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FOREWORD

This final repor: on NASA Grant NGR 22-010-025
to the University of Massachusetts covers preparations
for the balloon flight of March 23, 1968, the flight
{tself, and the subsequent work including reduction
of the data that wasvrecarded at altitude.

The project served Dr. William Mankin as hils
Ph,D. Dissertation, at Johnslﬁopkiﬁs University.

The project was planned there before the present

contract began at Unlversity of-Massachugetta.

Dr. Mankln was & graduate student at Johns Hopkins
University then, as well as.during'the entire period,
‘at»Amhepst; whenvhe was working on this prdject;

 ’un£i1-hé’g6t hiz Ph.D. degree in the spring of 1969,

" Mueh bf the flight equipment, and substantially |
all éf'thé auxlilary test ‘equipment, were criginaxxy :
provided by the ONR suppart tnat starﬁea us in
balloon autronomy, anad by subsequent AFGSR *upport.

- The rddiometer used in this flight wan purchaged
f'rom Pnilips Co. of Brlarcli”f Maner, witk cial |
;adaptaticﬂs~to‘our work providad.bngr.vMarcyuveyfua.‘

~ Funds for 1ts purchase were prdvided”by'ARPA Grar t

':f“fAﬁA#ARO;E;Sl;iZQ-G756 to Johns Hcpkinstniversity.



ABSTRACT

A ballcon borne telescope and filter radiometer has been
used to observu the limb darkening of the sun at six infrared
wavelengths ranging from 11 to 115 4 in order to determine tha
variation of electron temperature with height in the lower
chromosphere,

s

It is shown that the only important source of far infrared
c;iucity in the lower chromosphere is the free-free transitions of
negative hydrogen, for which the absorption coefficient is propor-
tic.ma.l to the square of the wavelength, and further that the source
function in the far infrared is just the Planck function of the local
electron temperature. Under the circumstances the infrared
brightness temperature, except for a small correction for depar-
tures from the Rayleigh-Jeans law, is a function only of A?/u,
where A is :he wavelength and 4 , the cosine of the zenitn
angle on the sun. Therefore, the solar infrared spectrum may
be deduced from limb darkening measurements.

Furthermore, it is shown that the brightness temperature
spectrum is the Laplace transform of the chromospheric electron
ternperature as a ‘function of reference optical depth. It is there-

fore possible to determine the temperature structure of the lower

chromosphere from the spectrum.



PREFACE

This work does not 1epresent the efforts of one person
alone; any project of the complexity of a balloon flight requires
the efforts and cooperation of many people of diverse talents.
While lack of space precludes mentioning each one individually,
it is a pleasure to acknowledge with appreciation their collective
contribution.

This work was performed under the direction of Professor
John Strong, part'uﬂy at the Laboratory of Astrophysics and
Physical Meteorology of the Johns Hopkins University and par-
tially.at the University of Massachusetts. Professor Strong's
always willing but never intruli\;e help and advice have contributed
greatly to the success of this project; we readily acknowledge our
debt to him.,

The bulk of the day to day work fell upon the staff of the
Laboratory of Astrophysics and Physical Meteorology at Johns
Hopkins and of the Astronomy Research Facility at the University
of Massachusetts. From the former we must mention especially
the dedicated and conscientious efforts of Mr. W, T. Green in
constructing aud testing all the electroric equipment and of Mr.
John McClellan in the mechanical design. Of the latter we men-

tion the field crew -. Mr. William Dalton, Mr. Joe Quilette,



Mr. Ilorian Duguay, and Mr. Bariley Smith -- who functioncd
under the trying conditions of the .ﬁcl'l trip for nearly two months.
Mr. Dalton Lore the double responsibility of both technical and
administrative tasks at both Johns Hopkins and at the University
of Massaclhusctts,

The cooperation of the individuals and firms who supplied
various componenis was unstinting. The radiometler was built
by Philips Laboratorics under the direction of Mr. Marc Dreyfus
and Mr.”Jerry Pitcher. Mr., Frank Couke did the optical work on
the telescope and Mr. Wilbur Perry coated the mirrors. Dr,
Hamilton Marshall of Perkin-Elmer Corp. directed the construc.
tion of the far infrared thermopile and Mr, Charles Recder also
supplied numerous detectors for tests,

We must especially express our appreciation to Mr. Leonard
Kercheval of General Sensor, Inc. in Athens, Texas, When prob.-
lems with the tracking sensors develeped in the fleld, he undertook
to prc:duc;: on short notice some special sensore which performed
admirably during flight. His personal interest and helpfulness arc
appreciated,

The entire staff of the NCAR balloon base in Palestine,
Texas, werce outstanding for their courtesy, he!pfuliess, and
compcetence,

Mr, Joe Kinard of the University of Massachusclts conscicen-

tiously and’ accurately did most of the tedious jol, of dipitizing the
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flight data., Mr, Robert Gonter and Mr, Jines Hill of the
Rescarch Computing Center at the Universitly of Massachusetls
were responsible for programas for conversion oi the da’,
Mr. Morris Birnbaumn of Iimmpro, Inc., provided valuable consul-
tation on problemns of the tracking system, Dr. Earle Maylicld
of Aerospace Corporation i nd Dr. R. M. MacQueen of High
Altitude Obsecrvatory provided data on solar activity on the date
of the flight. Mrs., Faith V'rucax and Mrs. Linda Barron
patiently typced the manuscript,

This axperimeni was supported by the Solar Physics
Division of the Nations] Aeronautics and Space Administration

under grant NGK 22-010-025; certain optical equipment, includ.

'ing the far infrared radiometer, was purchased under grant

DA-ARO-D.31..24.G756 from the Advanced Rescarch Projects
Agaency., During a portion of this work, the writer was supported
by a National Sc.ence Foundation Graduate Fellowship, We arc

grateful for all this support.



The balloon borne instrument, consieting of a stabilized
platform, a 38 cin Newtonian teleccona, and a filler radiometer
in deseribed in detail.  The two channel radiometor employs
reststrahlen fil. .rs and focal isolation techniques for selecting
the far infrared radiation obscrved Details of the tests and
calibrations as well as circumstiances of the flight are given,

The enrrocted liinb derkeaing curves are converted inio a
spectrum and the resulis comparec with thosc of other investi.
gotora zod with the predictions of the Bilderberg Continuvm.
Atmospherce. In general the results arce in accord with the other
experimental results which may be directly compared. The results
are 2lsu 1n accord with the predictions of the Bilderberg mo&«:l for
wavelenglhs less than 70 4 but in serious disagreeirient at longer
wavelengtlic, The precent results show a sharp decline in the
solar brightress temperature from 80-120 ¥ in contrast with the
Bilclerb_erg model which predicis a slight increase in this region.

