside of.the antenna cone

and are an important check on whether air condenses into the antenna.




-83-

The electronics for this system were designéd and 5uilt by
J. Henry Primbsch and his assisfa?ts at the Space Sciences Laboratory
in Bérkeléy. The telemetry devices fof transmittihgvand receiving
dataiand comﬁands were all built for previous baiiéon expefiments; as
was the battery box.' The system can transmit 12 coﬁmandrtones<on a
transmitter at about 138 MHz, giving a total of 40 &ifferent commands;
Tﬁis system is reliable because the small receiver bandwidth (1 Hz)
allowéd‘fbr each tone prevents response to othef trénsmitters. The

data are transmitted back from the balloon on a number of digitized

anélog channels.. All the analog channels are digitized by the same

eight-bit, 0-5V analog-to-digital converter. Two daté channels are

sampled 250>times per second, aﬁ& they are usedlfor the detector signal
and for the phase reference signal generated by the rotating‘chopper
shaft. Thirty—one channels are sampled every 0.064 éecond and are
used mostly for thermometers and bosition readéutjpotentiometers.
One is subdivided into 16 subchannels, each of whiéh_is sampled for
2 sec out of.every 32, These are used for housekeeﬁihg data like
battery.véltéges, level indicators, and more thefmbmeters. Another :
analog channel is used to transmit octal data numbérs, recordiﬁg fhe _
positié&s.of two shaft gncoders, tﬁe status of the camera and heatérs,-
the preamplifier gain, and the command system'stéte.

The electronics which are specific for this_exﬁeriment é;e mounted
on an.aluminum sheet on the sidevbf the cryostat. .fhey inclﬁde a 

special circuit which runs the interferometer stepper motor in a

" prearranged automatic sequence, a chopper motor driver, heater controls,

helium level indicator power supplies, other stepper motor drives, and
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a,low—noiée gain-switched preamplifier for thé detecfor.

The préaﬁplifiér uses the 2N4867A transistof_in a circuit which
provides rapid recovery from transients.. The method used is to stabilize
the DC Qperating point with a feedback loop. This feature has proven
to be imﬁortant because the detector produces electrical tréﬁéients that
aré presumed to be of mechanical origin. Rechargeable Ni-Cd batteries
prbvide a low impedance, low noise power supply s&_that even with a
gain of 106 theré is little feedback thfough the_po&ef supply.

The fotal powet consumption of the entire béllpon gondola is Eetween
50 and 100 wats, depending oﬁ how many motors and heaters are running.

About 10 watts are required for each motor and for the transmitter, and

10 watts are needed to run telemetry and command systems. The measured

capacity of our battery is 1000 W-hr but this is reduced by low temperatures.

The battery is made of about 45 kg of lead-acid gel-étorage cells. The
battery is insulated by about 5 cm of Styrofoam to postpone the loss of
heat.

C. Spectrometer Operation

Both our interferometer and the pufpose to wh@qh we are putting it
are somewhat novel, so we have developed our own'teéhhiques for adjustment
and for computation. The adjustment is different from thaf which we
use for our ordinary laboratory interferometer and'£he geometry is muéh

more complex. The computations are unique because they involve measuring

a continuous spectrum in the presence of an unresolvable series of line -

emissions from the atmosphere which can however be modeled.
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1. Aligning'the Interferometer

As previously discussed, our interferometer has a beamsplitter and
two corner .reflectors to be aligned. The other parts of the interferometer
are entifely uncritical as regards alignment. Each input plane wave

produces four different plane waves at the outpﬁt_which must be accurately

. superposed to prdvide the interference that is the basis of the instrument.

Each plane wave is divided into two at the beamspiitter, and at each

corner reflector the wave is again divided, according to which half of

‘the reflector is struck first. If the corner anglejof_the dihedral

mirror is'not‘precisely 90° then the two paths do not produce parallel

- rays coming back.

Our most effective method of alignment is viéual}. The mirrors are
of solid aluminum and are given a moderate polish, aé previously described.
The beamsplitter is of no use for visible light but a plane—parallel
glass plate can be used as a substitute, merely by pressing it against
the plane which holds the wires. The first step is-té setuthe corners
to right'angles. The.setup in Fig. 16 is used. ‘The:target is a
perforated bfass sheet illuminated from the back:by_é lamp. First a
plane mirrofvis placed at M and the telescope is foé#sed on the target.

Then the plane mirror is replaced by the corner mirror and its angle'

~is adjusted until the two images seen in the telescope are superimposed.

The telescope has a large enough aperture (50 mm) to view the entire

' corner mirror, and a large enough magnification (25x)fthat the entire ray

bundle can fit into the pupil of the eye. It is necessary to use the
entire area of the mirrors because they are not perfectly flat, and

we want to form the correct average. The teleséope is'prefocused for
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the same reason.

'Tﬁen the two corners are aligned relative tézthé beamsplitter.
The first step is to align ghe vertex lines of fﬁeAdiﬁedral mirrors
at an angle of 45° to the direction of polarization‘éf the beamsplitter.
The methqd ié.to look through the beamsplitter at thé cornef mirror ‘
and thé image which it forms of the beamsplitter;"When correétly
aligned, the images of the'beamsplitter;wires'aré pefpendicular to
the Qirés ﬁhemselves. |

The_final alignment is made using the glass_beéﬁéplitter préssed
against the wire one, as shown in Fig. 17. The teigégope looks through
the interferometér at a distant target. It is préfbcused using the
measured total optiCal'path'inclﬁding.all the bounceé'in the interferometer.
Both corner mirrors cén be rotated about their optic axeé slightly, and
there is one tilt aajustment. If the preceding adjusfﬁents have been
accurately made, only the tilt adjustment need be uéed to supetimpOse the
two imageé seen in the telescope. The target is a'two—dimensional
pattern so that it is possible to examine ail_partsvof the field of view
simultaneously. It is necessary to have the targef at a great distance
to avoid confusion with the extra sets of.images tﬁa;_arise from the
two-sided glass beamsplitter. Iﬁ the limit of infihite target distance‘
all the images are superposed. |

These adjustments arrange that parallel ray buﬁdies entering the
interferbmeter will be able to interfere at the output. It is important
that the interference be able to occur at all points in the field of .
view. If the corner mirrors are not correctly iﬁstalled, then adjustment

can be obtained at only one point in the field of view. For example,
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there are two ways in which to satisfy the orientation of the corner
mirror relative to the polarization direction of the beamsplitter.

Either is acceptable but both mirrors must be done the same way. When

!

the glass beamsplitter is present one should be able to seeAthe“reflected

image of one corner mirror superimposed on the direct image of the other.

For this to be so, the vertex lines of the corner mirrors must intersect,

and the'plahe"of'the beamsplitter must bisecf_thevéngle betweén them,
orfSﬁduld at least be parallel to such a plane. H

| The alignment diécfépancy muét be small compafea to -the difffaction
angle 6 = 1.22 A/d, where A is the wavelength of:iﬁtgrest and d is the.
diameter of the optiCs,vabout 6 cm. For a waveléngth of 0.02 cm, this
angle is 4 mrad,'whiéh is easily visible in the 25% télescope. If the
beams are not aligned this ﬁell, they do not overlap enough to inte;fere.

As with ;he Fabry-Perot interferometer; the-frequency resolution
is limited by the solid angle passing thrdugh thé.iﬁterferometer. In
fact, the same formula applies: Q/Av < 2m/Q.

Uﬁlike_the Fabry—Pefdt interferémetér, the PMI does not require
especially flat surfaces. What it requires inste;d,ié precisely
parallel‘translétioh of the moving mirfor. The :esﬁiting spectrum'
is aécurate to a limit set:by’the precision of nbtim;of the moving mirror.
If4the'reéulting spectrum is to be accuratezto'wifhiﬁ 1% of the ﬁeékv
signal streﬁgth, theﬁ the mirror.must be set to within about 0.01 A/Zﬂ,
where A is the predominant waQelength observed. For our case, A is about
0.07 cm, and the required precision is about 10_4'cm, quite COmpafable

to the'setting.needed for the Fabry-Perot interferometer.
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«

Our drive mechanism is not of optimal desigh:fpr precision
»photometr& an& is under review. The movi;; mirror can wobble up to
abéut 2 mfad if it - is not sprung or wéighted to avoi&{transverse motion.
This motibn occuré_because the micrbmeter screw is part of the alignment
bmech;nism énd it must be loosely set so that it will not squeék. Tests
in thexlaborétory show that successive measurements of the same
interférogram have random variations with a-standard deviation of about
1% of the signal strength. Fourier transforms of.ﬁhese test inter—
ferograms show false energy (ghosfs) of the order 6f>3Z of the maximum
signal level. Ghosts can be recognized easily whefe it is known for
other reasons that there is no signal energy. |
2., Calibration

Our spectrometer is a linear device with a singlé a&justable coordinate,
the path difference x. With it we desire to measure the spectral
intensity F(v) of some source. There are two functions needed to
describe this kind of system. The first is the zéro level Fo(v) as
a function of frequency. This is the spectral intensity which must be
" supplied to thg instrument in order to produce a 2¢;6 output for all
values of x. We desire that this value FO(V) be small compared to the
spectrum to be measured, and it should be acqurate1§ known. If our
spectrometer is working correctly, Fo(v) is the biéck.body emission
spectrum for the temperature of the helium bath invwhich the sﬁectromefer
is immersed. Experimentally we verify this,statement‘by supplying
such a‘blaék body in either of two ways. The firsﬁvway is to fotate

the diagonal mirror so that the spectrometer looks downwards at an

Eccosorb cone immersed in the liquid heliuﬁ. Thelsécbnd way is to
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slide a cone of Eccosorb down the antenna cone ﬁntil it fills the beam
énd is immersed in liquid helium too. |
| These Bodies should produce zero output for”ali_x because the

spectrometer cavity is isothermal. Therefore, no rédiation gradients
can exist to_be chopped by the chopper and produce signals at the
detector. The detector témperature of 2.2K is slightly highér than_thé
bath temperature of 1.6K, but né effects of this difference have been
observed with either cold black body.

The second function to be determined is the.transmission function‘
of the_inSﬁrument for general V and x. As it hapéens, this function

is simple for the Fourier spectrometer. It is
t,(V,%) = £, (V) cos(2Mvx + (V) , (20)

where tl(v)’and $ (V) are functions of V only. When this expression is
integrated_dver frequency, an expression for the interferogram is

obtained:

1) éf [F(V) = F ()] £(V) cos(2mvx + $(V)) &V . (21)

To use the spectrometer one observes the function I(x) at a variety
of poihts x aﬁd.solves this integral equation for [F(V) - FO(V)] tl(V)
and for ¢(V). The method of solution is ordinarily the Fourier Transform
diseusééd at some length in Section IV. The resglt{is that because
of the special properties of the kernel cos (2Tvx 4'¢(V)), the solution

is very simple. One defines -

[+

G (V) =-f. I(x) e 2"V 4y

=00
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from which follow the desired results

il

S(V) = [F(V) = F . (M] t; V) = 2[e)|
and

é(Vv)

arg(G(V)) .

Approximations to the integral for G(V) are usually made by sampling
.I(x) at a regularly spaced set of pointsiand then_performiﬁg a
discrete sum. Providing eﬁough sampies are measuréd, the sum gives a
good approximatiqn. |

Typical experimental results for a.spectrum:S(V) and a
phase function ¢ (V) are shown.in Fig. 18. For this.set of
data the source was a room temperature Lucite platé‘i.27 cm thiék
covering the top of the horn. Tﬂis material is a gdod black body.. The
function tl(V) can be derived from S(V) by dividing by F(V), Sinée
.Fo(v) is negligible, and is also plotted. The bath was at 1.6K.

We alsp test our system with low temperaturé black bodies. A light
pipe 1.27 cm in diameter is inserted into the copéef cone antenna,
making contact about 12 ctm from the small end. A tight-fitting conical
black body of Eccosorb slides inside this light pipé, so that its
temperature can be varied from the bath temperatﬁre‘ﬁp to room temperature.
The results_of a test with a black body at 4K are gi&en as curve (d)
.of Fig. 18."This curve is the ratio of S(v) for a AK'body to S(v) for
a 300K body. The transmission facto£ tl(v) cancels out, so this curve
should be the ratio of black body intensities. The theoretical ratio

has the simple form
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FT(V)/FT,(v) = (exp (hve/kT') -1)/(exp(hve/kT) - 1) , - (22)

which is also plotted in the figure. This function is the ratio of
méan occupétion numbers of.the eigenmodes of the radiation fields,
as given by Bose-Einstein statistics.

The calibration curves ti(V) and ¢(V) tell us how wéll our instrument
is workiﬁg. The functioﬁ tl(V) shows the effects bf'détector transparency
at low frequencies, and the combined effects ofrfhe low pass Fluorogold
filter and the beamsplitter efficiency rolloff at high frequency. The '
function ¢ (V) shows a.bump at low frequency, a straight line section'
at intermediatevfrequencies, and a pronounced.osciliation at high
frequencies.v These features are all reproducible. The straight line
section corresponds to an ideal interferometer wifh-the coordinate x
measured.from the wrong origin. Neither of the other effects is
understood, but they may be related-to the mirror_wgbble.

3. Observational Strategy

Because of the complexity of the interpretation of phase corrections
and because our spectra contain unresolvable atmospheric.lineé, we are
plénning to‘avoid the method of Fourier transforms altogether. We
will fit models with small numbers of parameters directly to our
observed interferograms. The difference between the observed and
fitted interferograms will then be Fourier transformed and studied. .
Since the effect of large, known emissions are already removed, problems
of phase éorrection and resolution of lines are minimized. It is
believed that this procedure can extract the maximum amount of information

- from the observations.

e %

[ S,
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As described in Section D below, models have been constructed for
all the known sources of emission into the spectrometer. The
synthetic interferogram which is adjusted to fit the observations is

derived by numerically evaluating the integral

- . _
16 = [ [FO) - B, 0] £ () cos@mux + 6 v . (23)
K . :

The function F(V) is a function.of the modél parameters, while tl(v)

and 9 (V) ére known calibration functions. For the simplest form, we

model F(V) by a sum of only three terms: the eﬁiséiohs from a 2.7K

black body, from water vapor, and from ozone. If the temperature of

the atmospﬁére is assumed, there are énly two ﬁnknéwn parameters needed

to calculate its emissions, namély the numbers éf molecules of ozone

and water in the line of sight.' All the rest aré knbwn from direct

observation. In a slightly more genefal case, wé can replace the‘2.7K

bléck body with a gray body, characterized by an e@issivity and a

color temperature, and fit these parameters to the interferﬁgram as well.
We have made estimates of how well these'fqﬁf‘parameters can bg

simultaneously determined from a noisy interferogrém. The theory of

least squares fitting yields a correlation matrix for the noise on the

fitted parameters. This matrix is derived from thelproperties of the

modelvand thevvalﬁes of the fitted parameters. To find the actual noise

oﬁ a fitted parameter, one needs to estimate of thevnoise on the

original interferogram. If the model is an adequété'ﬁodel, the residuals

of the fit give a noise level comparable fo the random noise coming from

the detector when the interferometer is not scanning. The resulting

~estimates afe‘presented in Table VI for measured detector noise and an

“observing time of 1 hr.



~96~

Table VI. Estimated noise in data fitting.

rms Fractional Noise

1/2 cm |

Parameter Fitted Value L = L o= 1 cm-
AV =1cml | Av=1/2 cml,
",0 3 x 107 em™? 0.009 0.009
n, 3 x 1017 em™? 0.007 0.0085
3 .
.T gray body|2.7K 0.02 -0.03
€ gray body|1.0 0.07 - 0.13

Total Observing time: 1 hr.

Measured detector noise only.
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The important feature about this table is thatlitvdemonstrateé
that the molecules are not measured better with highef resolution. .
However, thg totai émission:ffom'fhe gray body, giveﬁvby the parameter
€, is only half as well determined when the resdlﬁtion is improved by
a factor of two. This result is in direct agreement with the noisé anal-
ysis giveh in Section IV—D;‘ It is curious thaf_AT/T is only a fourth'
as large as A€/€. The expianafion of this is that we are observing
almostvthe entire power emitted by the gray body, Qbich is propdrtibna]
to T4.

1t is thus seen that high resolution is unnecessary to observe
the atmosphéric line emissions. It is only necessary to observe the
interferogramsvto give the resolution we wish to have on whatever
discrepancies we are looking for. If the discrepancy with the model

is localized in frequency with a width AV, then we should run the

interferometer to give just that resolution.

D. Models for Emissions ¥nto the Radiometer

Essentially every item in the opticél tféin of our apparatus must
be considpréd as a source of radiation. The atmoéphére, the earth,
thé balloon and rigging; the windows, the horn, and the aﬁtenha
cone all emit radiation. They will be discussed in that order in the
following sections. Estimétes show that the atmospﬁére and the
window (Teflon) have large and éomparable contributioﬁs, while the
othefveffects have been designed out. The atmosphefe is measured by
the spectrometer and by zenith angle scans. The ﬁindbw is méasured
by removing it. In principle, there could be two identical windows

of which.only one was removed. The difference signal would then estimate
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the correction for the remaining window. The horn and cone are checked

by varying their temperatures. Earth, balloon and rigging are investi-

gated by zenith angle scans. Figures 19 and 20 summérize the estimates

of the next section.

1. Atmospheric Emissions-

Rotating molecules in the atmosphere are the;ﬁajor'source of
radiation seen by our spectrometer. At our opératiﬁg alti;ude, the
atmosphere emits more than a 2.7K black body for ftequenéieéiabove
about 12 cm—l. Water emits about ten lines in our“fegion, some of
which have optical depth much larger than unity. .Oéone emits
hundreds'ofllines spaced by tenths of cm—l. Its lines are more
closely spaced than those of water because it is largerband heavier
and therefore r;tates more slowly. The strongest ozonevlines have
optical depth near unity.