On the basis of the 1imb darkening meaaurerﬁcnts, an approxia-
mafe model of the lower chromosphere is constructed, It is
charucterized by close agreement with the Bilderber g model for
1s > 1.0 x 10~?, with a temperature plateau near 4650‘? in the
vicinity of <s = 2-10 x 10™% Above this point there is # ai:arp
gracdicnl te a temperature of 4000° near 14 = 6 x 107",

followed by a nearly isothermal region,
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I, INTRODUCTION

The sun has a unique role in the study of astronomy: it is the onlv
star whose surface we may examine in detail; all other stars may
be seen only as points. The immense practical importance of the
sun to the earth needs no emphasis. The sun has been the most
extensively studied astronomical body since the time of Galileo,
when the telescope first revealed the existence of solar structure.
A vast body of informétion has been accumulated about the sun.
This information, while it };as ans;vereé many questions and dis-
peiled mazny false notions about the sun, has raised new questions
for which we are still striving to find answ"ers. Some of the most
intriguing of these questions are: What is the origin of the eleven
year sunspot cycle? What causes the variation of solar rotation
:nte with latitude? What is the role of the @gnetic field in solar
structure? How fast does the core rotate? How has the sun lost
angular momentum duf;ng its evolution? What causes solar flares?
Are atomic abundances the same in various parts of the solar at-

mosphere? - How is the corons heated to millions of degrees? How



does the sun expel mitter? How can the Fraunhofer lines be ex-

plaincd? What is the ultimate fate of the sun?

The final answers to all these questions still lie in future solar
rescarch., Here we describe an assault on one particular ques-
tion: the temperature of the lower chromosphere. Our mecthod
of attack is the measurement of the solar limb darkening (or
brightening) in the far infrared and the inversion of thesc data to
obtain the elcctron temperatures. This problem may have less
cosmological significance than the questions mentioned above; it
~is, neverthcless, an important piece to be fitted iﬁto the jigsaw
puzzle of solar physics, one which plays an esscntial role in any
complete understanding of solar structure, and especially in un-

derstanding the solar spectrum.

First let us say what we mean by the chromosphere. The chromo-
sphere is a relatively thin layer of gas, practically transparent to
radiation in the visual continuum, iying above the photosphere, the
visible surface of the sun. It is physically distinct from both the
photosphere and thc; corona, the hot,tenuous outer atmosphere of
the sun, in the sense that phy;ical conditiors arc markedly diff(':rr-

ent in the chromosphere,with a transition zone which is small com-

pared to the depth of the chromosphere.




The limb, or edge, of the solar disk appears sharp and well de-
fined when viewed in white light even with a powerful telescope.
The intensity of the visual continuum drops by a factor of e ina
distance of 100 km, corresponding to 0.15 arcsec viewed from
the earth, far smaller than the resolution of the best solar tele-
scopes. This sharp drop in continuum intensity defines the top
of the photosphere. Above this point, the spectrum changes radi-
cally in two respeccts: first, the spectrum changes from a strong
continuum crossed by many absorption lines to a line emission
spectrum of neutral and singly ionized atoms superimposed upon
a weak continuum; second, the emission scale height, the height
over which the emission decreases by ¢, increases from 100 km
to values several times greater for both line and continuum, and

varies greatly from line to line (Thomas and Athay, 1961).

These two spectral characteristics differentiate the chromosphere
f‘rom the photosphere. In the corona, on the other hand, the line
emission comes from forbidden lines of very highly ionized atoms
such as FeXIV or AX. The line radiation is called the E corona;
superimposed on the E corona is a conﬁnuum, called the K Corona,
formed by scattering of photospheric light by free electrons in the
corona. The chromosphere is therefore easily distinguished spec-

trally from the corona,




The chromosphere may be subdivied into two parts, the lower
chromoesphere and the upper chromosphere. The lower chromo-
sphere presents a more or less homcegencous appcarance whereas
the emission in the upper chromosphere is concentrated in small

regions called spicules which stick u) into the corona like spikes.

The total thickness of the chromosphere is difficult to define be-
causc of the jagged nature of the spicules, An average value is
about 10, 000 km with the lower chroniosphere coinprising the first

5,000 km (Thomas and Athay 1961).

The first recorded observation of the chromosphere was by one

Captain Stannyan at the eclipse of Bderne in 1706; be noted a '"blood
red streak of light, visible for six or seven seconds upon the west-
ern limb' (Young 1897). Substantially the sa.rﬁe report was made

by Halley-.and I.ouville at the eclipsc of 1715,

The chromosphere was then apparently forgotten, to be rediscov-
ered at the cclipse of 1842, This eclipse, which was visible across
southern Furope, was observed by many of the leading astronomers
of the day. ObLservation of the chromosphere and the solar promi-

nences cxcited great interest and controversy.



Secchi first photographed the chromosphere at the eclipse of 1860.
The first chromospheric spectra were observed in 1868 at an
eclipse in India. Several astronomers, including Janssen, Her-
schel, and Rayet, reported the spectrum consisted of bright lines,
including prominently those of hydrogen. Almost simultaneously
Janssen and Lockyer discovered that the chromosphere could be
observed at the limb outside of eclipse by using a spectroscope
with a high dispersion. Lockyer named the region the chromo-

sphere (''color sphere'') because of the color due to the Ho line.

One further discovery of the eclipse of 1868 deserves special note.
A bright yellow line, which did not appear in the Fraunhofer spec-
trum, was obser;red. Most observers assumed that it was the so-
dium D line, but Janssen asserted that it did not occur at the cor-

rect wavelength. Since the line could not be found in the spectrum
of any known element, he concluded that it was a line of a new ele-
ment, which was christened "helium''; twenty-seven years passec

before Ramsay isolated this element on earth.

Chromospheric spectroscopy continued both at eclipse and outside
eclipse. Young (1897) made detailed studies at the eclipse of 1870
as well as outside eclipse. In 1892 Hale and Deslandres indepen-

dently invented the specfroheliograph for photographing the entire




chrumiosphere outside of cclipsce in the light of a single spectral

linc.

Photographic spectra of the chromosphere were obtained at the
eclipse of 1893 and at subsecquent eclipses. Because of the large
gradients at the limb and the overwhelming brightness of the photo-
sphere, it is difficult to measure height variation of emission in
the chromosphere, especially the lower region, outside eclipsec.
The usual procedure is to let the moon '"scan'' the chromospherec
during the eclipse as it occults the limb., This allows only a few
seconds observation at each eclipse. Farly flash spectra were
madc with slitless spectrographs, the narrow crescent of the
chromosphere acting as the slit. This permits total line intensity
estimates, but not the measurement'oﬁ line profiles or intensity
gradients. Early slitless spectra were plagued with uncertainties
in the height scale and lack of photometric standardization, diffi-
culties wimich made comparison of the results of different observ-

ers practically impossible,

At the 1932 eclipsc Menzel introduced the "jumping film'' technigue
in which a series of very brief exposures of slitless spcctra were
madc at 2.4 sec intervals with rapid film transport between expo-

surcs; he obtainc ! spectra with 800 kin height resolution in the




chromosphere (Cillie and Menzel 1935). Emission scale heights
were determined from these data. Other observers used slit spec-:

trographs to obtain line profiles.