Both watér and ozone emit by electric dipolé transitions.
Molecular oxygen also emits but By magnetic dipoie tfansitions. In
its ground electronic state there is a magnetic moment because there
.are two unpaired electrons. The ground state is‘split by a fine-
structure interaction, which couples the electronic angular momentum
to the molecular rotational angular momentum. Transitions between
fine structure states give lines at 2 and 4-cmnl; Transitions between
different rétational states give lines at higher.ffequencies. These
lines occur in triplets because of the fine structure. The first group

is centered at 14 cm_l.

—
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Fig. 19. Emission of water, ozone and a 2.7K black body.
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Figure 19 is a frequency plot of the effective antenna temperature
of the emissions expected from ozone and water. = The spectrum is portrayed
with a Gaussian resolution function of standard'deviation 0.125 cm—l.

7 =2 L
cm - for both ozone and water..

The numbers of molecules a're.3><101
Muehlner and Weiss (January 1973) found that these nﬁmbers were consistent
with tﬁeif observations. l

The antenna temperature is defined as the température which, when
usgd in'tﬁe Rayleigh-Jeans black body formula for an_object that filis
the antenna beam, would produce the observed éignél level. 1In terms of

s . 2 - .
the spectral intensity Fv (W/cm“sr cm l), the antenna temperature is

T, = Fv/2kV2c , o (24)

where V is the frequency in cm-l. If a physical object at temperature
T with emissivity € fills a fraction f of the beam, then it produces

an antenna temperature

T, =T+€* £« /" - 1)) , ,'.', (25)

whefé N = hve/kT.

_The antenna temperature for a 2.7K black body is élso plotted.
For this curve n = 1 at only 1.88 cm_l. This is the curve which wé are
attempting fo measure. The plot shows that the difficulty of measurement
increases rapidly with frequency.

Line strengths for ozone énd water aré calculated from the data-
of McClatchey, et al. (1973). The data are availablé on computerbtape
from them. The calﬁulations involve the vibrational and rqtational

partition functions, and formulas are given by them to simplify this
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computation. The pressure-broadened linewidths afe proportional to the
pressure and the mqlecular velocity, and are typically of the order

. of 3><10—4 cm_l = 9 MHz. Data for oxygen lines are given by Meeks and
Lilley (1963) for the 2 and 4 cm—l transitions and by Gebbig et al. (1969)
for higﬁer frequencies. | | |

Proper accounting must be made for the effects of saturation of the"

line emissions. It is customary to assume the Lorentzian line shape
' 2, 2.-1
k(W) = (Sa/M (v - V)" + oD, (26)
where
'S =/ k(V) dv . . 27)

In this formula, k(V) is the absorption coefficiénf,ﬁer (molecule/cmz)'
and can be interpreted as a molecular cross section. S is the 1iné
strength (cmfl/molecule cm—z), while O is the line width parameter, the
half-width at half-maximum.in cm_l, and Vo is the resonant frequency in
cm_l. | |

" When radiation passes throﬁgh an absorbing medium, it is attenuated
exponentially. The negative logarithm of-the trénsmiésion t thfough |
a portion'of fhe medium is called the 6ptical depth T, so that t =ye-‘,
and the ébsorption is then a = 1 - e . The optical depth may be
found byvan integration of the absorption coefficient along the ray
path: T = fkpds, where k is the absorption coefficient, P is the
number density of the molecules, and ds is an element of path length.

For line.emissions, and espécially when line shapes are unresolved,

it is useful to define an equivalent linewidth A.  This is the linewidth

that a éompletely opaque absorber would have if it absorbed the same
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amount of energy from a continuous spectrum of energy incident on the
medium. The fraction of light which the real line absorbs at each

-T(V
( ), so we define

A= fQ - e*T»M) av - (28)

We may then approximate our absorption function by.a = AS(V - Vo),

where § is the Dirac distribution.
By'Kirchhoff‘s law of reciprocity, if the line absorber is at a

temperature T, it is also an emitter according to

I, = B, (D) - Ao L (29)

wﬁefe I 1is the integrated brightness of the line in W/cmzsr? and
Bbb(V,T) is the spectral brightness of a black’quy a£ the temperature
T and wavenumber V. In these units,

By (V,T) =21<rc\$2(n/(e”—1)) y - (30)
where

n = hve/kT . R (31)

For any of our atmospheric absorption-emission lines, we must
perform intégrals over space and frequency to obtain A. The simplest

assumption is the isobaric, isothermal case, so that

k) = o /M - v )2+ o)™
with 0, a constant. Then
) = (5) ° (32)
o 2 ’ :

2
vV -V
o ( 0) + ao
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where u is the total number of molecules per cm2. I integrated the
linewidth integral by parts, and identified the result as a confluent
hypergeometric function. Applying identities for this function led to

the formulab

A= 2naoye'y[J0(iy) E MY C5) BN (33)

where y = Su/ZWUo = f°/2 defines y and TO. This verifies the statement
of Muehlner and Weiss (January 1973).

The next more complicated system relaxes the isobaric condition
but maintains a constant mixing ratio. To solve tﬁis'problem, I set
up formulas expressing the attenuation coefficient k and the number

density P in terms of the pressure p. The integral'for T(V) turns out

to be an elementary integral

. ' 2 2.
TE) = (1/2) tn @+ 2/ - v)D) (34)

where as before we define To = Su/ﬂao, and u is tﬁe number of molecules/
cm2 in the line of sight. Here Go is the parameter T evaluated at the
position of the spectrometer. It is important that‘To is no longer
the optical depth at the center of the line, which is infinite in this
approximation. It is, however, the optical depth which would apply
at line center if all the molecules were at the éame pressure po, the
pressure at the spectrometer.

Putting this result into the formula for A gi?es

. LS 1 —TO/Z .
A=0tof (1—(1+—2) )dC,

4 (35)

00

where £ = (Vv - v.)/a .
o’ o
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This I integrated by parts, changed variable to & =,l/;2, and obtained

o

5 1/2 -t /2 L,
A= aorof @Y% @+ o/t 36)

T
—® 1 o 1
o0 T = =
o 0B<2’. 2_+ 2) ’

.

where this B is the Beta function defined by
B(x,y) =T(x) TmM/Tx+y) . o (37)

For’unsaturated lines, the Béta function is approximgtely T, and the
linewidth 1s A = Su as expected. For large To’ the Stirling approximation

shows that

A =0 /7TT = /2500 . | (38)
(o] o o] '

For compdtational purposes the B function with one argument fixed at
1/2 is easily evaluated with an expansion around infinity. A recursion
relation is used to increase the argument so that the expansion around
infinity is good, even for small T,

A synthetic interferogram is now.easily generated to fit to
obsefvations. First, the effective linewidths are computed from
number aeﬁsities, assumed average temperature, and‘measured pressure.
These are multiplied'by tﬁe black body intensity“agdbfhe measured gain
of ;he interferometer at the appropriate frequenéies. Then phése~
shiftéd cosines are calculated from the known instrumental phase
function ¢(V), and the products of all these factors are summed over
alllthe known atmospheric lines.

If good fits cannot be obtainéd, wé‘may need to construct a model

which takes explicit account of the temperature profile of the atmosphere. -
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2, Measurement of Antenna Pattern

Warmlébjects emit vastly more radiation in thé_far—infrared than
does a 2.7K Body. At 18 cm—l, a 300K body emits more than 105 as
much as a 2.7K body.v Our antenna must reject radiation from the
followiné warm bodies: a b#lloon (mostly transparent, slightly refiective,
and wery large); the robe, parachute, support cables, and spreader bar
suspending the gondola; and the gdndola and the eérth'which fill the
back lobe of the antenna and part of the front lobe éf'the antenna.

As previously described, our antenna is a lohg,vthin reflecting coﬁe,
with a shorter and steeper horn at the large end. .This design has the
advantages that it

(a) does not suffer from local stray light, being totally enclosed,

(b) places no dielectric surfaces in the beamvwhich could otherwise
reflect several percent of the radiation from undesifed directions into
our beam,

(c) has no solid objects obstructing and diffrﬁcting the beam,

(d) has well-understood geometrical and wavé optics, and

(e) has calculable lésses and emissions.

To understand the diffraction of the incoming.wéves into our
antenna, we consider the time-reversed situation. bImagine that the
detector is feplaced by a source, and the source by avmoveable detector.
There is now a spherical wave going up the inside of.the cone. This
wave diffracts at the abrupt change in boundary édﬁditions where the
long cone ends and the horn begins. Radiation diffracted at small
angles does not interact with the horn, but'rays at larger angles

strike the horn and are redirected into the forward direction. By

4
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geometrical optics, using the image—ball constructioﬁ given in
Section II—E—?, no rays from the cone-horn junction can leave the
hofn at mo;evthan 37° from the axis.

To verify that this construction works to reduce the effects of
diffraction, we measured the response pattern of the antenna. The
mosf obvious method of measurement is to move a cﬁopped point séurce
of radiation about in the field of view. We did this, using a mercufy—arc
lamp as a black body at 1000K, two glass liquid nitrogen vessels at 77K,
a klystron.generating several mW of power at 2.5 cmfl, and‘a.diode
harmonic generator prbducing a few microwatts at 5 cm—l, 7.5 cm_l, and
higher'harmonics.' With these sources thé angu;ar,response pattern can
be measured at anéles up‘to'aﬁout 20° off axis. Except for the
fundamental klystron measurements, the signal is too small to measure
at larger angles, even with our best detectors. With the klystron,
the problem is the opposite, in that the detectof responds to leakage
through other paths, magking the desired signal.
| Despite the difficulty of measuring responses at large angles,
extrapolations and diffraction calculations indicate that they are very
important. Hence, we undertook to measure our anﬁénna pattern at
much larger angles. The device shown in Fig. Zl.was‘used to méasure
at;angles up to 70° off axis. It ufilizes the axial symmetry of the
antenna to produce a source with 1arge‘solid angle. The reflection of
the rays from the source on the inside of a barrelfshaped reflector

prodﬁces a ring-shaped image as described in more detail below.
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The actual source used is another thermal source, this time a
liquid—ni#rogen filled beaker. It is of glass, thch is a good absorber
at these frequencies, and is a right circular cylinder 15 ecm in diameter
and 15 cm tall. It is surrounded by several layers of polyetﬁyleﬁe'

" bubble sheet, a common packing material, which ié'a thermal'insulator
and is nearly transparent in the far—infrared.'=THé radiation from
‘this source is chopped by a drum which rotates on éﬁ axis passing
through the center of the beaker. Half of the drum is metal and the
-other half is polyethylene film. The nitrogen éas’ﬁoiliné from the
beaker is contained within the drum and prevents condensation of water
‘onto the cold black body. = A liquid nitrogen "fill - ‘tube lea&é‘to the
beaker'through one bearing of the drum. |

This source of radiation is located on the axis of the antenna.
For nérmalization of the gain of the system, the source is brought
close ;o the antanna so that it fills the beam. Forvmeasdremeﬁt aﬁ
lafge angles from the axis, a baffle intercepts the direct radiatibn
from the source while a cylindrical reflector prp&uces a ring-shaped
image of the source. This image is located at an;éngle 9'=‘érctéh(2r/3),
where r is the radius of ‘the reflector and R is thé'distahce from the
source to the antenna. The width of the image is the-ahgle A =D cosO/R,
where D is the diameter of'the beaker. The solid anglé'ofifﬂe ring image

is now
"D , 2 I ” '
Q = 2msinbA6 = 27 7 sin e . (39)
An additional factor of cosf® is used to estimate the effect of the chopper

drum, since it has a different effective phase angle for rays that do
: . . : 1 . _
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not travei along the optical axis. Then

.Qeff = 27 (D/R) s1n%0 cosd . - - (40)

For our case, we have D/R = 1/7, so that >at ) =_60°, Qeff = 0.34 sr,

The lafgé solid angle of this source permitsirépid measurements at
large angles. The :esults it gives are upper limits to the desired
response curve because there is another path for thé radiation that is
important. Energy whi;h is rejected by the antenna or reflected from
its surroundings returns to strike the baffle, and a smail fraction of
this returns to the antenna at angles where it is sensitive. At angles
of 60° and lérger, the choice of material for blackening the baffle is
very impértant. Our choice is a soft, multicoloréd;polyurethane foam
used as a packing material.

The results of our measufements are giveﬁ in Fig. 22. The curve’
NEW shows the present state of the antenna. The éurve OLD shows
the performance of its predecesor, which had no'qug:cone and collimator,
but onlyva ét:aight 6 cm pipé running from the horn down to ‘the
diagonalrmirror and'spectrpmeter. The mean waveleﬁgth'uéed for the
observations is about'0.07 cm. The function plottedbis labeléd I, which
is not to be confused‘with the interferogram function I(x). As 7
previously mentioned, the normalization integral fIdf is found by simpl§
filling the'aﬁtenna with the source. The meaning. of the plotted
quantity is'very'simple. If an object in the field of view is at an
angle 0 éff axis and subtends a solid angle , thén it fills an effective
fractioﬂ §f the Beaﬁ f = QI(6). The pattern at small angles agrees

well with the geometric optics calculations described below, with beam
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divergence 7.6°, together with diffraction through a 6 cm hole. At 30°
the pattern is éimilar to th;t caused by diffractianfthrough a 30 cm -
apertﬁre, shdwing the effect of the hqrn in impfqving the pattern.

We did ﬁot measure the general frequency dependénce of this
response pattern. For a plane wave diffracting onée‘through a hole
at a large angles, theoretiéal diffracted intensities are proportional
tO'waveléngth under rather general cbnditidns. _In'the absence of
direct data we use tﬁis hypothesis. For freqﬁencieé lower than about
3 ém—l, we e#pect this approximation to break dowﬁ, és thg antenna
-transmits 6nly a few eigeﬁmodes. At 2.5 cm-l, the ﬁaﬁtern measured with
the klystron was actually better at 30° than the paftern measured at

16 cm_l,'the mean frequency for the black body source and detector

combination.

3. Diffraction Calculations

Approximate agreement has been found between fhé antenna pattern
Tmeéasurements jusf described and the diffraction calculations described
below. Thé calculations must be made because some important questions
are not accesgible to direct measureﬁents.

As previously mentioned, we consider theoretiéally the time-reversed
case. A sourcevof radiétion is located at the bdttom of the long cdnical
antenna. A_Spherical wave travels up the cone and out the horn. As
the radiafioﬁ'passes by the junction between cone and horn, it is
diffracted. The horn redirects this diffracted radiation in the forward
: direction; A small fraction of the beam diffracts égéin at the top edge

of the horn, and is responsible for the radiation diffracted at angles

greater than 38°.
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The geometrical optics of the éone are simple. It is 70 cm long,
6 cm in diameter at the top end, and 0.3 cm in diametgr at the bottom.
The cone half angle is then\0.0Al radians = 2.3f. The image ball is
constructed as described in Section II-B-7 to desqrise the effect of
multiple reflections in the cone. The image ball isl7.4 cmvin diameter,
giving a beam divergence at a point at the top df fhé cone of
0.105 radiang - 6°, and avsolia angle of 0.0083 sr, for an Al product
of 0.23 cmzsr. .At the_bpttom the effective solid éngle is T sr, so
Ehgt Aﬂ_is 0.22 cmzsr, confirming the construction of the image ball.

| - The far-field beam divergence is larger than‘Sf_because each point on
the ;mage ball emits a spherical wave with a diVé:gence set by the cone
~angle of 4.6°. The antenna is not in focus for infinity. The r.m.s. beam
divergences'add quadratically so the effective bgémﬂéiameter is 7.6°,
although thé.extreme ray allowed by the geometryvié 5.8° off axis.

The horn has a similar construction. It is 25 cm long and goes

from 15 cm to 6 cm in diameter. Its.image ball is larger than its
aperture, being 34 cm in diameter. The resulting eifremal ray is about .
37? off axis. This means that radiation diffracted at the cone mouth
is reflectedvin the horn so that none of it can escape at more than

37° from the axis.

a. Theoretiéal Approaches to Diff;action. There are many methods
avéilable.tb study.diffraction, ranging from brute.force_éxact solutions
through variational_techniques to methods,based oﬁ Huygen's,principie.
For low_frequencies fhe exact solutionimay_be obtainable in ferms of‘

the sepafated wave functions for spherical coordinates with appropriate
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boundary‘cénditions, and with separate expansioqéﬁiﬁ,the several regions
.of the antenna. For higher frequencies I will describe methods based
on Hauygen's principle and based on an exact solutibn to diffraction
by an edgé. Huygen's principie is described in m;ny texts and handbooks:
Handbook_éf Physics (1967), p. 6-80; Menzel (1960, p. 341; Born and Wolf
(1969), p. 370; Jackson (1962), p. 281; éommerfeld (1964), p. 105. The
Khirchhoff formulas are a correct formulation of:ﬁuygenfs principle based
on an exact solution of the scalar wave equatioh.»‘JacksOn (p. 283)
proves a vector formulation of Khirchhoff's equation. To use any of these
formulas one must assume knowledge of the wave function and its gradiént
on a boundary surface. The usual diffraction calculations assume that
these take on the wvalues which they would have in the absence‘of the
diffracting object, except where a point is shadawed.by the object.
Rigorous solutions to certain problems are given by Sommerfeld
(p. 249)3 énd.by Born énd Wolf (Chapter XI). Somﬁérfeld was the first
to obtain a rigorous solution to any problem of'diffréction. J. B. Keller
(1962) has made successful generalizations of the known exact solutions.
He considérs‘diffractioﬁ at edges, points, and surfécés as governed by
certain sééttering coefficients, whose forms are &eriﬁed from the exact
solutions'for special cases. Away from such boundaries, radiation
propagatéé in the manner described by geometric optics. I developed
my oﬁn_method for'diffractipn calculations which turns out to be-
conceptually equivalent to Keiler's, but described in terms of intensities
and scattering cross-sections; rather than ampli;udes. Within factérs

of the order of two, my results agree with his.
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I will now sketch the development of my formulations. First I will
write down the standard Fraunhofer diffraction pattern for a circular
aperture, -then average over wavelengths to smooth out the oscillations.
and obtain convenient approximations, integrate the results with respect
to solid angle, and interpfet the formulas in terms of cross sections.

Following this discussion, I do a parallel development from Sommerfeld's

. exact solution near an edge and show that there is good agreement.