A landmark in chromospheric spectroscopy was reached at the
1952 eclipse at Khartoum in the Sudan. A program was under-
taken to obtain as complete a set of data for one eclipse as pos-
sible, including accurate calibrations and a consistent héight scale,
The analysis of these data has made a major contribution to both
an understanding of the physical conditions of the chromosphere
and the theoretical methodology to describe it (Thomas and Athay
1961), Eclipse data are especially valuable for determining the

vertical structure of the chromosphere.

Two techniques for observing the chromosphere outside eclipse
deserve special mention:‘ ‘the observation of line profiles with
high resolution spectrographs and, secondly, spectroheliograms,
including the modifications due to Leighton tc allow visualization
of the magnetic field (Leighton 1959a) and the velocity fields (Leigh-‘
ton, Noyes, and Simon 1962). These techniques are especially
valuable for determining the spatial variation of the conditions in

the chromosphere.

Despite a mass of experimental data and a century of scientific




cffort, the chromosphere is still incompletely understood. The
uncerteinty stems from both the difficalty of the obscervations
and the complexity of the subjeet. A theoretical understanding
of the region is complicated by the fact that the concept of local
thermodynamic equilibrium (LTE) iainot strictly applicable.
Most of the elcgar;t and powerful mat;mmatical tools devcloped
for the study of stellar interiors cannot be used in the chromo-

spherc. The more difficult methodology for the non-LTE casc

is still being developed.

On the observational side, the classic observations of the chromo-
spherc arc the eclipsc observations of the flash spectrum, a cir-
cumstance which allows only a few scconds observing time per
year. In the visible region, the continuous opacity is so low that
on¢ sccs right through the chromosphere; the total vertical optical

depth of the chromosphere at 5000 R is only 0.003.

As described above, obscrvations of the lower chromosphere may
be made in monochromatic light of absorption lines such as Ho or
the K line of Call; the interpretation of spectral line observations
in terms of physical conditions in the chromasphere is, however,
very difficult. The theory of line formation in a non-L.TE atmos-

phere is complex and not completely understood.




An a priori understanding oi the ~hromosphere is further compli-
cated by the failure of the condition of radiative equilibrium.
Radiative equilibrium may be defined aa the vanishing of the di-
vergence of the radiative flux; physically this means that there are
no energy sources in the region and no non-radiative energy trans-
port mechanisms operating. The extent and temperature of the
chromosphere cannot be accounted for by radiation alone; there
must be some non-radiative energy input in the chromosphere. It
is important to chromospheric study to know not only how much
energy is deposited by this mechanism but how this energy deposi-
tion varies with height -- without knowing the magnitude of the ef-
fect, the nature of the non-radiative input cannot be conclusively
identified. Without this knowledge, we cannot claim to understand

the structure and dynamics of the chromosphere.

The accurate measurement of the distribution of temperature in
the chromosphere is essential for determining the energetics of
the region. Considerable efforthas been expended in this direc-
tion; the results are sufficiently ambiguous that the subject may
not be considered closed. First of ¢ll, the chromosphere is not
in local thermodynamic equilibrium, so the value of the tempera-
ture depends upoﬂ the definition employed. "Temperatures'' may

be defined from the total radiant energy density, the radiant energy
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density at some wave leagth, the relative populations of different
ionization stages, or the kinetic energy of the particles, to men-
tion but a fcw possibilitics. The density of th: lower chromo-
sphere is high enough that collisons between elcctrons, atoms,
and jons arc sufficiently frequent to maintain equipartition of
translational cnergy. There is thus a well defined kinetic tem-
perature, or clectron temperature, at any point. This electron
temperature is the tempcrature to which we refer throughcut

unlcse some other possibility is specifically stated.

We should note that eleciron temperature may differ radically
from teinperaturcs defined in other ways., Furthermore, other
definitions of temperature do not give mutually consistent or even

sclf-consistent results; the excitation temperature, for example,

depends upon which atomic levels are chosen for the measurement.

The electron temperature of the chromosphere is gcﬁcraily con-
sidered to decline from its photospheric value near 6000° reach-
ing a minimum of 4200-4600° in the lower chromosphere.  Above
this temperature minimum, the temperature riscs to the neighbor-
hood of 10, 000° in the upper chromosphere and ultimately merg'cs
with the coronal tempcrature in excess of one million degrcces,

The determination of the minimum temperature, the beight in the
i,
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chromosphere where this minimum occurs, and the shape of the
temperature vs. height curve in this region is a subject of iively

investigation by solar physicists.

The most detailed information on the variation of electron tem-
perature through the lower chromosphere comes from the anal-
ysis of the continuum radiation. Non-LTE effects are less im-
portant for the continuum than in the interpretation of line spectra
(Thomas and Athay 1961). The source of difficulty in the visible
is the low continuous opacity; most of the visible continuum comes
from the photosphere and is little affected by the chromosphere.
Minnaert (1953) has summarized the limb darkening data in the
visible. More recent work is reported by Heintze (1965). The
measurement is carriea higher into the éhromosphére by observ-
ing the continuum above the limb at eclipses. The emission there
measures the optical depth élong the line of sight as much as the
temperature. The temperature must be deduced from its effect

on the variation of optical depth with height.

The continuous absorption coefficient increases from its value
in the visible as we go into either the ultraviolet or the infrared.
The ultraviolet increase is caused by the fact that the photons of

shorter wavelength can ionize more and more atoms; the increase
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in the infraved is causcd by the A? dependence of the opacity

duc to frece irec transitions of negative hydrogen. We may there-
fore examine the continuous radiation arising from regions
around ...c temperature minimum by observing in cither the {a;'
ultravi.lct or the far infrared. Observations in both regions arc

madec difficult by the opacity of the earth's atmosphere,

The uitre'wiolet. contiie uin has been measured from rockets .
(Touscy 1963). An equivalent blackbody teniperature may be
assigned from the obscrved flux. If scattering contributes sig-
nificantly to the observed flux, the continuum source function is
not the Planck function at the local electron temperature; this
may bc¢ expected to introduce errors in determining the tempera-
ture minimum, particularly if the miniimum is narrow. Further-
more, any inhomogeneitics in the chrornosphere will result in a
measured temperaturc higher than the actual average temperaturce
becausc the source function in the ultraviolet is so strongly de-
pendent upon temperature. Therce is, thereiore, a problemn of
interpretation in addition to the uwsual observational probleins of
rocket astronomy; the ultravioclet flux should be regarded as set-
ting an upper limit on the ininimum temperawire. There is also
uncertainty in the ultraviolet opacity which introduces uncertainty

in the height from which the radiation arises.
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Not all temperature determinations emplcy the continuum. The
bands of carbon monoxide have been studied in both the disk
spectrum and in the flash spectrum (Goldberg and Miller 1953;
Newkirk 1957; Rich 1966). Relativ: strengths of different lines
in the band yield excitation temperature; identification of this
excitation temperature with the electron temperature requires

careful justification where LTE may not be assumed. The

amount of CO also depends upon temperature, especially on the

high pressure side of the temperature minimum, so the total
band strength also provides an indicator of chromospheric tem-

peratures.

There is a vast amcunt of data available on line widths and shapes,
especially in the Fraunhofer spectrum. Line shapes provide in-
formation on temperature because they débend upon excitation and
molecular velocities, both of which are temperature sensitive,
but it is difficult to deduce the electron’ temperature from the line
shapes because of the non-LTE effects. The theory of formation
of hydrogen lines is better understood than for metal lines, but
the hydrogen lines do not provide a very sensitive indicator of
temperature. Other, more sensitive lines lead to ambiguous
results, | Lincky (1968; see also A.tha.y and Skumanich 1968) has

carefully analyzed the H and K lines of Call without the asaump-~



14

tion of LTE, He was able to fit the experimental data with either
of two classcs of modcls characterized by minimumn temperatures
of 4200° and 460009, We must conclude that at the prescnt time
linec observations are unable to specify unambiguously the elec-

tron temperature of the chromosphere.

Thus we turn to the infrared continuum observations. It will be
shown in thc\re.gt chapter that these observations, if accurate
enough, yield the chromospheric electron temperature; it will
also be shown that infrared limb darkening measurements and
spectral measurements are equivalent. The interpretation of
the infrared data in terms of the chromospheric temiperature is
simpler than the interpretation of any other sort of data. It
avoids the difficulty caused by the failure of LTE since the infra-
red continuum emission depends only on the electron t;,emperature
and not at.all on the radiation field, distribution of atoms among
the various levels, degree of ionization, etc. , a8 long as most

of the hydrogen is in its ground state.

A number of investigators have employcd the infrared spectral
region. Saiedy and Goody (1959; Saiedy 1960) mieasured the ab-
sclute solar radiance and the limb darkening from the ground at

wavelengths of 8 to 12 ¥. These wavelengths are too short to

-




provide information on the temperature minimum because the
opacity is too low. Their :;-esults do provide a valuable refer-
ence point in the photosphere-chromosphere transition region.
We use their results as a boundary condition in interpreting our

limb darkening data.

Intensity measurements at longer wavelengths are difficult be-
cause of the absorption in the earth's atmosphere due to water
vapor and carbon dioxide. Limb darkening measurements are
hi;ldered by ﬁhe abéorption and by the reduced angular resolution
of telescopes at longer wavelengths. Observations must be made
through small ""windows, ! spectral regions of relatively high
transmission, in the atmosphere or with instruments carried
aloft with balloons, aircraft, or rockets. Beer (1966) measured
the spectrum to 70 u with a Fourier spectrometer flown on a
balloon; his results show a decrease in brightness temperature
with wavelength, but, because his system was not absolutely
calibrated, it is not possible to dedqce accurate chromospheric

temperatures from his data.

Noyes, Beckers, and Low (1968) measured the limb darkening
at a wavelength of 22,51 at the eclipse of 12 November 1966.

They used the occultation by the moon to obtain a spatial resolu-



tion of 2 arcsec; to obtain such a resolution at that wavclength
with a conventional telescope would require a telescope larger

than the 100 inch telescope.

I.éna (1968) used the McMath solar telescope at Kitt Peak to
measurc limb darkening at wavelengths of 18-24 y. His spatial

resolution was limited to 3.4 arcsec..

A group from Meudon Observatory at Paris (Gay et al. 1968)
measured the spectrum from 50 to 200 ,u with a balloon borne
telescope of 40 cin aperture and a Michelson interferometer

used as a Fourier spectrometer.

Eddy, Léna, and MacQucen (1968) also used a Fourier spectro -

meter with which they measured the spectrum from 80 to 400 .

Their instruments, including a specially constructed far infrared

blackbody radiance standard, were carried to 12 km altitude on

the NASA Convair 990 jet aircraft.

16

The last two mentioned experiments obtained high resolution spcc-

tra to asscss the absorption by the remaining atmosphere above

their instruments.
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Koutchmy and Peyturaux (1968) recently measured the absolute

radiance at 20. 154 from the ground.

As more data became available, it became apparent that earlier

1
t

models of the lower chromosphere were inadequate. In April
1967, a meeting was held at the Hotel '"De Bilderberg'' near
Arnheim, Netherlands, to construct a model consistent with the
new data. As it turned out, the model was 1a.rge1y based on con-
tinuous measurements, especially but not exclusively the ultra-
violet measurements near 16003; the model is therefore known
as the Bilderberg Continuum Atmosphere or BCA (Gingerich and
de Jager 1968). Most of thé infrared results have become avail-
able since the coz:;struction of the BCA; incorporation of those

data may require serious revision of the model.

It is clear that the problem of the temperature of the lower

chromosphere is not closed. We shall discuss the various infra.
red measurements in the final chapter and compare them with

the results of the present work.

We may now =tate the problem to which the present experiment

addresses itself: measure the solar limb darkening (or bright-

ening) in the far infrared and from this infer the variation of
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electron temperature with height through as large a region of

3
the lower chromosphere as possible.
5
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II. THEORY

We must examine the transfer of radiation through an emitting
and absorbing gas in order to understand quantitatively the re- ,
lation between conditions in the solar atmosphere and the far
infrared radiation emerging from the top of the aﬁmosphere.

To this end, we define the intensity of radiation é,t a given point
in a particular direction: let dE be the element of radiant en-
ergy of any pdlariza.tion within 2 narrow wavelength interval
between A and A+dA which passes through an element of area
da at some point P into the solid angle dw  along the
normal of da during the time interval dt . We define the

spectral intensity at the point P in the direction of the normal

of da b I\(P,0,¢) = —dE . :
¥ S dr da dw dt (11.1)
where 0,¢ are the polar coordinates specifying the direc-

tion of the normal of dg.

g
The spectral intensity is more properly known as spectral radi-
ance in radiometry and spectroscopy, but the term intensity is

almost universally used in astrophysics; we shall adopt this prac-

19
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tice. The tering radiant sterance, steradiancy, and radiant flux

density are also occasionally encountered.

The total or integrated intensity is the integral of the speciral
intensity with respect to wavelength. The term intensity used

alone may denote either spectral or total intensity.

The differential equation relating the intensity to the physical con-
ditions in the solar atmosphere may be derived by considering the
processes which change the intensity as it traverses a distance ds
in the atmosphere (Chandrasekhar 1960). The processes may be

characlerizad as:

. . — ol ’ '
absorption: dIlz =K, ? I)‘ ds, where K}

is the mass absorption coefficient and p the density;
. . . . - [ "
stimulated emission: dI). > K ?I% AS, where K,

is the mass stimulated emission coefficient:
spontaneous emission: = where

is the spontaneous emission coefficient;

scattering:aﬁ: [}KS.‘(Q‘Q‘ 9',‘9') (1‘9:4)') -j(@,c?))dﬂ.ﬂ Q ds)

where @ is the product of the mass scattering coefficient and the
normalized phase function,
Hereafter we neglect scattering; it will be shown later that scatter-

ing is negligible campared to the absorption and emission processes
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for the wavelengths and physical conditions involved in the present

experiment.