From Born and Wolf (p. 396), the diffracted intensity from a plane
wave incident on a circular aperture is
. 2 ' .
123, (kaw)
1(9) = D __!;_____ (41)
22 kaw . : .
where D is the area-of the aperture, A is the waveleﬁgth, k is Zﬁ/K, é is
the radius of the aperture, and w is sin®, where © is the angle by which
the ray is deflected. This result holds for small angles and wavelengths.
This intensity ié normalized to unit flux through the hole, and 'its units

are sr .

This formula is simplified by averaging over_waveléngth and putting

:vin an asymptoficvform for Jl. The limiting form for large x is

Jl(x) = ¥2/Tx cos(x - 3T/4) . - (42)

Putting this in and setting cosz(x - 37/4) = 1/2 gives us the desired

average:

1(8) = (A/Td)(1/sin®) , ) (43)

" where d = 2a is the dimmeter of the hole. For lérger angles, a correction

is made by putting in the cosine factors which are in the Khirchhoff

+
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formula (Borﬁ'and Wolf, p. 382) and which have Béen ignored in the
above formulas.. The result is simply to multipiy ﬁhe‘diffracted
intensity by cds2(9/2). This factor eliminates.fhé béck—scattered
light whiéh is prédicted by the simplest form oflﬁwéén's principle.
It is important that it does not become zero for aﬁ angle of T/2, but
is only reduced by a factor of 1/2. |
This form with the correction factor can be integrated with respect
to angle. ‘fhe result is that the amount of radiatiohjﬁhich is scattered

by an angle greater than 0 is given by
P,(9) = (2A/7°d)[cos” (8/2)/s1nd ~ (T - 8)/4]

» (2A/7%d) (1/9) for small ©

To obtain this result I allowed backscattered light to be counted.

Whether this is permissible is somewhat questionable. However, it

seems applicable to a case similar to ours, in which_the incident plane .

wave 1is confined to a pipe which is simply cut off;
To interpret these results in terms of cross sections, I suppose
that radiation passing within a distance 6 of the edge of the screen

is diffracted by an angle greater than 6. For a:ciréle, the area of

such a zone near the edge is 2Tad, while the total area is ﬂaz. Setting

the ratio of these equal to P>(9) I find that

§ = (A1) [cos?(8/2)/s1n® = (W - ©)/4] . (45)

For small angles this result should be approximately correct. For

-

example,‘radiation which passes within one wavelength of the edge is

diffracted by more than 0.2 radians. To be diffracted into the back

v

. -

(44)
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lobe, that is to be diffracted by an angle gréatér'than /2, the
radiation must come within § = (2A/ﬂ2)(1/2 - ﬂ/8)'§f,the'edge. This
result will be roughly confirmed by calculations from Somﬁerfeld's
exact solution near an edge.

Sommerfeld's solution at a straight edge was publiéhed in 1896. An »
exposition in English is given by Sommerfeld (i964, p. 249 ff). The
two remarkable features of this solution are that it (a) is simple,
being constrﬁcted by the method of images, and (b)‘has almost the same
gsymptoticfprm as the Huygen's principle calculatioﬁ. His solution

for the asymptotic form of the diffracted wave amplitude is

IH  ikr [sec %{¢ - Q) * sec %{¢ + Q)] (46)
Tkr

where the incident plane wave has unit intensity, and O and ¢ are
angles defined in Fig. 23, k is ZN/K,.and r is the distance of the
oBserving ﬁoint:from the edgef The firsg term in pafentheses becomes
infinite for ¢ = T + q, ﬁhich is the boundary of. the shadow, and the
second is infinite for ¢ = T - O, which is the edge of thé reflected |
wave. The two signs on this term refer to the fw6 poésible-polarizatiqns
of the electric field.

In‘order to calculate the energy flow per unit léngth.of edge and

per unit diffraction angle, I formed the intensity

18) = rlu|® = /161" [sec” 26 - @) + sec® FO + D], 47

- where I have averaged the two polarizations.

It is possible to integrate this intensity I with respect to angle

to obtain the quantity of radiation diffracted by an angle larger than 6.
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" Fig. 23. Diffraction at an edge. ..




-119-

By © I mean ¢ - T - &, which is the angle by whiéh the ray is deflected,
and I carry out the integration around to the anglé of the screen. The

result is

P_(8) = (),\/87T2)[cot%3 + cot%(e +20)] . (48)

In these‘uni;s, the above quantity is simply the:distance S célculated
previously‘fof the case of the circle. Evaluatihg“for 0 = 7/2 and
o =0 gives § = l/4ﬂ2. This is the amount which diffracts all the
way around behind the screen. It is very nearly eqhél to the vélue
\
calculated for the circle before. An equal amount is predicted by this

formula to be diffracted backwards on the side of the incident ray, so

that in all an amount }/2T° is diffracted by an angle greater than T/2.

b. Appiication to Our Anteﬁna. The foregoing'analysis can be
applied to our ahtenna for three purposes: to estimaté the antenna
pattern ag.lérge angles from the axis, to estimate.the Pack lobe of
the antenna, and to find out how much radiation sfrikés the horn itself,
so that we may estimate its emission into the beam.

To estimate the antenna pattern at large anglési_we consider the
double diffraétion proBlem. Lighf leaving the anténna is diffracted
firsf at the cbne—horn boundary, bounces perhaps on the horn, and is
diffracted.again to even larger angles at the top'of the horn. A simple
estimate given below yields results considerably lpwer than the experimental
values, and corrections are estimated wﬁich achieve agreement with
observations. |

The firét step is to find the intensity for the singiy diffracted

wave produced by the cone aperture. If we ignore the influence of the
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~horn, tﬁis is very similar to the problem of.a élane'wave incident on
a.circular.apefture in a screen. As seen from the coné mouth, the
edge of the horn is 0.3 radians off axis. With a wavelength of 0.06 cm
and a cone diameter of 6 cﬁ, the formﬁla for a ciréular aperture gives
1(0) = l/(ﬂ3dsin3) = 0.01 sr_l. By comparison, if the whole large
horn aperture were evenly illuminatg& and carried:thé same total energy,
then I(9) would be about 3 sr_1 over fhe entireISurface. OQur edge is thus
illuminated only 1/300 as much as.it would be for uniform illumination.

It is, therefore, expected that the large angle diffréction which
it produces will be only 1/300 as strong as that froﬁ a 15 cm aperture
evenly illuminated. At an.angle of 60° from the axis, formula (43) would
then -give I(0) = 4><10_6 sr_l. Our observations at‘this angle gave 10—4 ST
This discrepancy by a factor of 25 is not understoéd”in detail but the
following two obvious.factors have so far been neélected.

(a)_The Seam coming up the éone is actually a set of diverging
spherical waves. The geometrical optics sets the r.m.s. deviation of
a ray frém.the axis at 0.05 radians and the maximum deviation at 0.1 rad.
Thus a ray does not need:-to be diffracted as far in order to reach the
edge of the Horn. If a ray need be deflected Ey dﬁly 0.22 radians iﬁstead
of 0.3,.the intensity is increased by a factor ofv3;5. |

(b) The. rays reaching the edge of the horn are a diverging set,
with anglés from the axis lyihg between 0;3 and’QQ67 radians, allowihg
for the reflections of diffracted rays from the horn. These numbers are
simply geometrical optics numbers. In order to»be:diffracted out to
1 radian from the axis, these rays need only 0.7 to 0.33 radians more

deflection. If the mean diffraction required is only 0.5 radians instead

-1
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of the vélue'l which was previously assuﬁed, the Corgection required is
a factor of 8. -

The net result of these two corrections is to,Bring the estimated
diffraction at 60° off axis up to lO-4 sr“l, the measured value.

It is important to us to know the antenna reéponse pattern at
even larger angles. Adopting‘the'above approach for 90° off axis gives
an estimate that I(90°) = 10_5 sf_l. |

4. Emission Estimates

We have achieved rough agreement between thequ and observation
for the antenna response function I(6). We can, therefore, proceed
to estimate the emissions from warm objects in;o the'antenna. The
quantity which we calculate here is the effective fraction of the beam
which is filled by the object. The theoretical and"ekperimental
estimates-deécribed above were all made for a mean_wavelength of about
0.06 cm, corresponding to a frequency of 16.7 cm_l. ‘The theory -shows
that at iarge angles from the axis, all the radiétidn must be diffracted
twice. The scattered intensities aré,vtherefore; ﬁroportional to the{
square of the_wavglength, and are ten times larger aﬁ.a frequency of
5 cm“l than the numbers which we calculate. |

The first estimate I make is the response of the’antenna to the
earth. At observing altitude the horizon is actually depressed by 0.1
radian, due to the durvature of the earth, but we will néglect this
effect. Then if the apparatus is tilted by an angle of Y from the
. zenith, the earth occupies a soliérangle of 2Y in_fhe forward lobe of
the antenna. If Qe conéider the typical observing §hg1e of 30° (0.5 rad)

and we choose a mean value of I(8) as 3X10—5, then”wé‘estimate that the
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> of the beam. .Because the theoretical

earth fills a fraction f = 3x10°
X earth

responsé of the antenna falls rapidly between 60° and 90°, the response
to the earth will be a steep function of the tilt Y.

The second thing I can calculate is the respénée of the antenna
to objects which are behind it. I take a slightly_different abpréach
to this problem. Here I calculate the intensity of the light diffracted
by the cone and reaching thé edge of the horn, aﬁd~mu1tiply.by the
cross section of the edgé for backscattering. In the previous Section I
obtained the angular intensity i(e) = 0.01 sr—l as égen from the méuth
of the cone, and then I found a correction factor of 3.5. Sommerfeld's
result implies that to diffract around behind the edge of a screen,

a ray must pass within a distance § = A/éﬂz of the edge of the screen.
For our case this distance is very small, only 6.0015 cm, At the cone
mouth, this<narrow space around the mouth of the horn subtendsva solid
angle of oﬁly 6><].'0—S sr. The net result is finally that the back lobe
of this antenna is only 2><10-6 of the beam.

The other warm objects in the beam are all §t angles where the
response function I(9) has been measured. For inétance, there is an
aluminum block about 20 cm square located about 150 cm above the balloon
gondola, which attaches the gondola cables to the ladder line running
to the parachute. When our spectrometer is tilted 36? from the zenith,
this block is about 50° off its axis and subtends.aigolid angle of
about 0;01 sr. As a worst case one éan suppbse it black. Reading
from the graph, we find that at 50° from>the\axis;'£h¢ normalized

antenna response is 2>§10“4 sr_l. Then it is as though this object is

filling a fraction f K (0.01 sr)(2><10“4 sr—l) = 2><10.-6 of the beam.

bloc

[
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Similarly, the folded parachute ié‘about 40 cm in diameter and is located
about 15 m above the payload. It subtends an angle of 6><10"-4 sr and the
normalized response 30° off axis is 6><10_4 sr—l, so this object fills

a fraction fchute = 4><10—7 of the beam. The ballooﬁ.is 600 m away and
100 m in diameter, subtendiﬁg an angle of-2><10—2 sr,vso it fills a
fraction 10'-5 of the beam. However, the balloon is nearly transparent,
being made of 18 U polyethylene. This material neither emits nor absorbs
nor reflects more than 0.0l of the radiation falling on it. Allowing
for the cohservatiVe upper estimate that 0.05 of the balloon is opaque
due to reinforcing tapes and seams, it fills a fréction fballoon = 5><10--7

of the beam.

5. Window Emissions

The helium dewar has two windows which may bé removed during flight.
The outer window is of Mylar, 0.0127 cm thick. Its function is to
protéct the spectrometer during ascent, not just'ffom air but also
from ballast powder. Present day balloon techniéue requires that about
10% of the total weighﬁ of the balloon be ballas£ which is dropped during
aécent through the tropopausé. The reason for this is that above
the tropopause, thé atmosphere has a nonadiabatic temperature gradient
and the helium gas in the bélloén is colder than the air around it,
It therefore loses lift. Because of weight limitations, we must fly
llour ballast powder on the rope reel, which is 600 m above the payload.
The ballast is fine iron shot so that our Mylar window is made
stroﬁg to withstand the impacts of the particles as they fall onto the

appafatus.
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The'Mylar winddﬁ is so thick that its emission_is much larger than
the signal we are trying tb measure. The absorption_coefficient is
roughly Vv/2 where V is the spatial frequency, aS»éxtrapolated from
Loewenstqih and Smith (1972, p. 6~302). With our window at 16 cm-1 the
absorptidn is then about 0.1. Since it fills the_Beém it produces an
antenna‘température of 20K to 30K. In'addition, the refractive indei
is 1.75, high »enough that fér some frequéncies the coherent two
surface reflectivity can be as high aé 0.25. These complications should
not prevent observing atmospheric line emissiéns, élthough it is
clearly impossible to measure the 2.7K black body sﬁeCtrum through
this window. o

The second window is of Teflon, 0.0003 cm éhick, obtained from
Dilectrix Corporation. Its purpose is to prevent aif from condensing
into the antenna, which is at the temperature ofvliquid helium., This
window is thin enough that useful measurements can»Be made through it.
Teflon does not become brittle when cold, and in this thickness it is
remarkably elastic.

The Teflbn window is almost good enough to permitvmeasurihg the
2.7K flux in its presence. The absorption coefficient of Teflon is
also roughly proportional to frequency between 10 énd 30 cm-l, being

about 0.2 cm—1

At a frequency of 16 cm-l, our window than has an emissivity of 1.5X10—4,

. for an antenna temperature of about 14><10'-2

K. This is roughly an order
of magnitude larger than any of the diffraction effects calculated

above. 1In principle it can be distinguished from other effects by its

+ V/50, according to the data of Brandli and Sievers (1972).
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spéctrum, since the emissivity increases with’fréquency, while the

diffraction goes as the wavelength or the square of the wavelength.
However, as Brandli and Sievers showed, the emissivity chanées with
temperatﬁre.

Fortunately it seems to be possible to remove the window completely
when the balloon is at float altitude, providing'that the gaseous
helium outflow from the cryostat is directed through the opening. This
idea becomes more plausible when it 1s pointed éut'that several |
important facfors change ﬁhen'the gas pressure is feduced to 0.003Vatm.
Buqyanpy fordes per unit volume are reduced in pfbpértion to the
pressure, but the viscosity of the gases does not changé. Taylor
instabilities, in which the air falls into the cryostat and the helium
is férced éﬁt, therefore. gfow at much slower rates,_'Simultaneously,

“the flow veloci%y of the upwelling helium gas inéreases in proportion to
the reciproc#l of the pressure. .At float.altitude, the flow velocit&

is aboutvS m/sec through the 15 cm hole. It seems that these two effects
togéther are sufficient to prevgnt air from condensing into the optics.

We have verified this result by a flight simulat}on in a large
vacuum chamber. The capacity of the vacuum pump was so lafgé that we
were able to maintain a substantial flow of moist air past the éryostat
even at a pressure of 2 mm Hg. Nevertheless, visuél observations using
a small telescope and a mirror showed no signs of éondensation into

the antenna.
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6. Horn Emissions

The horn part of our antenna joins the warm cryostat top plate
to the'coppér cone which is at a temperature <10K. As previously
discussgd, it is heated by conduction through it$e1f and through the
helium gas'in and around it. The horn is cooled byvconduction to the
copper cone and by the cold helium gas which flows either through it
ﬁr around it. Thevtemperaturebgradient within if is approximately
linear, as measured by our attached thermometers and by observations of
the levels at which air introduced at the top will freeze.

In order to minimize the thermal conductance of thé horn, it is
made from stainless steel. To minimize the emissioné from this
.surface, a coating of copper aboqt 0.0013 cm thick was applied to the
inner surface by electroplating.‘ Thinner layers did not appear shiny,
nor have the expected electrical conductivity. The copper has more
thermal conductance than the steel &éspite its small thickness. The
resistance of the copper film decreaseé by a factor of 15 when it is -
cooled in liquid helium, aévexpected for moderately pure copper.

The copper was polished with a éhemical polish and coated with a
layer of polyethylene 0.005 cm thick. The purpose of this coating
is to reduce the emissivity of the metal surface. vFor metals, there is
an analogue to the Brewster's angle phenomenon, in which at a certain
angle of metal is completely absorptive for one polarization of
incidentviight. This angle is near grazing incidence. Lest this
phenomenpn be oVeremphasized, remember that the flux;which can be

carried through a surface at grazing incidence is small. However, the

situatioﬁ can still be vastly improved by the use of a dielectric
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overcoating. The dielectric has a very high refiectance for grazing
incidence rays and prevents them from ever reacning the metal surface.
For angles near normal, the film has little effect'and the emissivity
is near-that‘for clean bare copper. This emissivity is‘about 0.001
at room temperature and a frequency of 10 cm_l, and diminishes by a
factor of about three or four when it is cooled to liquid helium
temperature, due to the increased electrical connuctivity. These

numbers come from the ordinary skin depth formula and are proportional

to YYO where V is the frequency and O is the d.c. conductivity. The

anomalous skin effect is not important for the horn because the conductivity
of the copper is not high enough. The effect of ‘the dielectric is to
make the emissivity about the same as the normal incidence value for
all incidence angles. Detailed calculations were made by David Woody
showing the effects of the tnickness of the film, and the variations
of the emissivity with incidence angle. |

A basic estimate of the fraction of the radiation which strikes the
hnrn can be made. Consider as before the time-reversed state with
radiation emanating from ‘the detector. Then a nearly—plane wave 1is
incident on the small end of the horn. If we replace_thé small end by
a circular hole in a screen and eliminate the horn altogether, then a
fraction-fl = 0.01 of the radiation is diffracted ny more than 0.3 radians, ‘
using a mean wavelength of abdut 0.07 cm. In the approximation that
the diffracted radiation originates at the center'of the hole, this
fraction strikes the surface where the horn would be.

Accounting for these factors, the horn emits as thongh it were

an ambient temperature object filling (0.01)(0.001)(1/3) = 3X10-6'of
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the beam. The last factor of 1/3 accounts for an estimate of the mean
temperature of the hérn. Most of the horn is in the Rayleigh-Jeans
limit and its emission is proportional to temperature.

More compléx estimates of the problem were éléo made. The diffracted
wave amplitudes_for the above model were evaiuated from Huygen's
principle,Aboth as an integral over area, and in a line integral form
quoted By Sommerfeld (p. 316). Fluxes were calculafed by differentiating
the amplitudes. The amplitudes and fluxes at a pbiné in space can be
separated into three distinct parté, one coming direct from the source if
the point is not in the shadow, one coming from:the near edge of the
hole, and one coming from the far edge. This is expected from Sommerfeld's
physical description. The surprise was that the part coming frpm
from the‘near edge has very little flux through ﬁhe“surface occupied by
the horn, because the source point of diff;action'is already on that
surface. ﬁence fhere is the suggestion that wevwere gnhecessarily_
concerned about grazing-incidence rays.

An attempt was made to study the diffraction pattern experimentally,
as shown in Fig., 24. The 2.5 cmml klystron and theldiode harmonic
generator were used as sources, Measurements were~méde with and without
the horn in place. In order to simulate emission from the horn surface,
three holes were then cut in the side of a second horn. As shown in
the figure, the waveguide from the klystron was brought up to thesé
holes and the amount of radiation transmitted into the antenna was
measured. The diffraction was strongly dependent on polarization,

with a factor of ten difference between the two perpendicular states.
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There were two important results of this meesufement. First, it
was shown that the presence of the perforated horn did not have much
effect on the diffracted radiation from the waveguide. When it was
removed,_leaVing only the bare waveguide at the same point in space,
no change (within the factor of 2 measurement pfecision) was observed.
The calculation of amplitudes as though the horn is not present is thus
juetified‘for the interior of the horn.

* Second, the intensity of the diffracted radiatiOn falls off as the
waveguide is moved away from the cone mouth in'approximately the
expected fashion. The results show that the moet:impertant pert of
the horn is adjacent to the cone. Figure 25 is a greph of these results.
The curve shows what is expected from a point source of diffraction
on the opposite side of the horn.

An experimental measurement of thevactual emiesion from the horn is
difficult. 1In the laboratory it emits only about 10—5 as much as the
room temperature bodies in the view of the apparatus. We attempted to
design a liquid-helium cooled black body that could:cover the entire
15 cm aperture to simulate our experiment. We could not find a design
which seemed sufficiently good. The requirement of blackness together

-with accurately known temperature and reasonably loﬁgvhelium hold
time could not be met. The problem is that heat fluxes are large, with
radiation, conduction, and convection all important. The black materials

available are dielectrics, with low thermal conductances. In the

thicknesses needed for a black body, they would support a temperature

I

) i

gradient sufficient to invalidate our measurements. .
|

|
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Therefore, we attempt to measure the emissidn from this horn-during
flight. The horn cannot be moved but its tempeféture can be changed.
If the radiation is not negligible, we should see‘immediaté changes
in‘the ievél of signal when the temperature.is varied. This will be

measured with the interferometer set at x = 0.

7. Cone Optics and Emissions

The geometrical beam of the antenna is determined by a hollow
copper cone. The cone was made of high—conductivi;y_material to
reduce its emission. It was electroformed from copﬁer on an éluminum
mandrdlwhiéh‘was cut to shape and polished on a lathe. The mandrel
was dissolved by boiiing alkali-(OakiteT;M'), which fequired about
15 days. The copper surface was éhen polished in a special acid
polishing solution and then rinsed. The surface appeaféd very shiny
and free of blemishes acept for some grooves near the small end of
the cone. The cone was installed in the cryostat and protected,from
moisture, but it tarnished to a uniform gray color within a few weeks,
without spots or corrééion.

ﬁmissions from the cone have been calculated in two ways, which
vere found to agree. The first method was by ray fracing, with emissivity
calculated at each bounce from the angle of incidence and the assumed
conductivity of the metal. Hundreds of allowed rays were t?aced. The
lower half of the cone was assumed isothermal at 1.5K and the upper
half had a linear temperature profile from 1.5K to 10K at the top.

Bryan Andrews, an undergraduate assistant, performed the calculations
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for this geometry and several others. Corrections to the éffecfive
conductivity were calculated by'David Woody using Pippard?s formulas for
the anomaloﬁs skin gffect (Pippard, 1954). The measured cénductivity
of our electroformed bulk copper ranges from 100 to 300 times the room
temperature value when it is in liquid helium. Fﬁr.the former value,
and fbr:a frequency of 10 cm—;, the electron coliigion time is long
(WT = 4.5), and the mean free path is very long compared to the skin
depth (300.times the classical skin depth). The,result of the
. calculation is that the effective conductivity is gfeatly reduced.
At this fréquenéy, the effe;tive condﬁctivity is only 8 times the
room temperature value, rather than 100 times. vThe'emission which
results from this calculation is shown in Fig.-20.

Calculations'were aléo made for a cone covered with a 0.005 cm layer
of polyéthylene. Estimates showed the improvement from usiﬁg the
- polyethylene would be a factor of 3 at 2 cm-l, 7 at 5 cmnl,'25 at 10 cm—l,
and 90 at 20 cm-l. If we were éble'to coat our cone with pélyetﬁylene,
we would be éermitted to raise its temperature td 25K without interfering-.
with our measurement. |

The other method of calculating cone emiséioh is based on Jaékson's
tfeatment'of‘waveguide losses (Jackson,vl962, p.-248vff). His discussion -
is a correct version of the following handwaving argument. In an
elgctromggnetic field, the Poynting vector is defined in m.k.s. unité
as E X ﬁ. In our long thin cone, the fields approximéte those of a
Plane wave in which,|E|/|§, =2, the impedance of free space. Then

-
the net power flow in the waveguide is of the order of P = (HZ)ZOA,
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where A is the area of the cross section of the éiﬁe; The fields i
induce currents in the waveguide walls in the amoﬁntlof'ﬁ = ; x ﬁ, in

the approximétion of peffect conductivity, wheref; is a unit normal
'td the surféce.. The first order correction.for finite conductivity

gives a power loss per unit area of wall of EzRé;iﬁhéré RS is the surface
resistance.of the metal wall. Per unitllength of'éuide this is

dP/dx ='(K2)RSC, where C is the éircumference of the guide. In this
order of approximation, <H2) = (Kz), so that (1/P)(dP/dx) = (RS/ZO)(C/A).
Then for our come, at a distancévof r from the apex, C = 27r0,

A= "rzez, and x = r, where 6 is the half-angle of the cone, and- thus

0

. : . - |
7 . . : : (49)
.0

2
6r

For comparison, Jackson's formula 8.63 may be reérranged to give

w

2. '
1dr _fsc @@ -
(secd) |:€m +n i3 } | (50)
In this formula,Em and N are dimensionless numbers of the order of
unity depending on the mode index m, wm is the_cutoff frequency for the .

mode m, and W is the actual frequency.

The number
2 \-1/2

secd =1 - -

is equal to the ratio c/vg, where ¢ is the speed of light and vg is the
group velocity of the waves. In the short Wavelength limit, ¢ is the
inclination of the wavevector to the axis of the guide. The factor

secp appears rather than tan¢, which is prop&rtional.to the number of
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bounces the’ray_makes, because the metal absorbs more for grazing

incidence reflections.
This model makes possible calculations for ah'arbitrary temperature

distfibution in the cone. The apparent antenna temperature from the

cone is now

r2 | R’ .
e 2.5 . . hve/kT(r)
f 8 Z, T(r) * exp (hVe/kT(r)) - 1 ° (51)

This integrél was evaluated numerically for the sameltemperature

distribution used in the tracing of rays, and it agrees within 5%

1

E. Flight and Results _ .

In this section I will describe first the mechanics.of flying a

balloon ana‘connecting it to the payload, then the actual flight of

our balloon on October 26, 1973, and finally the sdiéntific.and

engineering results of the tests.

1. Balloon and Rigging

On its first flight our apparatus was carried by a Raven Industries

balloon of about 3><105 m3. It was made of polyethylené 0.0018 cm

thick, énd its mass was about 600 kg. It carried 200 ké 6f'equipment

and ballast supplied by the National Center for'Atmospheric Research

(N. C. A. R.) Scientific Balloon Facility in Palestine, Texas. The
balloon was filled, launched, tracked and retrieved by the men of the

Balloon‘Base, and we are much indebted to their skill for the Sucéess

of our flight.
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_'Thévpayload itself Qas 250 kg; It was attacﬁed by four wire
cables to a}spreadef baf just'abovevit, which was attached by two
more‘cables to é-square aluminum plate about 20 c@ square and 150 cm
above the spectrometer. The pléte.has a hole in‘the'centér which
slips over a stout peg on the launch vehicle. Tbghlaunch vehicle carried
the payload by means of this peg. Above the square pléte was a ladder
line about 15 m long, composed of two steel cables séparated abbut'
30 cm by alﬁminum rungs. ‘Above the ladder linevwés the parééhute; a
nominal 11.5'mvsizé, which when folded 1s a cylin@ef about 30 to 60 cm
in diameterf The parachute was a part of the sdspensiqn. _Attached
to the tqpvof'the parachute was a 600 m rope ova.95 cm braided nylon.
This rope was attached at the top to a special feel_whichﬂunrblled it
in flight, a few minutes after the payload left th¢ ground. "The reel
was suspended from its own parachute which in turn was suspendgd from the
balloon. As previouély mentioned, 10% of the weight of the balloon
Qas carried as ballast and dropped at the tropopéﬁse. In our case,
there was 113 kg of fine iron powder suspended in a hopper attached
to the rope reel. R

The'system was intended to come down in four parts: the payload

on its parachute, the rope with none, the rope reel én its parachute,
and the balioon, which is burst and floats doﬁn on'its‘own. The roﬁe
and balloon are not usually recovered. The ropefreel carried a 1.68 MHz.
beacon which was keyed on and off by a barocoder: A barocoder is a
barometer whose output is in Morse code. The barometer is a primary‘;
means of watching the ascent of a balloon. Our béécon was known to

be partially defective before launch, and it became silent a few minutes
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| after launch. Itvneﬁertﬁeleés was an §id to'the.réc0very as it was

not complgtely siient at short range.

No.beacou o? locating device waé provided for the payload itself.

This was an_oversight.wh}Ch could have made reco?erybdifficult. However,
this time the mechaﬁism which should have separétéd ghe payload from

the rope did not work, and neither did the device which separates the
rope from the reel. bThe combination of thése two failures meant that
‘the payload was still attached to the beacon and fecovery was easy. The
cause for the failure of the first of these mechanisms was seen oﬁ
landing. The insulation on poﬁer wires leading élong the parachute shrouds
had brokén'off. The’insula;ion failed when the 1ead§ were flexed )
bwhile'véry cold, presumably during the initial stage of the descent
vffomithe balloon.'_Téflon ipsulatioanOuld not»ﬁéfe-broken..

2. Launch and Trajectory of the Balloon

The launch pf_the Balloon ;equired ébout 4 hdﬁfs énd the_energyv
of about seven men ahd several special vehicles. :Four hours before
launéﬁ'the'launch truck picked up the.payload_witH its special peg and
drovg to.fhe launch pad, a large flat paved area. The launch train
was then laid out across fhe top of the launch t;uck_énd on the ground,
ieading acfoss the pad goAthe balloon. The balloon was initially a
cigaréshaped piece of folded plastic about 150 m idng; It was inflatéd‘
. through piastic tubes leading to what would be‘the:tdp of the ballodn.

s
Only 1/300 of the volume of the balloon was filled, to éllow for
expansion bf the helium during ascent. This small volume formed a

bubble about 25 m high at the top of the balloon. . This bubble was

held down by a second special truck. The rest Of.the;balloon lay mostly
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on the ground, under tension becaﬁse of the pull ofithe helium bubble.
When‘tﬁe truck released the balloon, the bubble.roee over tﬁe‘bayload
under the combined forces of the teﬁsion of:the'ropes'and the wrn&, which
‘was about 5 knots; As the bubble came over the payload trﬁck‘ ‘the
truck moved along the ground until the balloon and rigging were precisely
vertlcal and taut, and then released the payload | '

The launch time was 6:50 p.m. CDT, ‘October- 26, 1573. The
balloon accelerated slowly, as the free 11ft was only 10% of the totel
weight. .It ascended at a roughly-unifOrm velocity until it reached
float altitude about 3 hours 1ater, 10500 t.m.:‘The altitude reached
was.about 39 km, and the baroﬁetricvpressure was about 2.2 mm Hg. At
that altitude and season, tﬁe wihds were aboet 45 ﬁ/sec from the west.
Four and one half hours later, the payload wee ab;ﬁt.to reach Georgia.u
At that time the radarvin Atianta, which Qae-our‘oﬁiQ accurate tracking
method, went off the air from equipmehtnfailure. ‘We,were therefore |
requested.to end the flight immediately. 'Tﬁe.deseent'was commanded
by a tracking airplane and occurred as.described_abore,gwith none of
the separetion mechaﬁisms'working. Thevpayloed was recovered the>next
mornieg in excellent condition from a‘tree near a.ereek at Anniston,

Alabama. .There were no apparent 111 effects caused by the feilure of

the separation devices.

3.( Instrumental Performance During Flight

Data analyers from the flight ﬁas not yet been'eempleted,
”but the major features are reported here. The interferoﬁeter
'etepper motor froze up during the ascent and spectra_were not obtained

of the cosmic background radiation. Spectra were observed during the
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early ascent, throggh the Mylériwiﬁdow and much watef and ozone, but are
expected to haie 6n1y engineering'importance tp us.

'This series of spectra was abruptly haltedlébout 40.mihufes after
launch wheﬁ the cryostat broke into acoustic 6SCi11aﬁion at a freqégncy
very éloée to tﬁe chopping freQuency; within 5%. vThisJoécillation was
seeﬁ as a'large‘sinusoidal signal from fhe boiométef,vmuch 1arg¢r than 
the optical éignal. Infrared data could not be 6bse;ved iﬁ the presence
of this sigﬁal, so tﬁe interferometer motor was eventﬁally coamandedvto
ceasé stepping. The acous;ic osqillation w#s'not g'sufprise as it has
been observed in iaboratory simqlatidns, but‘the ff¢quency_was different.
I;.is presumed to bé an ordinafy'organ—pipe osciliation excited py the
rapi& gésjfl@w,out‘the émall (2;5 cm) valve and ﬁipe;

The'oscillatiohs cease& 45 minuteé before fhe‘bélloon came to its
| float'altitﬁde. The intérferometer was agaiﬁ cdmménded to sweep through
Fﬁe interferogram{ It ﬁés ﬁbticgd'Sdﬁe time‘latef'that'although the
stepper7ﬁotor was stepping.aioﬁg, it was not taking.large enough Stéps,
and the step length was gradually getfing smaller ahd smaller. When
this was diséovered, attempfé were made to c@mmand the motor to move
differently, and.it_§as found that turning it mqrevslowly gave it more
poﬁer.v It still could turn,vbut it cquld not turn fést enough:ﬁq
'réach the zero'path differenée poiﬁt (x = 0) befqrevthé stepper 5ecame
too weak to turn at all. ‘ |
There are. two possible kinds of explanationsf.beithef the ballast

powder got into the gears of the motor, or else the low temperature of

+
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the payloéd‘adversély affected it.. The second éx?laﬁation seémé more
plausible, sincé the péyload became much coldef tﬁéﬁ gnticipatea or
designed for, reaching a temperature of -6d°C, bafely on scale

" on our thermometers. It is not kﬁOWn yet,whefé’the:fault lay, but the
four likelyipossibilitiés are that the mbtof itself‘froZé up, the
auxiliary po?ition readouts froze, the sliding O—riﬁgvsealvwhere the
shéft enters the cryostat froze, or the electronic péwer-supply became
weaker when cold.

In aefault of measuring interferograms, we éttempféd to ﬁse
zeﬁith—angie,écanning’data and to verify that the rest of the instrument
worked. Beéause_of the way the chopper wheel is made, with opaque
spokes between the polarizers, it produces a chopbed signal at_twiée
the fundamental frequehcylwhich is proportional tq the total amount
of radiation incident on the chopper. If is independent of the path
difference in the interferometer. We were thus éble to verify the
effects of windows, calibrator, and zenith angie_scaﬁs on the total
signal level.

The results have not yet been fully interpréted, They do show
that the windows both opened, fhat the first one e@itted about as
much as expected, and thaﬁ the second window did not open ail.the way .
This failure was merely a procedural error, since the window caught
on the mirror which allowed photography of the cryostat. Before this
was understood, the payload went out of commaﬁding raﬁge, and we were
not able to open the window fully. The effects of air cOndensing‘into
the antenn?‘were seen, due to another procedural error. When thé second

window was opened, the valve which controls the gas flow should have
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Beenxrotated 80 tﬁaf-all the gas was forced Out:through the cone and
horn. When thié situation was cp:fectéd,-emissionslfrbm the horn wefe
'reduce& as cold helium has cooledvthe surfaces on wﬁich the air had
“.condénsed,-aﬁd the ;ignai returned to its formérvievél.

Exceptvfor the éteﬁpervmotor and oﬁe sﬁperfluid pump which failed, and
a féw ﬁroéedural errofs, moét of fhe flight wénf.aé planned.  Only a few
changes are neéded to repeat the experiment,‘altﬁough the experience
gainéd_Wés suffiéient to suggest dozens of further changes for con-

venience and certainty.
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1V. FOURIER TRANSFORMATIONS
In fhis section I describe the mathematics.pf.Foqrier transformations
as they épply to our instrument. Two good feferéncés on»thevsubjéct ére
fhe books by R. J. Bell (1972) and Rr 3racewell.(l§65). In Section A
vI give the basic definitions and inversion formula. .In Section B I
discuss the effects of sampling and finite resolufién. In Section C
I discuss phase correction ﬁrocedures and my own investigations. In

Section D I calculate the effect of noise on the Foﬁrier transformation.