We include the stimulated emission as negative absorption, re-
placing the absorption coefficient Ki by the ''absorption coeffi-
cient ix;cluding stimulated emission" Ky = Ki - .cx . In thermo-
dynamic equilibrium KK = Kiexp(-hc/AkT), so K, is positive.

In certain non-equilibrium situations it is possible for K y to be

negative. In the lower chromosphere, K, is very nearly its

equilibrium value for far infrared wavelengths, as we shall show.

The net change in irﬁ:ensity is

'dI,,('F’,e,ﬂ * (-K,I,.-rh)? ds . (II.2)
We now assume that the solar atmosphere is spherically sym-
metric, that is that physical couditions depend only upon height
above some reference level, not upon heiiogra.phic latitude and
longitude; hence IX(P,S ,0) depends only upon height and ze-
nith angle 6, as well as wavelength, This assumption is cer-
taihly true of the quiet sun on a large scale, except for the corona.
It is, of course, not even approximately true of active features
such as sunspots and flares. On'a small scale, the assumption
is not exact. The entire visible disk of the sun is mottled with

small irregularly shaped bright areas bounded by darker lanes,
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the so-called ''rice-grain' pattern; this presumably is a manifes-
tation of thermal convection in or below the photosphere, The
bright granules range in size from 300 kin to 1800 kin (Schwarzs-
child 1959). They havc lifetimmes of about 9 minutes (Bahng and
Schwarzschild 1961la); the r.m. s, fluctuations in brightness be-
tween bright granules and dark lancs correspond to a temperature

difference of 92° (Bahng and Schwarzschild 1961b),

The ragged appearance of the solar limb in the light of the hydro-
gen emission lines shows that the upper chromosphere is even
less spherically symmetric than the photosphere. The clements
of structure, callcd spicules, appear as bright jéts spurting into
the upper chromosphere; they have characteristic diameters of
800 km and heights of 2860 km with lifetimes on the order of 15
minutes (Beckers 1964). The temperature of the spicules and of
the surrounding material is uncertain inasmuch as the concept of

local thermodynamic equilibrium does not apply.

The lower chromosphere, the region of interest in the present
experiment, lies betwcen these two extremes. It is more nearly
rclated in physical conditior;s to the photospherc than the upper
chromospherc; indeed, it is sometimes considered a part of the

photosphere.
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The assumption of spherical symmetry holds more accurately
here than in any other region of the solar atmosphere accessible
to observation (de Jager 1964). The photospheric granualtion

has decreased at this height due to the fact that the decrease in
density results in an increase in mean free path of radiation and
hence in more effective radiative coupling of adjacent hot and coul
regior;s. The apparently eruptive motion of the spicules, which
is perhaps related to the heating of the upper chromosphere, is
not present at least in the lower portions of this region. The

layer is therefore comparatively homogeneous.

In the present experiment, the area of the sun observed at any
instant (defined by the entrance slit of the radiometer) is greater
than one square arcmin. Since granules have a size on the order
of a square arcsec, the observation represents an average over
thousands of granules, if indeed the effects of granules extend to
the ébserved height. The far infrared emission is very nearly pro-
portional to temperature -. d1lnB/d1inT varies from 1.01 to 1.15
in this experiment -- so that the average infrared emission
represents the average brightness temperature of the observed
area. This contrasts with the situation in the ultraviolet where
the temperature dependence of the emission is very strong; near

16008, dlnB/dinTx20. Thus intensity measurements of a non-
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unifors source in the ultraviviet, when interpreted by Plancek's
Vaw, yoold o temperature that s hiphly weighted in favor of the

.

hotter elemioents,

We assume, in view of these arguments, a stratified solar atmos-
pherc with properties dependent only upon z, the height above
some arbitrary refcrence level. Then the spectral intensity is a
funclion only of 2 and the zcnith angle 8. It is convenient to usc

u = cos 0 as the angular variable ratier than 6 itself; ¥ varics
from -1 to +1, but only the range 0 to +1 is accessible to observa-
tion. Becausc of the curvature of the layers of the atmosphere, ¥
varics 2long 2 ray. Unless observations are made extremely close

to the limb, within a few arcsec, this variation is negligible.

We substitute ds2 = pde into equation II.2 and obtain

(I zp) = i (Ip)- 9 )

. (II. 3)

The ratio J }‘/‘A of emission to absorption is known as the source
function, S, . Neglecting scattering, “y 1s a function only of
the physical properties of the gas at height 3 ; in érinciplc Sk(z)
can be calculated if the physical conditions are known. We can’
then forrﬁal’.y solve the transfcr equation to obtain Il(z,p) .

In actual practice, however, the conditions determining the source
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function are in turn determined at least partially by the radiatior;

to determine a priori the radiation, one must solve the enor-
-b

* mously more complicated problem of the simultaneous coupled

equations relating radiation, ‘mass motion, and other forms of
energy transport to the physical conditions in the atmosphere.
At the present state of knowledge of solar physics, a complete

solution of this difficult problem is simply not possible.

Our goal is to work the other way we dedgce the source function,
and théréby something of the physical conditicms in the atmosphere,
from the observed radiation. To this end, f;he far inffa.red obser-
vations are uniquely suited to the determination of .the electron
temperature of the lower chromosphere, as we shall show. This
electron temperatﬁre is or;e of the most imporﬁnt parameters for

understanding the physics of the lower chrombaphere.'

We may formally solve the radiative transfer_equation by using
exp [-£[ k) pay dz’ ]
as an 1ntegrat1ng factor., Multiplying equation IL, 3 by this factor
LI"@’ pre # -Lf‘x,g i = K0 5 (2).
| ¥ (1I.4)
Integrating this equation from reference level 8¢ to & we obtain

we obtain

[I (2,03 - Lizc,wg L‘*“"] -k [ &

dr”
=] f@*ﬂ%@e Fr

(II&S)‘



By choosing the arbitrary level g, deep enough in the sun, we
may make ,: xxpdg ! wvery large. In that case the second term
may be necglected for u>0 . Physically this corresponds to choos-
ing z¢ 80 deep that no radiation from that level reaches height

2 directly.

The observable radiation is that emerging from the top of the solar
atimosphere: Ix(z-m,u>0) . We may obtain this from equation II. 5
writing IA(“) for IA(S*“,M): .
, oo | L f Kezyow) de’ |
INY "PLJ S\ K@ pe FF T deg g
Lo
We must investigate the sources of infrared opacity in the sur;
because the emergent intensity depends upon the opacity, since
the radia,tién emitted at any point is attenuated by all the atmos-
phere above it before eme;ging. The continuous opacity of the
su'n my‘stified‘ astrophysicists for years, It was thought that the
major contribution was due to the photoionization co;mtinua of
hydrogen and of metals. The Balmer discontinuity at 3640 R is,
however, much smaller than would be expected if most of the
opacity came from the bound-free <transitiam of h}&mgcn; sﬁfﬁ»
cient continuous épacity from metals is inconsistent with the ob-
served strengths §f Fraunbofer lines and with the abgénce éi‘ any

absorption edges attributable to metals.

w
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R. Wildt (1939) suggested that the opacity was due to the bound-
free transitions of negative hydrogen atoms, hydrogen atoms
binding an extra electron. Such ions had not at that time been
observed in the laboratory, although their existence was pre-
dicted by quantum mechanics. Wildt's expectation was based on
the abundant supply of neutral hydrogen atoms in the sun and a
source of free electrons from the easiiy ionized atoms such as

sodium and calcium.