A. Definitions and Inversion Formulas
A summary of the formulas of this and following theoretical sections
is given in Table VII. The‘basic input is the expression for the

transmission of the interferometer, integrated over frequency,

[+ )

I(x) = I(®) +f S(V) cos(2Mvx + ¢(V)) dv (52)

(o]

where I(x) is‘the'measured interferogram as a function of path difference
(which is Egigg'the mirror disblacement), énd‘I(m) i; a constant
conveying no spectral information. The beams in our-instrument are bal-
anced so_lI(“ﬁl {'0.03 I(d). The function S(V) isvthe spectrum to be measured.
It is thg product of the input. spectral brightness Fv(w/cmzsr cm-l) v L
times the instrumental frequency response T(V), the throughput A}, and the
gains of detectors, amplifiers; digitizers, etc. ‘

The functionv¢ is called the phase error. _Fér the ideal spectrometer,
it is zero for all frequencies. For our spectfgmete;‘iﬁ ié nonzero for
two ;easons.T First, it is difficult to arrange to know correctly where

the origin of the coordinate system is. This error produces a phase
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Table VII. Fourier transforms, phase correction, and noise.

10.0

11.

12.

13,

14 *

.15,

G=I1%GO) = [. T(x) e

I(x) = I(®) + £ S(V) cos(2mvx + ¢ (V) dV relates interferogram,
spectrum and phase function.
Assume.I(”) = 0 below.

-4
2T1Vx dx defines Fourier transform

symbol_~ and the function G, and expresses f interms of I.
The Fourier inversion theorem,

+2Tivx

~ o o ~
I=G6*Ix)= [, G(V) e dx expresses I in terms of I.

S(v) = 2e_i¢(v)'G(V) = 2|G(V)| recovers S(V)vffom G(V).

b(V) = arg(G(V)) recbyers d(Vv).

[+2]

"L 8(x -~ j) defines Shah or comb function.

-
-
L}
—~
"
=
(]

i =00

I(x) IIT(x/Ax) A(x) defines sampled and apodized

¥
n

interferogram. _
. M
GV) = (Ax) I I(ibx) A(jAx) e
j=M

-2Tivjdx is the computer approximation

.to G(V).

' ' : 1 1
B=C®D<* B(x) = L: C(x ) D(x - x ) dx defines the convolution

symbol & .

B=C®D®B=0C"Dis a form of the Convolution Theorem.

T ] ~1 ~1

R 1 ~1
B =CD *B =C €D is another form of the Convolution Theorem.
1 : 1 ) v
Ax = 5= and AV = T are the sampling intervals needed to
max max .

represent correctly functions with known maximum frequency or path

difference. AV.is the nominal resolution of an interferogram.

eZWiVx ~-i¢p (V) i¢

C(x) = L: e dv » C = e ' defines convolution function.

I =C®I; I _=C®1I defines phase~corrected interferograms.
c sac sa :
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Table VII. Continued.

16. C(x) = K% siﬁc(ﬂg%§%£Q>is the:convolution fuﬁction for a simple x

origin shift by Q.

[+

175 Isac(jAk) = (Ax) z Iga((j - k) Ax) ° C(kAx) is computatibnal form -

| k=00
of 1 o :
sac
=2 2 @ 2 . = '
18. (N"(W))=n" [ |A(x) | V(x) dx gives the noise N on a spectrum
point;given the noise n//Hz on the interferogram and V(x) = dx/dt.
19. V(NZ(V)> = (n//T)(l/AV)'gives noise on an "unapodized" spectrum

with nominal resolution AV and total time T.

20. V(x) A(x) = some constant gives optimum use of observing time.
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function proportional to frequency. Second, dispe;sive effects arise
in dielectrics, in gratings such as our»beamsplittef, and by unwanted
reflections from nominally black suffaces around fhe op£i¢a1 surfaces.
Beam misalignment produces phase errors as a second order effect.

Even wifh the phase error, the spectruﬁ S(Vj can be recofered.

The inversion formula is

sv) = 227 99M gy o (53)

where G(V) is defined for all complex numbers V byvthe formula

G(V),=f e 2™MVX 1y dx . (54)

-=Q0

The value of S(V) may be obtained froﬁ G(V) by taking.the absolute value,
or if ei¢ is a tabuiated or othérwise knoﬁn function, it may be divided
out. |

Another method is to create a new interferogram Ic(x), which has
no phase errdr. This can be done with a convolution, as discussed _
in a separate section below.

The function G(V) is a complex function for complex v, Because
I(x) is real, G(v) has the symﬁetry property G(-V*5-='G*(V). For
real V this is even simpler, G(-V) = G*(V). The fpnction I(x) can

be determined from G(V) by a Fourier transformation also:

I(x) =f G(v) e 2TVX 4y (55)

[

G(V) =f I(x) e~ 2Tivx dx . ) ' (56)

-00
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B, Sampling and Resolution

To perform a numerical approximation'to the intégral for G(Vv),
we sample i(x) at certain equally spacéd values jlx, for integef 3.
This operation is represented mathematically by multiplying the inter-—
ferogram by the shah or éomb function

IIT(x/0x) = Za(x/Ax -3 ., B (57)

{2=--.00 )

where § is the Dirac distribution.

We also multiply I(x) by another function A(x) éalled the apodizing
function. This function is chosen so that A(0) = 1, and A(x) = 0 for
]xl > L, where L is the maximum path difference at thch observations are
made. In terms of the index j, this means the resulting sums will be
carried out for |j| < M. The result of these twobmﬁltiplications is the

sampled and apodized interferogram

I, () = I(x) iII(x/Ax) A(x) . : | . (58)

Our computed spectrum is now

’ M
G(v) = (Ax) Z I(idx) A(iAx) e
j=-M

-2T{ jVAx (59)

The convolution (faltung) theorem may be used td cast this into-
another useful form. If the function B is the convolution of the
functions C and D, defined by »

co

B(x) = f C(x') D(x - x') dx' e (60)

e ]
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then the Fourier transform of B is the product of.the transforms of
C and D. Similarly, if it is known that B is the product of the

) ] 1
functions C and D , then the Fourier transform of B is the convolution

of the transforms of C' and D'. The algebraic méniﬁulations involved
in this theorem are simply changing variables and rearranging the ordér
of integratién steps.

Usihgbthe convolution theorem twice then allows us to state that
the function G(V) (note the bar), which is our computed approximation
to G(V), is now the convolution of the.Fourier transforms of three
functions: I(x), ITI(x/Ax), and A(i). The transfofm of I(x) has

already been named G(V). The transform of III(x/Vx) is itself, in

that

f e 2TVE 111 (x/0x) dx = AxITI(VAX) . (61)

The transform of A(x) is defined to be the experimental resolution
function R(V).

The result of these two convolutions is that thebinformation
contained in G(V) is partiy lost in G(V). No mathemétical transformations
can tell us about the unsampled part of the interferogram unless we |
have a priori knowledge of the forms of the functibns involved. The
first such knowledge is easy to obtainf We usuaily'know that S(V)
is zero for Vv larger than a certain maximum frequency Vmax' This can
be arranged at the convenience of the experimenter with lowpass filters..
If S(V) is zero, then so is G(V) and G(-V). Now Ax can be chosen so

that V = —A;-. If this is so, then convolution of G(V) with
v max 20x ‘
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AXITI (VAx) does not affect at all the values of G(V) for lv1<vmax' The
sampling produces then no error whatever.

The'othér case 1s more serious. Convolution of the true G with
the resolution function R(V) céuses a loss of resolutioﬁ. The computed

E(V) would be same regardless of the form of the interferogram for

|x| > L. The choice of apodizing function is a matter of convenience

for the experimenter. Except where A(x) = 0, the operation of multiplying

I(x) by A(x) does not lose information, if it is bbrne in mind what
exact A(x) is used. The original interferogram as sémpled and apodized
Isa(x) can be reconstructed easily from E(V), and with A(x) known, the
effect of apodizing can be undone.

A table of apodizing functions and their Fourier transforms is
given in Table VIII. The functions have different.effects on the
computed spéctra. The best apparent resolution width defined
by the width of the function R at half maximum is obtained with the
constant gpodization Ao<x) = 1 for |x| < L. This resolution is
approximately the number AV = 1/QL)= 2Vmax/(2M + 1). The interesting
feature of this number is that it is the resolution one is "allowed"
by information theory. If G(V) is computed at intérvals of AV from
_vmax to +vmax for a total of 2M + 1 points, then théSe values suffice
to reconéfruct thebsampled and apodized interferogram for its total
of 2M + 1 points. The interferogram Isa(x) is real, and the function -
G(V) is complex but redundant. The symmetry é(-v*) = é*(v) corresponds
to the fact that I is real, which is sufficient to reduce G(V) to 2M + 1

independént real numbers.

RN
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Table VIII. Apodizing functions and corresponding resolution functions.

Apodizing Function A(x)

Resolution Function R(V)

Alx) = L: R(V) e+27T1\)x dv
Ad(#) =1 for |x| <L
= 0 for le > L
Al(x) =1-17 fo? x| <L
=0 for |x| > L
. z‘n |
A(n)(x) = ( - E—) for |x| <L
o2 2
L
= 0 for le > L
’ 2,2
A§G)Cx) =e X /20 for all x

R(V) = L: A(x) e—ZﬂiVx dx

sin (27VL)
2TV

2L sinc (27VL)

RO(V) = 2L

R (V) = L sinc’ (VL)
' n+l/2 . v
@) _ n!V/TL2 Jn+1/2(2n L)
2 (ZﬂVL)n+l/2
n
=2d\ sinZ
= - [} adad dedtuierl
2n.<=dz) ( 7 )
where Z = 2TVL
- 2,2
R:go) V) = V210 eV /2b ,
IWhere b =

1/ (2m0)
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The resolution f'unction.Ro has, as mentioned, the narrowest peék
ofvtypically used functions with a given L. It:haS'disadvantages for some
purposes in that its wings extend far from the peak;vfalling off only as
1/v, and oscillate in sign. The function Al(x) ié easily computed, and-
its transform Rl(V) has thglproperties that it falls off as 1/\)2 and

that it is everywhere positive or zero. The polynomial apodizations

+1

A(n)(x) produce resolution functions which fall off as 1" , so that

2

for large n the wings can be suppressed very well,‘although the central
peak gets wider as n increases. These polynomiai apodizations approach

Gaussian functions as n increases. The Gaussian apodization function

(9)
3

is of the same form and the wings are very well suppressed.

A (x) is a convenient function for interpretation, as its transform
At the end of all the computation it is of course necessary that

~ ;
S(V) be recovered from G(V), since we only use positive real frequencies
in our classical discussion of interferometers.

C. Phase Correction

As mentioned previously it is not usually the case that the
phase function ¢(V) is zero. The brute-force method of calculating
§CV) = 2|§(9)| has four disadvantages. First, it fequires measuring
I(x) on the entire range (-L, +L), although half Qf this information
is redundant if the phase function is known or is éﬁeéifically zero.
Second, it requires for computation the uée of four.times as ﬁany
real number‘storage locations in the computer as there are output
values. This factor can be reduced to two if the computations judiciously.
use the knowledge that I(x) is real. Third,‘finding the modulus

of G(V) is a nonlinear operation which produces a biaSed result in
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the presence of noise. Fourth, the noise in the absence of signal
is larger than neceésary by a factor of Y2 because both modulus and
phase are being determined from the experimental data, while in fact
a great deal can be known about the phasé function, 

The fhird and fourth objections are both meﬁ By any method which

uses external knowledge of the phase function to write
- - v) -
SV) = 2Re[e 16(V) G(v)] ,

where (V) is assumed knoWn. This operation is a linear operétién which
does not bias the result in the presence of noise, nor increase it in
the absence of signal.

The first and second'objections are met by Conﬁes' method of
Convolutional Phase Correction (R. J. Bell, Chapter 12; Forman, Steel,
and Vanasse (1966); Sékai, Vanasse and Forman (1968);:; J. Connes (1970)).
Tﬁe equivalent multiplicative method of Mertz (196é5) has been critized
by Walmsléy, et al. (1972) and thelr objections metiby Sanderson and
Bell (1973).

We ha?e'discovered problems with the Convblutibn meéhod, as described
below. Ihe theorem states that multiplication of twb functions corresponds |
directly tovconvoluﬁion of their transforms. Therefore, we can

-1¢ (V)

by compﬁting the convolution of

-i¢ (V)

compute the product E(V) e
.Isa(x) with the transform of e , obtaining a '"phase-corrected
interferogram' denoted by'a subscript c: isac(x).- Wg then retransform
isac(x) to get a phase-corrected aC(V), and then,g(V) = 2Reac(V).

Now this operation does not look simﬁler and in general it is not.

However, for typical experimental devices, the convolution function, which

is
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o) = f * L2Mivx ~10(V) 4 " (62)

, )
has very desirable properties. Ihe phase'functiop is usually a very
smooth and slowly varying function, and its transform C(x) is therefore
small for large le. No great harm is done to the function C(x) if it
is apodized with one of the functions A(x) from the'table; but with its
own L' <<'L.. Thus C(x) is a function whose values ﬁeed not be known
for many points. A few numbers suffice to specify the phase function
for all ffequencies.

This property of C(x) permits us to determiné the phase-corrected
interferogram isac(x) forvpositive X without having to measure I(x)
for x < fL'. Since L' << L, the number of points of the interferogram
which mustvbe observed is reduced almost by half. ‘We need the phase-
corrected interferogram for positive x only, since byvhypothesis we‘
have corrected with phase érror and the corrected‘ihterferogram is
. symmetric, Ic(—x) = Ic(x).

The root question is, of course, how are we to evaluate C(x)?
Ordinariiy we do not know what it should be from'a.priori information.
The éxception is the simple case where there is a simple displacement
of origin, so that ¢(V) = Z“Vd.. If the displacement O is known then

o (x~0
we can find that C(x) = 2vm * Sin(n(iﬁajgész'. .If O is zero and this

formula is evaluated for x = jAx, the result is zero éxcept for j = 0,
when it is 2Vm. When the integral convolution is replaced by a sum,
we get a factor Ax which cancels this.

In deriving this result I implicitly have truncated the function

—5d(Vv
e 1) at‘IVl = vmax' To see the justification for this, consider
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that we only care about frequencies less than vma#é. For frequencies higher

than this we have no information coming in, and we are perfectly permitted

i (v _
to ignore e M) for frequencies higher than vmax" So then
Q0
Tivx-1¢ (V
C(x) = Q2MVX-10(V) oy
-0

Because we are concerned only with low frequencies, we need not evaluate
C(x) at all points x, but only at those x which are multiples of Ax.

Now the second question arises, which is>h6w.well we must approximate
this integral form for C(x). We will usually find it from some kind of
experimental data, either from some calibration run .standardizing the
instrument, or else from the interferogram at hand. We measure an
- interferogram from x = -L' to +L, with L' << L. We then take the data
from the»section near x = 0, with x between -L' and +L'. We transform
this section to obtain a cpmputed G(V), and then find the quantities
e’i$(v),>Where as usual the bar indicates a computeaiéuantity. We use
this funétion'tolevaluate 5(x). Hopefully our computed e—i&(V) bears
some resemﬁlance to the true e-i¢(v), which is a smooth function which
is equal to‘unity at V = 0. At frequencies wherevthé.spectrum contaihs
energy, the phase function is well determined and has fhe correct
smooth behayior. At frequencies where there is no énergy to be measured,
the phase function cannot be measured either. The results are therefore'
noisy and any value for the phase can result. However, if there is any
.signal at all, the fact that L' is small maximizés the signal-to-noise
ratio, smoothes over places in the spectrum where_the&é is no sigpal,

etc. It is important that the incoming spectrum be everywhere positive

in order that the computer does not give confusing results, for it has
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no way of knowing that a negative signal @oes not.simply mean that -the
phasé has been shifted by 180°.

Now the integral over frequency must be eval#ated by a discrete
sum as usual. Our usual procedure is simply to usé the same values
of the frequency at which the phase function was first computed. These
were get by the Qalue'of L'. The result is that the values of E(X)
are computed over the same range, |x] < L'. The cofrect C(x) is small
near the ends of this range as indicated before. The computed C(x)
often is not, because of noise in some regions of tﬁe spectrum.

In order to ﬁse these experimental C(x) measurements, we apodize
them too. To do nothing to the computed values is to truncate them,
using the apodizing function Ao(x). It is preferable to use one of
the other functions, as will be shown here. Multiplying C(x) by an
apodizing function A(k) is equivalent by the convolution theorem to

-i¢ (V)

with the resolution function R(V). Any apodizing

-1d (V)

convolving e
function works well if the function e is wéll Behaved, but if not,
the behavior is quite different. Convolution wiﬁh-;hé function Ro’
with its long wings and‘:oscillatory. behavior, can increase the modulus
of é noisy e—i$(v) to arbun& two or three at some.frequencies, while
diminishing it at others. Using such a ?runcated canvolution function
C(x), therefore, simulates signél energy at frequencies where there

is none. All the other apodizing functions in the table are better
than the first one in this regard. They can not increase the modulus

-1 (V)

of even a noisy e much past unity, since the resolution functions
are positive at most frequencies. The result in these cases is

limited to producing a spurious decrease of signal and noise at certain
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frequencies whefe fhe experimental phase functioﬁ is hoisy. These
conclusions were all derived from studies of computatioﬁal results.

The aone considerations of noise apply most:directly to our
experimént. They show that it is necessary to derive the convolution
function from a spectrum with good signal—to—ﬁoise ratio at the
frequéncy of‘interest, say a standard calibration spéctrum with a
long observation time on a bright source.

The convolutional method does not make expliqit use of the fact
that thevphaée function is smoothly varying. However, it does the
equivalent By taking the phase function from only a short section of
interferogram, corresponding to low resolution. The method woul& be
improved'if the experimeﬁter were able to supp1y a-_physically reasonable
extrapolation of the phase function to those frequehcies Qhere the signal
level is zero. Then thé questions discussed above about apddization

would be much less relevant.

D. Noise on Interferograms and Optimal Observiqg

I will now show that under ideal conditions} fﬁe noise on the
recqvered spéctrum depends only on a certain mean mirror velocity and
. on the apodizing function used. It does not depend on the sampling
interval if the total observing time is held fixed. "I will show that
the noise may be minimized by making the observing time at each point
proportional to the value of the apodizing fuﬁction at that point,

Let the root-mean-square noise from the detéctor,.lock—in
| amplifier, digitizer, etc. be given as n units/vHz. Then the rms

noise on a:measurement of I(x) is n/v2t(x), where t(x) is the averaging
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time used to observe the vélue of I(x). This is true because the
equivalent noise bandwidth of an averager is B = 1/2t, where t is the
averaging time. We assume that the noises for sucéessive samples of
I(x)-are completely uncorrelated.

Let the true interferogram I(x) be sampled at the points x = jAx,
and let the added noise be N(jAx). Then because the Fourier trans-
formation is a linear operator, the noise on the spectrum N(V) is the
Fourier transform of the noise on the interferogram. Note that the
bar signifies Fourier transform here. Then our assumption of non-~

correlation means
2
NGAx) N@bx)) = Zis 83K, (63)

whére §(j,k) =1 if j = k; zero otherwise. The noise on the spectrum
is now
M
Nv) = D (2%) cos(2mvidx) N(jAx) A(3Ax) . (64)
j=-M | |
Note that for this discussion I am assuming no phase error. From this

formula we can immediateiy write the correlation of ﬁ(V), N(V') as
o, M M -
(NV) N )>=< Z Z (20x) A(jbx) cos(2mVjAx) N(jAx) (65)
j=-M k=-M
+ (20x) A(kAx) cos(2TV kAx) N(kdx)
- 2 n2°§Ax22 o
= :E: (AQGax))” - £(1h%) {cos(ZN(Y - V) jAx)

j=M

+ cos(2TM(V + v') jhx )}..
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.

For V=V we ignore the second cosine and obtain

.M 2
O D I L
j=-M (66)
L ,
« o’ J A |® V) dx
~L

where V(x) = 8x/t(x) is the velocity at x. In the simplest case

A=1, and V ='2L/T, where T is the total time used. The nominal

resolution is then AV = 1/2L, so

J(Nzw)) - /W) - (@Y . 67

This result shows the very simple and important result that the
observed noise'increases in proportion to the number of resolution
elements per wavenumber, decreases in proportion to fhe square root
of the obéerving time, and is independent éf the totél frequency range
observed.

To optimize the function V(x), I set up a variational calculus problem.
Following the prescription of L. P. Smith (1953, p. 404), I found
immediately that the best function V(x) is proportional to the reciprocal
of»A(x). - That is to say, the observing time at éach.point is proportional
to the apodizing fﬁnction at that point, so that A(xi V) = const.

If this kind of velocity function ig chosen, then the correlation
function (ﬁ(v) ﬁ(v‘)) simplifies to become

n? © (AG) V&) + [R(V -V ) + ROV + V)] (68)

There is one case of special interest, the one with'Ao(x) = 1. When

. - ' 1 :
this is the case, Ro(v tv) = 04if v+ Vv = m/2L, where m is an
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integer. We usually compute our spectra for just such

frequencies, so that the noises. on the output spectrum

uncorrelated.

a set of

points are
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V. SUBMILLIMETER BOLOMETERS

' This éhapter reports on the'methods we have developed for making
and tesfing bolometers for the far infrared and submillimeter regions.
Bolometersvmade of germanium, éilicon and indium antimonide are compared
with a Golay cell, aﬁd-efficienciesvare determined by calibration of an
infrared source. Our deveiopmént’of immersion opticérfor illuminating
bolometers is described. Attempts to make InSb detectors and to blacken
silicon bolémeters wifh conducting films are discussed.

-The sﬁbject of submillimeter detectors has been reviewed in an
excellent reprint Qolume by Arams (1973). Papers included cover the
period ffoﬁ 1949, when Golay published a description .of this pnéumatic
~detector, up to 1970. A reférencé lisﬁ is giveﬁ»for.detectors, spectro-
ﬁeters, and for optical materials. |

Theﬂsubmillimeter region is still miserably instrumented by
.coﬁparison to other spectral regions. The freqdenéy is too high for
" the use of coherent detectdrs, because of the laék of tunable sources
as well as the difficult materials and fabrication problems. On the
other hahd, thebfrequency is too low to pérmit thevuse of photon
detectors. Photon. energies are not large compared to thermal energies
at édnveniént temperaturés, and physical éystems.with the appropriate
énergy gaps a;eusuperconductors or ve?y highly déped semiconductors.
| Indium antimonide is a free electron photoconduétor in the suBmillimeter
fegion, but has nof yet been made in pure enough form to be an impurity
photoconductor. |

In default of other methods we therefore degrade our radiatién

to heapband measure that. The frequency of the radiation is small
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(20 cm-l) compared to typical thermal radiation td'which we are accustomed
v(lOOO cm—1 for thermal infrared and 20,000 cm“l fdrjvisible light).

The radiation power available from thermal sources with constant
fractional bandwidtﬁ is therefore smaller by fiVe.té nine orders of
magnitude.

Far infrared physics did not progress until.éensitive thermometers
were develbped. Golay's room temperature pneumatic detector comes close
to fundamental sensitivity limits (Golay, 1949). It minimizes heat
capacities by the use of véry thin heat absorbing ﬁaterials, and uses
a gas thermometer with a very sensitive opticalvamélifier. Cryogenic
detectors have the potential of vastly improved performance because

heat capacities are diminished while temperature sensitivities are

increased.

+

Early cryogenic detectors were already a great'impfovement over
the Golay cell. Boyle and Rodgers (1959) describe a carbon bolometer.
Germanium bolometers developed by F. Low (1961) are much less ﬁoisy.
Silicon bolometers have also been made, ahd are faétér than germanium
because of lower heat capaEities. InSb detectors are electron photo-
conductors which behave like fast bolometers.

More recently several workers have made compésité bélometers which
separate the temperature sensing function from the radiation absorption
function. These bolometers have lower heat capacities, which permit
higher responsivities at reasonable chopping frequencies. ‘Germanium
thermometers have been coupled to radiation collectors by F. Low

(pers. commun.) and by N. Coron, G. Dambier and J. Leblanc,

who are making them for sale.
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Superconducting junction thermometers for bolometers have been
described by Clarke, Hoffer and Richards (1973) and by M. Hauser

(pers. commun.). .

A. Detector Calibration Meﬁhods

We have developed calibration procedures for testing our detectors.
While it is easy to determine the response of a detector to absorbed
power, merely by measuring its eleetrical properties, it is not as
easy to measure its absorptivity. We had neithefvcaiibrated sources
nor calibreted detectors when we started our progrém. Estimates of
source brightness and detector sensitivity predieted signals more than
~an order of magnitude larger than observed; The reéelts of our
calibrafions are that the sources and the detector.syetems are each
about 1/4 as good as previeusly thought.

‘The methods which we used to obtain these results are deteiled
in the sections below. In Section 1 I describe tﬁeicalibrafion of the
light sources. 1In Section 2 I discuss the transmiseione of light pipes,
windows, and filters. 'In SeCtion 3 I define effective throughput. B
In Section 4 I give the formulas I used for determining bolometer
properties. |

1. Calibrating Light Sources

Our calibrated light source is the Michelson Foerier spectrometer
_described by'R.'R. Joyce (1970). A spectrometer is very helpful
because almpst all of the detectors we study have important frequency
e»dependences in the submillimeter fegion. These dependences are clues
to the loss mechenisﬁs which reduce sensitivity. Moreover, the

spectrometer makes possible monochromatic measurements, so that filters
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which are incidental to the operation of the detectors do not need to
be precisely measured.

This spectrometer has an internal quartz mercury arc lamp source
(G. E. number UA-3), 15 cm diametef optics; a cﬁoice of Mylar beam-
splitters, an f£/1.0 output beaﬁ into a brass light pipe of 1.1 cm inside
diameter, a variable frequency light chopper, and a set of low-pass
filters on a filter wheel.

Since we did not initially have a calibrated detector, we could
not calibrate tﬁe standard spectrometer. However,.when we built a second
spectrometer for the balloon flight we were able tb calibrate both
spectrometers and the detector. First, we use the second spectrometer
and the detector to observe.a black body source of known temperature.
The source is connected to the second spectrometer by a light pipe and
collimator. Measurement of the spectruﬁ of this black body source
calibrates the system comprised of the second spectrometer and detector.

This calibrated system is then used as a detector for the original
spectrometer which is to be calibrated. For any“setting of the first
spectrometer, a spectrum can be made with the second spectrometer. However;
if_the firsf one is an ideal Fourier transform dévice, only one spectrum
is necessary to describe its performance, since ali the energy transmitted
is modulated in‘a known way as the path difference is varied. The first
spectrometer is a conventional Michelson interferometer having an ideal

transmission of the form

£, G,V) = S(L + cos (2MVx)) 26, (V)
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as a function of frequency and path difference. lHereHZtl(v) is the
transpission of the device when set at x = 0, in whatever units thevinput
#hd output_of this black box are measured in. 'For‘freQuencies bélow
50 cm"1 our device appearé to have this ideal_beHaVior, as evidenced
by the fofm of the ihterferograms.

. The result of a calibrafidn Wifh a black b§dy is conveniently
expressed‘in terms of the antenna témperature ofzthe:radiation coming
from the standard source, as described in Section IiI-D—l. The calibration
hés been'made_several times using different configﬁrations of the second

spectrometer and detector. The results for the standérd case (0.0127 cm

" . Mylar beamsplitter, source set to zero path difference, frequency

12 cm_l,’no low pass filter) have ranged from 350K-t6 600K above the:

ambient temperéture, The low value was obtained oﬁly'a few days before

. the arc light source wore out and was replaced.

A,sample'brightness spectrum is shown in Fig. 26. This spectrum was
ohtained with a 0.0127 cm'beamsplitter; and the auxiliafy spectrometer
was the polarizing Michelson interferometer built'fbr the balldon,‘operated
in air Qith an InSb cryogenic detector. The speétrum.has been smookhed
by hapd to show the major featﬁrés. The modulation with period 25‘(:m—1

is due to interference effects in the beamsplitter,' A nonuniform

beamsplitter'thickness would reduce the signal at 12 cm—1 and increase it

‘at 25 cm_;. Since the signal is zero at 25 cm—l,'we conclude that the

beamsplifﬁer is uniform. The modulation with period 2.5 cm_1 is due

to interferenée in the transparent arc lamp envelépe.' The gradual drop

at high frequency is presumed due to absorption in the Mylar beamsplitter

and in the brass light pipe, and to overlapping water vapor lines, while
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the sharp absorption at 18 cm“1 is=a single water‘vapor line.

The existence of detectors with uniform frgquency response makes
it possib1e to tranéfer this calibration curve fo other frequencies,
beamsplittérs, and filter combinations. Our working standard is‘a
‘Golay cell, described below in the test results séétion. Its design
is inherehtiy independent of fréquency, and it has:been compared with
several other detectors also thought to have uniférm,response. In
éddition, its factory calibration made in the therﬁalvinfrared appears
to agree ﬁith our own made at 12 cmhl.

fhe output beam temperature may be interpreted in terms of the arc
lémp physicai tempefature and the efficiency of the Michelson interferometer.
The interferometer is estimated to have losses through shadowing (t = 0.8),
absorption in the beamsplitter (t = 0.8 at 12 cm_;), and calculated
beamsplitter"efficiency due to réfiectance (t =.b;66 at 12 cm;l). Our
highest Output.beam temperatgre was 600K hotter fhaﬁ’foom temperature,
which would result from a lamp temperature of 1700K; This nuﬁber is
- only 1/4 to 1/2 of the valués reported elsewhere féf;arc lamps (quiﬁson,
.1973, p. 14). The remaining discrepancy may be dﬁe;to the length of
light pipe on the output, to discontinuities in fhe pipe where chopper
blades and_filtefvwheels pass through, to operatiqé fhe lamp in air with
its envelope removed rathér than in high vacuum, 6;,;6 the age of the
lamp. | |

Our compﬁter program computes the function S(V)/4Ax from an inter-
ferogram, where S (V) is the desired spectral power data, and x is the

interferogram path difference sampling interval.‘-This Question is
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discussed in more detail in Chapter IV. Our interferograms are always
measured in counts from a digitizer, which correspond to certain r.m.s.
signal values at the detector. To find the powef abSorbed by the

-1 ,
detector in watts per cm , I use the following formula:

L§£ﬁl counts fré?)] + [48x]- [lockin amplifier scale, volts]

4Ax computer

[digitizer gain, counts for full scale lockin]* [Responsivity, V/W]

In this formula, I need to know the detector power responsivity, which
is calculated as described below in the section derted to it.

The effective brightness temperature of thé MicHe1son interferometer
will be taken for subsequent computations to be 400K, relative to room
temperature, measured at 12v¢m—1, set to zero pafh, with no filter,

;nd the chopper open. However, to know how to use £his number to
compute what the detectér will measure, we have to allow for the modulations

by the Michelson interferometer and the chopper.. The first correction

3

. is a division by 2, since only half of the radiation transmitted by the

interferometer is multiplied by cos(27vx). This is ﬁurely definitional
and is éhosen to agree with Chapter IV. There is another factor which
is alsp about 1/2, which is due to the chopper. The chopber,interrupts'
‘the béam and we therefore look at the source for ohly 1/2 of the fime.
Moreover we detegt_only the fundamental component 6f the resulting
waveform with our lock-~in amplifier. The result of fhis is tﬁat,

for square-wave chopping, the peak-to-peak to r.m.s. conversion factor

!
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is ¥Y2/7, or 0.45. The net output beam temperature of the spectrometer
is then only 90K, r.m.s., modulated. At 12 cm—l, this corresponds to’

a spectral intensity Fv = 2ch\)2 = 1.07><10‘-10

_w/cmzsr cm—l. This is
the quantity which we will compare with the power wﬁich we detect

with-the detector.

2. Filters;wPipes’and‘Windows

| In order to trén5port light to our detectorvwe generally use
oversize waveguide of polished brass. Performancerf such light pipe
was reported by P. L. Richards (1964). A length of:brass tubing 1.1 cm
in diameter and 1 m long trénsmits about 0.8 of the radiation 8?120 cm—l.

We #léo-usg windows betweén sections of our.pipe. vWe typically
use black polyethylene>0.0127 cm,tﬁiék. This is so thin that it
transmits about 0.94 at 12 cm—l. ac¢ording to our méasures. Bolometers
(except for InSb detectors) operate in vacuum spaéés_and we use sapphire
and Mylar vacuum windows. Sapphire has a high refractive index (3.2)
and thérefore has a loss of 287 per surface due to ref1ection. With
a two-surface window the transmission is 0.52. _Ourvwindows are wedge
shaped to eliminéte coherent effects of interference between the twp
surfaces. The prismatic effecf deviates the beam slightly. Mylar
windbws are nearly transparent, especially when thin énd cold.

Cold low*pass-filters are also necessary, especiélly for sensitive
and intrinsically broadbaﬁd detectors. In the absence of such fiiters,
incident room t;mperature radiation raises the détector above its
. optimum operating temperature. Ouf InSb‘detectors work well enough

with only black polyethylene; since they do not detect radiation
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between 50 and 2000 cm—ll Other detectors are protected with

"Yoshinaga" filters (powder reststrahl filters, descrlbed by Yamada,
et al., 1962), or with Fluorogold (Muehlner and Welss, January 1973).
The transm1351ons of these f11ters are both high about 0 8 at 12- cm l,
and both cut off completely at about 50 cm l.

3. Effective Throughput

In order to determinevthe absolute efficiehey of an infrared
detector system, we must know how much rediation it detécts and how
much is falling on it. The first part is easiiy_determined from the
observed signel and an electrically measured responsivity, or from a
factory calibretion. The second part requires khowiog the source
brightness, the efficiency‘of the transfer.optics,hand the size and
angular resPonse of the deteetor. This sobject is called photometry,

"and a brief introduction is given by Born and Woif‘(i970), p. 181.
inc

I will start by writing down the answer. The power P incident

on the detector is

P = [ Bcos6dQdA ,
inc S

where the integration is carried across the surface A of the detector

and the solid angle § at each point of the detector,fwhere B is the

incident radiation brightness in W/cm2 Sr as a function of position

and angle, and where 8 is the angle of incidence, meesured from the normal.

If B is a constant over the detector area and angles, then we can

unambiguously define the throughput

= fcosBddA
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s§ tﬁat.Pinc = BAQ.. In an'eﬁen more special casé, the range of angles
illuminated is independent of the position oﬁ the‘detector. Then we
“can factor the integral further and separately defihe'A and .
The ultimafe‘simplicity_is the plane detectpr iiluﬁinated from all
angles on one'sidevbnly. Then AQ = TA,
Thevthféughput concept has great usefulﬁess;‘ if a Smali bundle

of rays with.brightness B is traced through a ldséless‘optical system,
fhen the qﬁantity B/n2 is an invariant along thé.trajectory, where

n is.fhe refractive index. This may be shown séparatelyrfor reflections
and refractions.’ATo.see that the factor l/n2 is needed, one may
consider a bundlé of fays passing through a point 6n*avsurface of a
dielectric. Snell's law nlsinel = nzs;ne2 connec;s the incident

and refracted angles. For normal incidence, theldiVergeﬁce of the

ray bundle is proportional fo 1/n and the solid angle to 1/n2.
‘COnée:vation_of energy implies that the brightnésszB inqreaées in
..proportioh to nz."FQr non-normal incidence, mofe:exact application

of the law ﬁques the same resuit. |

In-consequence, the quantity fngcosedeA is aiSovan invariant of

the bundle of rays. It may be evaluated for any éonvénient surface
wﬁich‘intersécts the entire bﬁndle just once. Aé é.triviél example,
cpnsider‘two small surfaces A1 and A2, say avéou¥c§ and a detector,w
bseparatéd by a distance r and perﬁendicular to tHejline joining them.
Let the ray bundle consist.oftall rays which join points on Al with
2° v
of the rays striking each point on A1 is given by Q = A2/r2. Then the

points on A -If the throughput is evaluated.at Al, then the solid angle
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throughput‘is AQ = AlAz/rz. The same result is obtained when téé
eﬁaluation is made at the surface AZ’ as is evident from the éymﬁetry
of the answer in the indices 1 and 2.

| The throughput also has significance.in wave 6ptics. The effective
numbef of spatiél and polarization modes received by a defédtor is
ZVZAQ, whefe V is the spatial frequency in the ﬁedium, V = nf/c, and
f is the frequency in Hz..'To illustrate this, consider black'body
radiétion in a cavity, and compare.it with Johnsoh noise in fesistors.
These are essentially identical phjsical processes in different |

geometries. In a black cavity at temperature T, the spectral power

crossing a surface of area A in a soiid angle § is
dp 2
- DAY,
in the Rayleigh-Jeans limit. For comparison, cohsidéf two resistors
connected by a transmission line to which they are both matched. 1In
other words they are black, reflecting none of the power incident on
‘them. Each resistor emits and absorbs a spectral pbWer %%—= kT, in

the low-frequency 1imit.‘ Comparison of these two formulas shows that

. . : 2 ‘ .
the surface exposed to radiation receives 2V"AQ? as much as the resistor..