The H"” ion has one bound state with binding energy . 754 ev. The
continuous opacity of the solar atmosphere in the visible arises
from the photodetachment 6£ the extra electron by a éhotan with
wavelength less than 1,645 U . Calculations of the opacity
(Chandrasekhar 1945) due to this process accounted well for the
solar limb darkening in the visible. In the infrared, the bpacity
due to bound-free transitions of H~ decreases, becbming zero for
wa.. elengths greater than 1,645 4 . But observations show the
solar opacity goes through a minimum and then increases at lon-’
ger va.elengths. To account for this increase Wildt revived the
suggestion of Pannekoek (1931) that the infrared opacity might be
due to free-free transitions of neg‘aﬁva hydragen, that is, transfers
of an electron from one unbounded orbit to gmmé in the field of 2

neutral hydrogen atom, a process familiar to physicists as inverse



28

bremsstrahlung. Early ‘calculations (Wheeler and Wildt 1942;
Menzel and Pekeris 1935) of the cross scction for this process
indicated that it was too small by an order of magnitude to account
for the infrared opacity. As late as 1946, there were suggestions
(Chalonge and Kourganoff 1946) of an additional unknown source of
opacity. Chandrasekhar and Breen (1946) pointed out that the Born
approximation for the incident free electron wave function, which
had been used in the previous calculations, was likely to be seri-
ously in error for the very low electron energics involved, They
recomputed the cross section using the Hartree approximation and
found cross sections more than cén times larger than had been
previously computed, fully ample to account for thé solar inf'rared
opacity. They recognized the shortcomings of their own calcula-
tion in using an g wave representation for the electron and in
neglecting effects of exchange and polarization; yet it was a monu-
mental computational task with nothing but a Marchant calculator,
With the advent of large digital cormputers, several investigators
(Geltraan 1956; Ohmura and Ohmura 1960; John 1964, 1965) have
recomputed the free-free absorption coefficient to higher #ppxoxi»
.mﬁofns. | It now appears that Chandrasekhar and Breen ave;-'
estimated the mgﬁicignta by abor 40%. The various _#egentvmm-

putations m;e consistent to within a few percent and ;ggeef»;we’l},
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with experimental work in the near infrared.

For our work, we adopt the values of John (1966) which incorporate
exchange and polarization corrections as likely to be the most ac-
curate at very long wavelengths. The use of any of the other re-

cent values would not seriously affect the results.

The absorption coefficient including stimulated emission is propor-
t;oml to the number of neutral hydrogen atoms, to the clectron
pressure, and in the limit of long wavelength to the square of the
wavelengt.:. The wavelength squared dependence of the opacity is
a.ccnro%e throughout the far infrare&: for temperatures encountered
in the lower chromosphere xc:k/)t‘l varies by less than 1/2% for
wavelengths greater than i0 u. We therefore write the absorp-
tion coefficient as

| 2
Kol pe.TI= KU(TINupPe A . (a1p

‘The coefficient k;, is a function of tamﬁeramm, varying approx-
imately as T“o 4 at solar terp.pemture 8. InFigure | we show
the dependence of «; upon tampera}ture according to John (1966).
‘In Table I we campare the va) e of k; from the results of several

investigators.

Although the free-free transitions of negative hydrogen are the
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du iinant source of chromospheric opacity in the far infrared, it
is worthwhile to examine possible competing sources of opacity,
such as molecular absorption or bound-frec continua of neutral
‘atoms. For comparison we shall estimate the opacity at 104 and
100y at the chromospheric levels where this radiation originates
(in the Eddington-Barbier approximation), using the Bilderberg
model of the lower chromosophere (Gingerich and de Jager 1968).
This model may err in the detlails, imt is surely accurate enough

for reasonable estimates. From this model we take the following

conditions:

To 1072 o™

A for Ty=l 10 100 !

Tq 5225 | 4600 °K

Pe | 3.94 .285 dynes/cm?
ny 7.85x10%¢ 7.§0x10‘5 em”®

Ky /Ny 2.27x107 %" 1.89x107%* cm?

Atomic line absorption need not be considered in.the far infrared.
A line in'the far infrared represents a transition beéween two very
close levels; such levels generally occur within multiplets.or, as
in hydrogen, very near an ionization limit. In the first case radi-
ative transitions are forbidden; in the latter, both the papulétions
and the oscillator strengths are small, Hydrogen especially has
small population in the upper levels because af.its large ionization

potential.
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Molecular lines are not as easily dismissed: in planetary atmos-
phere, for example, pure rotation lines of polar molecules are
the principal source of far infrared opacity. At solar tempera-
tures, however, most molecules are dissociated. The principal
molecules in atellar atmosphere, oxceptiné Hz which is not infra-
red active, are CO, OH, CH, and CN, which are 6 to 8 orders of
magnitude less abundant than atomic kydrogen at the effective
solar temperature (de Jager and Neven 1957). Metal oxides, such
as TiO and ZrO which are prominent in the spectra of cool stars,
are mﬁy orders of magnitude less abundant at the solar tempera-
ture. We take CO as typical in order to calculate the importance

of molecular ab:orption.

The pure rotation spectrum consists of a number of equally spaced
lines at wave nﬁmbeft V; = 2B(J+1) where J(~0,1,2,3. « o)
ie the angular momentum of the lower state and B is the rotational
constant, 1.93 qm"." for CO (Leighton 1959b). The integrated
absorption over a line is

f kydv = Ny Bg,gu hvg ,
where Ny is the number density of‘mcieculea in the JtB state and

BJ J + 1 is the Einstein coefficient:

B * 3 h IR 301",

where Ry, J + ] is the matrix element of the dipole moment
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buitween the rotational states; R will be of the same order of mag-
nitude as the permanent dipole moment of the CO molecule, that is
10"'1 smm--o::m (Goody 1964). The mecan opacity will be the inte-
grated opacity of a line divided by the line spacing 2B. Including
the stimulated emission factor 1~exp(-hch/‘kT) ,» we have

ma-—-N,;( }lf-’da( e W ) (3+1). (11.8)

Since hch/kT << 1, ' we expand the exponential retaining

only the first fwo terms. The number of molecules in the Jth

state is (2J+1) N, /Qp where N, is the total number density
of CO and Qp is the rotational partition function. In calculating
the partition function, we approximate the sum by an integral since
manv states are populated. '
Que) one” S0 (e T

Je0 o <. B (II.9)
where ¢a = he/k is the second radiation constant.
Approximately, |
> =Neo 22(asun) e HHHET) 1, ! [REBE 5y

For T = 4600“, < x, > has a maximum at J ¥ 52, correspond-

ingto A = 49y, At this maximum <x___ > = 1.7 x 3.0-“Nco

max

Taking N, = 107°Ny, wehave K,(CO) < 2 x 10 *°Ny.
: - -24y . .

Compared to KSOH(H ) = 4§ x 10 NH for negative

hydrogen, molecular absorption is entirely negligible.

Another possible source of far infrared opacity is the bound-free

i
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continuum of atomic hydrogen. If an atom is in an excited state
close enough to the continuum, a far infrared photon can photo-
ionize it. The cross section for an atom in the nt?  quantum
state is (Aller 1963) .

3,6 z $
o [B56F he =0 &
provided A < n?/R. R here is the Rydberg and g is the
Gaunt factor, which is near unity. To f{iad the absorption coeffi-
cient for radiation of wavelength A , we sum the cross section
times number density in state n over all values of n > /X
that is, over all states from #rhich absorption may occur. Neglect-

ing the Gaunt factor, o

Ky * m’;%&
asOR

= !'\"N;temgf‘bl = ﬁ’NgG’g@ e%&.

Since the neutral hyérng?n atoms are preponderantly in the ground

But

state in the lower chromosphere, we replace Nl. by Npy, the num-
ber density of neutral hydrogens. In the far infrared, we shall be
concerned with absorption from a large number of levels with ap-
proximately equal contributions; we therefore replace the sum by

an integral. Setting B = caR/T, o
= ¥ n"‘ e %" d .
Ky s 5) Ny & | n

*&; Q)s Ny e ﬁ? [_e*’fg . ‘3 - (II.10)

At solar temperatures g x 35, For ) = 100u, AR = 1087.
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Therefore we have
2 -p =27
K= DY Ny &~ = 5.3 x107™ N.
2R
This contribution to the opacity, which mimics the free-free
opacity in its A2 wavelength dependence, is also negli-

gible compared to the opacity of negative hydrogen.

One final source of opacity should be mentioned: during the col-
lision of two unlike atoms, a time varying dipole moment is formed
which can absorb radiation. In the solar atmosphere, the most
prevalent collisions of this type are between hydrogen and helium.
Ulrich (1968) ha; calculated the importance of this process for the
solar infrared opacity. He finds that the induced opacity has a
broad peak at 32 y , but is largest relative to negative Lydrogen
absorption at 19 1 , where it contributes about 1% to the cpacity.

We are therefore justified in neglecting also this source of opacity.

Scattering may also be neglected. The scattering quantity which is
analogous to the linear absorption coefficient for absorption is the
cross section for scattering times the number density of scatterers.
For Thomson scattering by free electrons, 0Oqp * 6.7 x 10" %%em?.

-39 )
Therefore K. ... % PeSrNu A6x10  n.

TN, ' .

Rayleigh scattering is even less important. The scatterers are

hydrogen atoms with cross section op = 6.7 ‘x 10725 .1216/2)".

, -8
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Both scattering coefficients axe negligible compared to absorption.

We should note that the absorption coefficients computed above
are all linear absorption coefficients; they must be divided by the

total density to obtain the rnass absorption coefficient.

In summary, we couclude that the only significant source of con-
tinuous far infrared opacity in the lower chromosphere is due to
the free-free transitions of electrons in the field of neutral hydro-
gen atoms, for which the opacity is proportional to hydrogen density,

electron pressure, and the square of the wave leugtk.

All that remains now is t§ relate the source function Sy (z) to the
electron temperature 7 . (z). In the case of thermodynamic
equilibrium, Kirchhoff's law states that J A (T) = Ky\By (T

where B, (T) is the Planck function, which depends only upon the
temperature and not at all upon the specific nature of the emitting
material. In this case, the source function is simply the Planck
function of the thermodynamic tcmpcr;mre. Thermodynamic
equilibrium does not, of course, obtain in the solar atmosphere,
for in equilibrium the radiation field is isotropic and there is no

net transfer of radiant energy. The equality of the scurce function

e B R RSt



and the Planck function still holds if there is local the anodynamic
equilibrium (I.TE). This mecans that a local temperature may be
defined at any point such that the gas conditions -- velocities,
atomic excitation, etc. -- but not the radiation field, are the same
as they would be in thermodynamic «guilibrium. This condition
13 widely applied in astrophysics because of its simplici*v, but is
not strictly applicable in the lower chromosphere. It is still pos-
sible for a particular emission or absorption process to obey
Kirchhof{f's law provided the depa?tures from LTE do not direétly

affect the process in question.

We wirh tc show that, for the free-freé transitions of negativé
hydrogen, Kirchhoff's law holds to a high degrce of accuracy with
Sx(x) - BL(TQ (x)) where 1" is the kinetic temperature
of the frce electrons. To establish this, we show that the free
electrons have a Maxwellian veldcity distribution from which we
define the electron temperature, and that the conditions which
are not characterized by this temperature, chiefly the thermal
radiation field and the distribution of atoms among the various
atomic levels and i-onizatibn states, do not signiﬁcantly affect the

-

free.frce absorption and emission in the far infrared.
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The question of the velocity distribution of the electron has been
considered by Woolley and Stibbs (1953). A free electron is
creuted by photoionization, usually of a H~ ion, typically with
super thermal velocity, travels about, freely colliding with other
electrons and with atoms and ions, gradually losing its excess
energy and becoming part of a Maxwellian distribution. In con-
trast it also collides with photons, that is undergoes free-free
éransitiom,. which would tend to make the distribution non-
Ma.xweuian' since the radiation field is not characteristic‘of the

. electron femperature. Inelastic collisions betwe;n electrons .. 1
atoms may also introduce noﬂ-Machllian veiocitie,s. Eventually
the free el;ctron is captured by an atorﬁ or ion and disappears
from the distribution. We shall show that the mean time from
icreaéiqn to dc;structio,n of’a free electron is long compared to the
tix_né required for elastic colli_sions to tﬁarmalize it and that the

' “inelastic collisions are negli‘gibla;‘ it is clear that under these

conditions the velocit«y distribution is very nearly Maxwellian.

Suppose tha* an electron with excess energy -‘g-sk.’z" is injected
a thcml» distribution of electrons .with mean snergy ‘g”fT'

The cross section for the fast elecéxgn to collide with & slow elec.
tron and lose an &mumt of energy St least equal to @, is given

by Moct and Masssy (1950) as:
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1f we consider only collisions in which the electron loses at least

half of its excess energy, that is @, = %BkT, we obtain
2
O = AN [ e? ) .
¢ opt (75?' ' (11.11)
The rate of such collisions is NgOeV: The rate of colli-
sions rcsulting ‘in photoattachment is  nyoyV where
oy is the relevant cross section, The ratio of these rates,

that is the mean number of "hard' electron.electron collisions

suffered by an e¢lectron between production and destruction is

gg‘ %) anu

For conditions appropriate to the levels of the chromos‘phcre where
the 100 u radiation originates, T = 4600°, ngy/npy = 5.7x 10°°

The excess cnergy parameter § may be esti@ted from the fact
that the largest number of photoionizations occur near A = ,5u,
For this wavclength, the photon energy is 2,479 ev ( = kT for
T=28,800°)., Only.754 ev is required to detach the electron;
thercefore the typical energy of a2 '"'new' free electron will be 1.7 ev,
thatis g = 2.9, The maximum value of aH is givon by
Wooley and 8tibbs (1,953) as 2.5 x 10722 cmz, so the mean number
of "hard" collisio.n. is at least 5000, Since unly 3 or 4 such col-
lisions suffice to thermalize a fast slectron, we may state that,

provided inclastic collisicns ave negligible, the electron velocity

Caand e ok ;*—.’ D s
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distribution is Maxwellian.