The factor 2 arises from fhe two possible_polarizations in space,
while there is only one propagated in a tfansmission;iine,

The transmission line can be terminated with a ﬁatched‘antenna
enclosed within the black body éavity. Then the résistor still emits 

and absorbs the same amounts of power as before. This result is

"independent ,0of the size, shape, and construction details of the antenna,

as long as it is matched to the load by somevnetwork{‘ It hés a
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throughput'of'one square wavelength, and receives only one polarization.
What we are concérned'With, of course, is the question of detector

efficiency € In general, this efficiency is'a'functionbof posifion'

det’
and incidence angle. When we measure an efficiency,’We form the

average quantity € =P / P has already been defined as

Pinc' inc

détCOsedeA. It is generally the case that

det abs

fBcosfdQdA, while P, is [Be

b
B is also é'functibn of position and angle, so we get a weighted average
efficiehcy, |

Iﬁ our work we rarely know these details. Ligh; from fhe source
spectfometer passes down a light pipe into a cryosﬁét,vthrough filtefs,
windows,‘éonaénsing cones, and sometimes lenses orymirrors, before |
finally feaching the detector. Sometimes thé detééﬁér is enclosed in
a metal_integrating chamber. The properties of these elements are
amenéble to apptoximate comﬁutation. |

On a microscopic scale, an ideal pipe preserves the‘throughpﬁf
_of . a sufficiently sﬁall ray Bundie. ‘On the macrosc§pic scalé, it
scrambles the'ray bundles. A fay in a roundrﬁiﬁé has fwo invariants of
the motién, the angular momentum LZ about the axis.of the pipe, and
the angle 6 wﬁich_the ray-makes with a line paréllel to.the bipe. This
angle is réléted fo the traﬁsverse combonént of the momentum which
is alsovinva;iant. Therefore, those brigh;ness disfributions B which .
are fqnctions of these invariants alone will be probagated unéhangéd
| in the pipe. For a lossy.pipe, the loss per unit ‘length of pipe is

also a function of these invariants only. Under most circumstances, our

brightness distributions are functions only of ©.
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Similar considerations apply to condensing cones. . A long thin
cone preserves a brightness distribufion B which is a function of the
invariants Lz and L2, where L, is the angﬁlar momentum about the axis
and L2 is the square of the angular momentum abouf the center of the
»image ball; as discussed in Section Ii—B—f. The éffect of the cone
can be more intuifively evaluated by simply drawing'the image‘ball and
removing the.cone. We often operate these cones in such a way that
‘the incident brightness is a constant over the appropriaté range of
v#riables; In other words, we overfill the detéétor;’ Then the throughput
is simply TA, where A is the area of the small eﬁd of the cone.
In most of our detector studies we simply assume that B is not
dependent on position or angle on the detector. ﬁe.know that this is
not true, but we desire to include the failure of the approximation in
the efficiency of the detector. ﬁe take the brightness to be the
measured output brightness of the source, muitipliéd yy the transmissions
of the lightpipes, window, and filters. By the s;me token, we take the
‘throughpﬁtbto be just nzAW, where A is the illuminated area of the detector
and n is the index of refraction of the medium in which the detecfor is
immersed. 1In those cases where a large detector is eﬁclosed in an integrating
cavity with a smaller aperture, the area of the opening has been used. s
Tﬁere are some detectors for which we have aptuaily measured the
throughput. The Golay cell, which we use as a stanaard,'is not
illuminated from a full hemisphere, but we do know its geometric size.
We calibrate it in the configuration shown inrfig. 27a, where we know
the solid angle { by construction. This éalibratiop is then traﬁsferred

[ o
to the usual operating configuration in (a ). The increased signal
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level is attributed to an increase in'effective éolid angle.
As an example of the scrambiing effect.bf a-light pipe, consider

the case shown in (b). Here we calibrate an entire detector system,

éonsisting in fhis case of a Golay cell togethef with a length of

light pipe. In calibrating this system we must.téke the area of the‘

pipe as the effective area of the system. The pipé prevents forming

an image of a source directly on the detector, andvéérambles‘the light

until it ié uniformly distributed across the apefture. When we observe

this detéctor system in confiéurations (b) aﬁd (E'), the responses are

1 -

the same as in cases (a) and (a ) respectively. However, we interpret

. C- t
the system in (b) as having larger throughput by the ratio A /A, and by

the same token lower responsivity or efficiency. ‘' The practical significance

is that the bare Golay cgll is better for those sOpfces which are not
large enough to illuminate the full area of a ligh# pipe.

The method described above for finding the effective solid angle
is simple. A method which is equivalent in principle and gives more
detail is shown in Fig. 27, (c) and (c'). The incident brightness
distribution I(6) is measdrea as showﬁ in (c). In our systems I is
a function only of 8. The detector system responéivity is g(0) which

A
is also a function only of ef The direct results of the scans shown
must be corrected for the area projection factor‘cose; Typical
uncorrected results are shown in Fig. 28 for the soﬁrce, the Golay cell,
and the défectors used with germanium cones. |

Using the brightness and responsivity curves, one constructs the

. integral for effective solid angle
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e = 1/(g(0) 1(0)) fg(8) I(8) cosbdl

where df2 = 27Msin6d®. This integral can be numerically evaluated for

the cdrves shown in Fig. 28.. If the measurements are correct the
‘effective solid angle should be the same as determined from (a), (a').

- For the Golay cell, the numerical integral gave 0.4 sr, while the direct
measure gave 0.7 sr. For thg detectors with germanium c;;es, the
integrated solid angle was 0.25 sr, which is in agreement with the
thgorétiCal value, but it waé not measured directly.

It is implicit in this pair of methods that the efficiency and
effective responsivity of the detector system is détérmined for axial
rays. When off-axis rays are to be detected, the curves in Fig. 28 must
be used to estimate corrections to ﬁhe efficiency; "The practicai
significance becomes clear when the detector used in the balloon-borne.
spectrometer is considered. It is illuminated by a@»f/z lens, which
illuminates it evenly out to 15° from the axis and no farther. Only
one third of the solid angle integral is containgd'within this limit.

4. Measurement of Bolometer Characteristics

'

Our cryogenic bolometers are all temperature sensitive resistors,

characterized by a resistance R(T). For germanium and silicon bolometers
the temperature of importance is the crystal lattice temperature, while
for InSb 5olometers it is fhe electron temperature, which can be very
different. In the ideal casé, each is also charécterized by é

single heat capacity C(T) of the bolémeter and a definite thermal link

' t T
to a heat sink at temperature bath.
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Fortunately for the experimenter, these détails do not need to be
understood to measure the sensitivity of the detéctor. An extended
discussion 6f these métters is given_byRT C. Jénés (1953). Jones gives
two méthod%, one based on the I-V plét and one béséd on a special Bridge
circuif; I have simplified both methods andrpreéeht_the results below.

We make the assumptions that power delivered_électricaliy to the
detector has the samé.effect és bower delivered by‘incidenf radiation,
that the detector chip is isothermal? and that the resistance is
characterized by a temperafuré, independent of eléctfical bias. The

vthird assumption can be questioned, especially with InSb detectors,
whefe'noisy contacts are nonohmic (R. Weiss, persoﬁél communication).

On the‘basis of these assumptions I derive the electriéal power
sensitivity from two measurements. First, I meaéure the DC voltage vs
current depeﬁdence of the bolometer (the I-V plot)._‘The low-frequency
réspoﬁsivity of the‘Bolometer can be dgtermined froﬁ the shape of
this curve, as shown below. Second, I measure the effective time
constant of the bblometer by using an optical'inpﬁt'péwer which can be
chopped éf a variety of frequencies. I can thenvéaiéulate the
responsivity at any chopping frequency._ The altefﬁétive method is
presented léter.

To find the following formulas; I solved thé'heat balance equations
with‘time—dependent quantities. The equations are derived from the
electrical and thermal circuits shown in Fig. 29 (a,b). The equations
ére.just ﬁhe eleétrical laws Es = IZS + E, with E = #(T)-I, and the

heat balance equation
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dT _ - '
¢ gp = —Q(T,T,_..) + EL +P

dt in '

The quantities E, I, R, T and C are respectively the voltage, current,
resistance, temperature and heat capacity of the bolometer element. The

DC bias source voltage and impedance are ES and Zé,' The optical input

power to the bolometer is Pin’ and Q(T,T ) is.thg power conducted

. bath

from the bolometer to the thermal sink at temperature T - The

bath’

angular frequency w is 2n1f, where f is the chopping frequency. The
bolometer presents an apparent impedance to the outside world which

is called ZB(w), abbreviated to Z_ when w = 0. Z is the slope of

B B

the I-V plot.
The results of my calculations, cast in terms of easily measurable.
quantities, are that the power responsivity ®(W) measured in volts/watt

and the effective time constant T (sec) are given by

Rw) = dE_ _ ] /(1 + 1w?) s
dpP [o)
in
where
B
Q@ = -1 R
o ZIo ZB ’
. ET‘+ 1
s
and
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We usqally operate our bolometers with Zs >>'Zb; R, and we adjust
" the bias so that the responsivity is near maximuﬁ.bkfor curves similar
to Fig. 29(c), this occurs at a point where ZB/R,iS of the order of 1/2.
At this point the responsivity is Gb = 1/41.

Note that theleffective time constant. of the:bolomefer is not C/G
as might‘have been expected, but is changed by elgctrical—thermal feedback
effects. For large Zs gnd with-zB = 0, which is’prgible with our
bolometers, the time constant is reduced by a féctof:of two. T have seen
this effect with a germaniqm bolometer, in which'iﬁcreasing tHe bias
current reduced the time constant. This occurred déspite the temperature
dependence of C/G, which_pfédicts a change in the opposite direction.
C/G is propoftional to szfor typical devices. |

The eéuivalent circuit in part (d)bof the figufe is given by Jones.
This circuit has thevproperpy of having the same‘eleétrical impedance as
the bolometer at all frequencies, and moreover,fitbgives.the correct output
signal level where the voltage e is given simply by’Pin/2I;

1 céléulated the value of:this eleCtriéal imﬁedance and of the
equivalent circuit parameters RN and L as functipnsﬁbf measured

parameters. They are

. Z_ +R
. C B
1l + 1wE- ZZB
Zg(W) = Zp C I +R
1+ 1wE 7R

Ry = ZBR/(R - zB) ,
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Fig. 29. Bolometer definitions.
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and

c . 1'%
G - .
R-1Zy

In the case of ZS >> ZB’ R we find

1

]
~
.

B
N

1-x

LI will simply quqte here Jones' result for a purely electrical means
of determining the responsivity. Figure 30 shows the bridge circuit
gsed. The resistor RL is the load resistance calied.Zé above. A new
symbol is used to emphasize that RL is a pure resistance, which was
not previopsly assumed. The reéistors Rl’ R2 are-éhosen to balance

‘the bridge for DC. The result is that

1 (1 + i) | eg ()

W =2 * %) s ®

I simplified Jones' result by introducing the quantity ez; the AC voltage
. across Rys and found that
e (W)

B .
,@

RW) = %f

This method can be used even at those frequencies where wT is large
and hard to determine well by varying an optical chbpping frequency.

To use this method, R ahd.R do not need to be known. First,

1 2
the DC voltage ey is set to zero by adjusting R1 and R2. Then the DC

voltage ei determines the current I since RL is known. Then the
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BRIDGE
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Fig. 30.

XBL 7312-6795

Jones' bolometer bridge.
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respbneivity is found from measuring the AC voltages‘»'e2 ahdbeB. The
point ﬁl.is a common point for all the measﬁfemehts and could be .
"greunded fof'experimental'cohvenienee.

Whiie:it is not necessary to know eithef Cor G to find out the
responsivi;y, they are of 1hterest in designingvbelometers. The ratio
C/G, which is related to the effective'time constant; caﬁ‘be determined
from measurement of three quantities, since the.eeﬁi§alent circuit
for the.bdlemeter has three independent parameters. :

To de;ermine~C and G separately, aetemperatufe_dependence must be
meesered._‘The easiest to meaeure is tHeVR(T) function. This is done
Qith.a ohmueter and a varying ﬁelium bath'tempefature. The ohmmeter
must have sufficient sensitivity that it does_not‘heat the bolomeﬁer
significantly.v 1f gas or liquid helium is admitted to the chaﬁber
of the detector, larger powers‘afe permitted. If,the_temperature

.derivativeeof R(T) is called R , then

o z ' z
2! B B
6=TIR (—.R + ;)/(—-—R - 1).

" may be used to compute G. The quantity Q(T’Tbath) may also be computed
directly from the I~V plot and R(T), and then differentiated to find G.
For typical metallic thermal links made of.wire, the variation of

G has a simple form. The'Wiedemanﬁ-Franz_law saysethat the thermal

conductivity of metal is a constant times the tempereture times the

1

electrical conductivity: k = L OT (Kittel, 1966, p. 222). For a wire
‘thermal conductor connecting the bolometer at T to the bath at Tbath’

the solution to the heat fIOW'equatiohs turns out to be simple: the
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mean thermal conductivity is found from the above formula with the

2 2, "
bath) = (T = Tpapp ) (@ /20D,
. , _
where r is the electrical resistance of the wire and L is the Lorenz

8

Y/2. Then Q(T,T

temperature T = (T + Tbath

constant, 2.45%X10 W—ohm/degz. "Then the derivative of Q is G, which

is just G = L’T/r, and the bath temperature drops out of the equations.
It is thus seen that there are two factors which make the bolometer
faster than it might have been, the feedback efféct and this fact that
G is largef than might be éxpected.

The heat capacity of a helium-temperature detector element aléo
has a simple temperature dependence, the Debye T3 law (Kittel, p. 178).
Ihe lattice heat capacity of a substance is C = 234 Nk (T/eD)3; where
N is the number of atoms, and eD is the Debye temperature. For
engineering purposes it is useful to have this fbpmﬁla in terms of

unit volume and express it in terms of Ve the effective velocity of

sound. Then

_ 234 (k)3 T
C_k._fT —
6’”2 ,YS
per unit volume, where
v = @8 _fhy(eniny 3
s D

and n is the number of atoms per unit volume. The constant in parentheses

4

has the value l.24’<1011 j/deg sec3,band sound velocities range from

105 to 106 cm/sec. In an isotropic medium the correct average sound

velocity is 1/V2 = 2/(3v3) + 1/(3vg), where v

N is the velocity of

the shear waves and v, of the longitudihal.
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Table IX lisfs approximate values for heat.éébagities per unit
volume at -1°K. THese aré included for perspectivé on the problems
of bolometer manufacture. They are calculated frdﬁvéD'except for fused
silica and sapphire. |

Iﬁ nonsuperconductinggmetals, électrons alsé have heat capacity,
Kittel shows (p. 211) that their effecti&e heat capécity is

~

Cop = (WZ/Z)(Nk)(T/TF), where N is the number of electrons involved,

usually one per atom, and TF is their Fermi temperature, which for copper

is 82000K.

B. Bolometers Tested

In this Section I describe test results. Tables X, XI present

data for a Golay cell, three InSb detectors, four germanium detectors,

vand'a silicon detector. I will first describe the detectors, then_

the construction of the tabulated quaptities,vand.then the implicationé
of the results'for éqr.development effort.
1. Detectors | .

Thé Golay cell was obtained from Pye—Uniéam.. ;ﬁ Has é vacuum—tube
amplifier and a 3 mm‘&iameter diaﬁond window, prbpécted by two layers
of black polyethylene.

The InSb detectors were all operated iﬁ the saﬁe gircuit, shown in
Fig..7. Detector 2 was given to us‘by Dr. Judy Pipﬁer in 1970, and was
made by the methods described by her in hér thesis (1971). This is
tﬁe detector described in greater detéil in coﬁnection with the Fabry-
Pefot interferometer, Section II-B-8. It is operated behind a germanium.

condensing cone but is much larger than the output end of the cone,

so that it is not as small and sensitive as it coﬁld be. TIts NEP impfoves
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Bolometer material heat capacities at 1°K.

Material

Mol. Wt GD(K) | D(g/cm3)b C (j/cm3 deg)

In (Lattice)
Ge |

SiO2 (Fusgd)
SiO2 (Xtal)

Si

A1203

TiO2

Fe203

C (Diamond)

115

73

60

60

28

102

80

160

12

111

370

470
640
600
760
660

2230

7.28
5.3
2.2
2.2
2.33
3.97
4.26

5.24

13.52

- 1.8%10.

- 3.5%X10

9x10>

3x107°

6

6.9%x10" "

6x10""

7

2.4x1077

2.2¢10"7

5.2x1078

References: AIP Handbook, 3rd ed;, p. 4-115 for O_.
For fused silica, sound velocities on p. 3-104 were used.

273

For Al1,0.,, see NBS Journal of Research 75A, p. 401 (1971).




Table XI. Detector efficiency estimates.,

Approximate Transmissions

_ System EffectiVe
Detector, Conditiona Efficiency . Pipe Window Filter Cone Reflection Absorption
1. Golay Cell © 0.8 — = e = e 0.8
InSb Detectors .
2. Pipher's 0.1 0.8 — 0.7 0.7 0.6 0.4
(gaps)
3. Small Experimental  0.05 . 0.8 — 0.7 0.7 0.6 0.2
4. Large Experimental 0.045 - 0.8 —— 0.7 -— Cavity 0.08
Germanium Detectors
5. Joyce's - 0.085 0.5 0.5 — e Cavity 0.2
6. Lab Detectors - 0.075 0.8 . 0.5 0.95 0.7? Cavity 0.3
7. IR Labs F-42 4.2° ~ Q.11 . 0.8 — 0.8 _— 0.6 0.3
Metal Cone 1.5°  0.08 0.8 —— 0.8 0.4 0.6 0.3
7'. Ditto, GeCone 4.2° 0.045 0.8 — 0.8 0.4 0.6 0.3
1.5°  0.026 0.8 -— 0.8 0.4 0.6 0.2
8. IR Labs 228 4.2° - 0.09 0.8 - 0.8 - 0.6 0.24
Metal Cone 1.5° 0.08 - 0.8 -— 0.8 —-— 0.6 0.2
 8'. Ditto, GeCone, 1.5° 0.056 0.8, — 0.8 0.7 0.6 0.2
8". Ditto, Antireflection, 0.074 0.8 — 0.8 0.7 — 0.17
1,50 '

N

9. Silicon Bolometer. . 0.06? 0.8 0.5 0.8 ~—- 0.7 0.277

=L(8T1-



Table X. Detector test results.

Detector, Conditions Responsivity Noise NEPe Pabs S/N’ AQ Efficiency
v/w per vHz C o _
w/viiz 10710 y/en™l

1. Colay Cell, 13 Hz gx10° sowy  sxio”tt 4.5 10 0.05 0.8

InSb Detectors:* .
2. Pipher's, GeCone, 4.2°K, 300 Hz, 10° sonv  sx10703 2.6 500 0.25 0.1

: 1200 Hz 10° 15y 1.5 1003 2.6 2000 0.25 0.1

3. Small Experimental, 4.2°K, 300 Hz 106 400 nVv lo"lO-13 1 250 0.2 0.05
4. Large Experimental, 4.2°K, 300 Hz 5.5%10% 100 nv 10712 1.6 80 0.35 0.045

Germanium Detectors:
5. Joyce's Thesis, 1.1°K, 83Hz 8.7X104 20 nv 2.3>‘10—13 1.2 500 0.25 0.045
6. Large Lab Detector, 1.3°K, variable’ ——- ZXIO-;3? 1.2 500 0.15 0.075
7. IR Labs F-42 } ia.z‘x 2x10” <10nv  sx10733 0.7 150 0.06 0.11

Metal Cone, 17 Hz) [1.5°K 6x10° 300y 5x107t4 0.5 1000  0.06 0.08
7'. Ditto, GeCone 4.2°K 2x10% <10 av  5x10713 1.2 240 0.25 0.045

1.5% 6x10° 30 v 5x10”14 0.7 1400  0.25 0.026

8. IR Labs 228 } 34.2°x 2x10" <w0w 50 0.6 120 0.06 0.09

Metal Cone, 17 Hz) [1.5°K 7x10° 40 nv x0Tt 0.5 800  0.06 0.08
8'. Ditto, GeCone 1.5°K 7x10° 40 nv - 6x107t4 1.5 2500  0.25 0.056
8". Ditto, Antireflection 1.5°K 7%10° 40 nv  6x10"14 2.0 3300  0.25 0.074
9. silicon Bolometer 1.5°K 10°7 40 nV?  4x1077 1.2 3007 0.2 0.067

*#InSb detectors include 1:50 stepup transformer.

-88T1-
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a factor of 2 over the tabulated value when it is cooled to 1.6K.
Detectors number 3 and 4 were made from a graded boule of highly
compensated InSb supplied to us by Caminco, Inc. Detector 3 was‘made
from a high resistivity portion of the boule and has‘a DC resistance
of abou; 15KQ at 4.2°K. It is small, about 1/2 mm3; just large enough
to cover the end of a germanihm condensing cone. A.larger bar of InSb was
. .

cut from the boule with a wire saw and ground with abrasive on glass

and paper. The bar was polished on a rotating paper wheel with a

. chemical polish of iodine dissolved in methanol. Two surfaces of the bar

were tinned with indium solder using an ultrasonic sbldering iron. Then .
the bar Qas diced witﬁvthe wire saw to make a series of detectors.
Detécto} 4 was made in a similar fashion except that it is much
larger, 5 mmX5 mmX1 mm. Its resistance at 4.2°K is about 1600f..
The germanium bolometers were obtained from.tw6150urces. Detectors

5 and 6 were made in this laboratory by R. R. Joyce.' Number 5 is described

‘in his thesis (1970) and number 6 is similar. Both are large with a

volume of about 11 mm3, and both are mounted in iétegfating ca?ities,
ﬁith sapphire windows. They were made from material Qf high measured
absorptivity. / |

Detectors 7 and 8 are bolometers number F—ﬁz.aﬁd number 228 from
Infrared Laboratories. The former was loaned to_ﬁs for development'work'f
with immersion optics, and the latter was purchased for use in the
balloon-borne spéctrometer. They are nearly identical. They are
0.8%X0.8%0.3 mm in size, and are mouhted with brass ieads to sapphire heat

sinks on a brass mounting plate. Each was tested at 4.2K and 1.5K bath
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. temperatures, and each was used with a metai cone aﬁd a germanium
cbndensiﬁg cone, to determine the gain of the ge;ménium.cone.
Detector number 8 was also used with a Mylar antiréflection éoating
on the front of the germanium condensiﬁg cone.

The silicon bolometer was purchased from Molecfron, Inc. It is
about 5 mm square and 0.3 mm thick, and ié supplied:ﬁith long gold leads.
Because its leads a}é so long it is supported wi;h nylon threads. It
is positioned squarely across the end of a metal conaensing cone, so
that the integrating cavity behind it does not function fully. It was
coated by'ﬁhe manufacturer with a thin layer of chromium to attempt to
improve absorption. More receﬁt experiments indiééte thét this film
may have been simply a mirror. The film was on the back of the bolometer.
This kind of bolometer is manufactured by diffusing phosphorus into a
silicon surface. The surface is fhen etched away until the desired

electrical properties are achieved.

2. Methods of Observation

Respbnsivities of the bolometers were determined from the I-V
plots and the oﬁtically determined time constanté,vexcept for the
Golay cell, which was calibrated by the manufacturer; Noises were
measuréd with a lock—innamplifier (PAR HR-8) tﬁned to the chopping
frequencyl The outﬁut time constant was set to 1 sec, 6 db/oct,
and the peak-to-peak noise was measured for about i minute. The noise
~in volts//ﬁzswas found by multiplying this number by 0.4. Electrical
NEP is the noise voltage divided by the responsivify at the chopping

frequency. .
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The column showing S/N ratio gives the ratio P (abs)/NEP. This is
the signal to noise ratio at 12 cm.-1 for an unapodized spectrum made
with 1 cm—1 nominal resolution (maximum path-differeﬁce 1/2 cm) and
1 sec of total integration time. If the signal aﬁplifying systems have
not introduced excess noise, this signal to noise is actually seen on

our spectra.

The powers incident on the detector are calculated from the black

body formula, using the measured Michelson interferometer source

brightness and an estimated A product. The A{) values for the Golay

cell was measured as previously described. The AQ values for the other
detectors are all theoretical numbers, calculatéd from the geometrical
sizes of the detectors. In the case éf large deteétdrs mounted in metal
cavities tﬁe area of the coupling hole in the cavity is taken as the
detector size. The cavity helps the detector to absorb the radiétion
and these detectors are there{pre expected to be efficient;‘ vathe
actual area of the detector chip_were used the éfficiency would appear
much lower.

The column showing efficiency gives the'ratié df calculated absérbed
power to incident power. This is given for the'detector system as a
whole, including light pipes, windows, cold filters; condensing cones,
and detectpr reflectance. The transmission factors are separately
estimated and tabulated in Table XI. All the relevént factors are
calculable from external evidence, either from measurement or theory,'
although most havénnot been individually verified for each system.

Detector reflectance is a major loss méqhaniSm. At normal

incidénce,on a dielectric, the reflectance is (n - 1)2/(n + 1)2, or
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0.36 for germanium. When the two polarizations are averaged, the
reflectance is approximately constant with incidencé angle out to
the Brewster's angle, which for germanium is tan_l(4) = 76°. Between

this angle and 90°, the mean reflectivity rises approximately linearly

* e

to 1. On this approximation, the solid angle averége reflectance is
0.44 for Ge.

The efficiency of the immersion optics systeﬁ is estimated from
substitution experiments. A detector is first measured without the
germanium condensing cone but with a metal cone iﬁstéad. Then the
germanium cone is installed. The gain which it‘produces is frequency
dependent, due to imperfect optical contact between the cone and
the bolometer. In the case of peffect contact to an opaque detectér,
the gain should be 16, which is the dielectric constant, times the
ratio of areas illuminated, since the imﬁersion opfics illuminates only
one of the six surfaces of the detector. The traﬁsmission_across the
gap between the two surfaces was calculated by David.Woody from the
electromagnetic wave equations with boundary conditions; It turns out
that the surfaces must be very close togethef to avoid substantial losses,
especially for rays which are far from normal to the surfaces. A
graph of the results of these célculations is présented in Fig. 31. -
These results have been approximately averaged over all incidence angles.

The transmission across the gap can now be estimated from the
frequency dependence of the gain of thekcone. A fit to the observed
- spectrum tells us how far apart the two pieces of germanium are, and
what the actual transmission across the gap is. With careful adjustment,

it appears possible to bring the two surfaces together within a few

P .
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Fig. 31. Immersion optics efficiency.
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microns, and the transmission then exceeds 0.70.

3. Discussion of Results

a. Absorption. The bolometer absorptivity is of the greatest
signifiéanée to our optimization of ﬁolometers. Since it is determined
as a residual after many corrections it is not eﬁbected to be very
precise.

In most cases the absorption by the bolometér is expected to be
near unity, if the design is correct. ‘For example, R. R. Joyce
built his bélometers of maferial known to absorb,‘and he put them in
cavities to improve their absorption. The InSb bolometer given us by
Pipher is also expected té be highly absorbing, especially at 4.2K. At
the operating point, the DC resistance of the square bolometer is
250 ohms, smaller than the impedﬁhce of the vacuum.‘ Free carrier
absorption processes are then expected to give nearly complete absorption
of'millimeﬁer radiation, at least at frequencies-beldw the eiectron-
collision frequency.

.In other cases the absorbtidn is expected to bé much smaller than
unity, as in the case of the small InSb'detector, Which was made of
material later measured to be nearly transparent. Mored&er, its high
DC resistance predicts low absorption by carriers. |

Another very important case is the paifvof Bbiometers from Infrared
Laboratories. Their absorption depends strongly on.Solométer temperature.
At 12 cm_l, the absorbed power falls by an ordér'of ﬁagnitude when the
detector chip is cooled from 2.2K to 1.5K. This is most important

and unfortunate for us, since the best electrical sensitivity is obtained

at the lowest temperatures. When the detectors are warmed up from

1
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2.2K to 5K, they absorb about 1.5 times as much radiation, but further
heating produced by additional bias current causes no further increase.
This holds true even at such high bias currents that-the detector has
a dc resistance of the order of 200 ohms. This tesistance is so low
that the electrons in the bolometer should ebsorb strongiy at all
frequencies. It is therefore surprising that the apparent absorption
" of these bolometers is only 0.3. Probebly there is a ioss.mecﬁanism
elsewhere in.the system, and the bolometer really does absorb. |

None of the detectors except the Golay cell has an apparent
absorptivity larger than 0.4. Some of the detectors should be much
better than this. The only explanations apparent to‘me are geometrlcal
optics effects.' While all the detectors are different, each has at
least one imperfection in its illumination system.

Detector 1, the Golay cell, has interference.effects at low
frequency. When tested with a klystron and harﬁonic generatof at
5 cm—l; it had a response as a function of anglerwhich had a minimum
on axis, whete it was only half as sensitive.as et.cther angles. More~
over, it hasba large acceptance angle which has cot:been unambiguously
v measured, as previously described. |

Detectors 2, 3, 7' and 8' all use germanium focusing cones. There
are many ways in which we can miscalculate the tfensmission'of the
gap between cone and detector. For instance, if"the_detectcrvbr cone
tip is not flat, then good contact is acﬁieved in some areas and not
in others. Spectral information ie then deceptive.v Another loss
mechanism for these cones is the failure of ‘total internal reflecticn

on the walls of the cone. Rays within 14° of normal_to the surface can
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escape the cone, but there should be few rays to which this applies.

Clues to these problems may be seen in Fig..28.’ If there were
perfect transmission across the gap, then the funétion g(0) should be
uniform out to © = 18° and then fall abruptly to éero, according to
the image-ball construction. What we see is thét the response has
fallen to 1/3 of its axial value at 18°, but more important, response
éxtends all the way out to 45°. Indeed, 2/3 of the solid angle integral
is outside 15°. This wide angle response is not understood, but is an
obvious indication that our design is not workiﬁg'pgrfectly. Diffraction
calculations similar to those described in Chapter III do not explain
such a large response. |

.Detectors 4, 5, 6, 7, 8 and 9 all use metalvcohdensing cones,
leading either to a cavity or directly to the detector. The efficiencies
of these cones have not been measured directly for the wide angle ray
bundles which concern us. Moreover, some of them éré too short fo be
ideal. We have not yet measured the solid angles appropriate to these
sysféms.

Detectors 2, 5 and 6 are measured in systemsicontainiﬁg sample
holders or gaps in the 1ight‘§ipe. These losses are thought small
but are not measured.v |

Detectors 7, 8 and 9 are mounted in such a way that their back
surfaces are not fully illuminated. These corfections should also be
small but aré not directl§ known.

~ Detectors 4, 5, 6 and 9 are'mouﬁted in metal cavities. It is

not known direcfly how effective these cavities are. Losses exist out

- the coupliﬁg hole, the vacuum tube and lead wire holé; and through
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absorption in the walls and in the varnish on the legd wires.

b. EEiﬁE: Our best detéctor is.the germanium‘Bolometer operated with
a germanium condensing cone and an antireflection coéting on the front
surface of fhe cone. It is small, highly respoﬁsive, and has é moderate
amount.of noise. The next best detector is the InSb detector, operated
at a chopping frequency gfeater than 1 kHz. This detector is the only
one which is :Johnson noise:limited. All the othefs have noise considerably
in excess obeohnson noise at the'optimum chopping frequency. Théy are
operated as resistors of about 1 megohm at a tempera;ure of 2K, which
produces.a Johnson noise of only 10 nv/vHz. These detectors appear to
have spontaneous résistanée fluétuations, which give rise to 1/f noise
powers when D.C. bias is applied. These spontaneous resistance
fluctuations are roughly proportional to the total resistance, so that
the noise voltage produced is proportional to theID.C, bias voltage.
While it has often been thought that this 1/f noise is.due to contact
barrier prdblems,:John Clarke (personal communicgtion; 1973) has
suggested that it may bé a bulk process, due to internal phopon noise
in the aetector. Different parts of the detector element exéhange
heat by the random walks of pﬁonons; and spontaneoﬁé local tempefature
fluctuations exist. The cOhservation of energy impiigs that the
mean temperatufe of an isolated detector chip canﬁdtvchange due to these
fluctuations. Therefore, to lowest order, the mean resistivity does
not change, even in the presence of fluctuations.- Héwever, in our
:detectors,'éurrent distributions are nonuniform, sé.that thehtemperature

fluctuations of some parts cause more change in net resistance than do

other parts. In ‘other words, we do not actually measure the mean
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resistivity of the detector chip. An internal spontaneous temperature
fluctuation can therefore produce a first-order change in the observed
resistance. A related effect is that due to temperature and doping

gradients, the resistivity is non-uniform.

The implicationvof this idea for detectors:ié ;hat to avoid
excess noise, a bolometer should have a uniform volume current
distribution and uniform doping._ Considerationfsﬁould alsQ be given
to the ex¢hange of phonons betwéen solder blobs used to attacﬁ,leads and

the detector element.

c. .Blackening Films. Future improVements in bolometers for the

far infrared probably lie with composite bolometers, with separate
'thermometers”and radiation absorbers. Heat collectofs can be made by
blackening transparent dielectfic materials Witﬁ resistiVe'films. The
general properties of such films are described by Had1ey and_Denniéon
(1947), and many further references are given byiAraﬁs (1973). Filmsv
have been gsed for many years, in particular to blacken the heat
absérber in the.Golay cell.

Transmission line analogies are useful, especially for normal incidence
radiation. In sgch a case, the tranémission.lines have impedance
Zo/n, wherezo is the impedan;e of free space, 37}'ohms, and n ié the
refractiVe index of the medium (assumed nonmagnetic). A conducting film
of resistanée R ohms/square is represented by a feSistance R shunting
the transmiséion line.

OurAdirect measurements'of bolometer blackeniﬁg’were inconclusive.

The Molectron silicon bolometer was coated by the manufacturer with

chromium. Later measures with d.c. probes showed that these films
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were essentially short circuits. The films are very thin, of the
order of 5 nm thick, and presumably form as islands of metal separated
by gaps. Films made on glass slides under the same conditions had the

desired resistances and were not mirrors. The discrepancy may lie in

the different tunneling processes in glass and silicon, or perhaps the

islands form differently on silicon.

Gary Hoffer has made and tested bismuth films for infrared transmission.

" He EVaporéted films from 25 nm to 400 nm thick on quartz, and measured

d.c. and far infrared impedances. These impedanées were comparable
within a factor of 2, and no spectral variation was seen. The tests

were made at liquid helium temperatures. These films are probably

‘idEal for bolometer blackening.
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VI. CONCLUSIONS

The Cosmic Background Radiation is still poorly known in the
millimeter wévelength region. Our first experimént helped dispel
thoughts that there was substantial line'emissiop_superposed on the
background. Our second experiment has nbt'yet worked, bué in deveioping
our instrument we have advanced our understanding of the problems
involved. We have discussed spectrometer'desigh and operation, detector
calibratioh and optimization, and éntenna diffréction and emission.
When minor problems with the instrument anerepaired,{we may be the
first to measure the short wavelength spectrum of:£ﬁe Césmic Background

Radiation.

“y-
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