We may neglect elastic co.lisions with atoms and ions. While the
number density of atoms is 2 x 10% times greater than the number
density of electrons, the cross section is about 103 times smaller,
Furthermore, an electron can neve: 1oaav more than , 2% of its
energy in an electron-atom collision due to the much larger mass

of the atom.

Inelastic collisions between electrons and hydrogen or helium
atoms in the ground state may be neglected because the electrons
have insufficient energy to raise the atoms to their {irst excited
state, “nelastic collisions boﬁveen electrons and other atoms may
be neglected unless the number of such collisions is significant,
say 1%, relative to the number of electron.electron collisions,
In that case |

S ng 2 125%10°%n,,
Tiu maximum excitation cross section for a permitted transition
is 125 na,®Arlr where A is in microns (Allen 1962),
Since the typical electron encrgy is less than 1 ev , we lock for a
permitted transition from the ground state with excitation snergy
less than 1 sv and oscillator strength £ > 10"":'15/215 . Since

most resonance lines lie in the ultraviclet, we may expect that
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f < 0.1; therefore we need only examine species with abun.
dances greater than 10"5 relative to hydrogen: helium, carbon,
nitrogen, oxygen, ncon, magnesium, silicon, sulphur, and iron.
A search of Miss Moore's tables (1949, 1952) shows that none of
thesc atoms has a transition with the requisite oscillator strength.

Therefore inelastic electron-atom collisions a:.re negligible,

Another inelastic process to be considered is the collisional de-
tachment of the extra electron {rom a nagativ;e hydrogen ion, The
meaximum cross section is ak, = 2na0%(RAg)? = 2 x 10=3%cm?
(Allen 1963) where R is the Rydberg and Ao = 1,645u , the
ionization threshold, Inthe lowsr chromosphere ny./ny & 107°
(Thomas and Athay 1961), so  Op_np. % 2 x lO"”nH,

which is also negligible,

The only plher inelastic process to be considerad is the {rae.free -
transitions themselves, The probability per em along 2 ray that
» photon will be absorbed is K, (T)anekTA’ . Then the number
. of photons absorbed per em? per second is
«- ch,a.m Nu Ne KT M dX,
where Nldl .8 the number denalty of photons with wwc%aag‘th

botween & and A + dA , This will be approximately

aqual to the number denaily of photons in an laothermal

*
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enclosure at the effective temperature of the sun times a dilution
factor of 0.5, In an isothermal enclosure NA-()./hc)(lt'an/c),
80 the rate of {ree-free transitions per electron is

am ‘% Ny KJT&j 2 By(Tege) d), (II.12)
where Ty is the electron tamperature in the chromosphere and Toff
is tha effective solar temperature, 5800°, The function A’BA
has a maximum at AT * 9000 micron.deg. We may crudely
approximate fk‘ 5““, - (’—?—%&)‘ f Bada = (3%2)35 'T,;; .

Then the rate of free.free transitions yer electron for the region

where 100 u radiation arises is approximately 2.6 x 10'lrnH gsec™!,

We wish to compare this to the electron capture rate Sneng

The speed of & . 5 ev elactron is about 4 x 107 cm/sec; Gﬁ has a
maximum value of 2.5 x 10722 em?, The ciptuﬂ rate is approxi.
mately 10-14 Ny sec*l, Therefore only Vom electron in four

- undergoes a single {res-{ree transition on the average between
creation and annihilation; the effect of the {ree-{ree transitions

~on the electron velocity distribution may be neglected.
We conclude on the basis of the above calculations that the slectron
velocity distribution in the lower chromosphere never deviates sig.

nificantly from & Maxwellian velocity éi;trlbntiea.

Pagel (1957) has shown that, given a Maxwellian velocity distribu.
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tion of the free electrons, the free-froe absorption and emission
occurs just as if the systemy were in hermodynamic equilibrium
at the electron temperature, The emission by a given electron
depends only upon its velocity, the impact parametcr.' and atomic

constants. Thus the emission by an ensomble of electrons depends,

apart from atomic constants, only upon the velocity distribution,

If the velocity distribution in & non-equilibrium system is the same
2s in thermodynamic qquilibriurh, t.hc spontaneous emission will
be the same regardless of the non-equilibrium conditions, 8imi.
larly the absorption coefficient depends only on the velocity distri.
bution and atomrie conata;nts. In‘ thermodynamie equilibrium at

temperature T., J, ® KABA(TQ) . by Kirchhoff's law,

We have concluded that in the chrormosphere, the velocity distrib.
ution of {ree electrons is a,lwa‘ya Maxwellian and that the only sig-
nivicant source uf for infrared opacity is the frec-irao transitions,
We therefore obtain the important conclusion that for the far infra.
red radiation {rom the chromosphere, the .murca functi‘on S, (%)
is the Planck function of the local electron tomperature By (Tg?s
that is that the concept of local thermady:;amic equﬂtbrium is

applicable,

We now substitute By, for &,  in equation Il 6 and write
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ky(z2) = ko(z)A* where Ko(z) = kK1 (T (2) p liy/0+ Then
© ‘

L '#Laﬂtﬂ)*’ Ke(2)p(2)€ L™ (IT.43)
We define a new independent variable 1, , the rcf‘rcnco
optical depth, by v '

mz)w-f Ko ') pla’) dz’ (II.14)
Note that this daﬁn:tian of optical depth differs {rom the usual
definition of monochromatic optical depth at some wavelength:

To(z)s f;(,(z') pz) dz’
For wavelengths in the far infrared (A>10u) the mono.-
chromatic optical depth is obtawi.md by multiplying the reference
optical depth by A?:

T, T M

The monochromatic optical depth is a dimensionless quantity; our

reference optical depth therefore has dimensions of (lcngth)'?'.

The limits of & = ® and 2 = &y 'ccrreapand to Te¢™ 0 and
To®™ @ respectively. The level 3¢ was chosen deep
"
enough that @ - &0 , that is Tolmp)ve,

With these limits, equation II.13 yields
s _ae | |
Lip) e %[53('&(6) e aﬁ" eh‘, . (II.15)

We {ind it more convenient to cxpr‘cu the intensity in tevms of the

brightness tmpﬁrwmn @ , that is the temperature of a blackbody




44

enmitting the same intensity at the given wavelength, By definition

Lip) = By (@0 ). (11.16)

The Planck function in the far infrared is appr oximately represented.

by the Rayleigh-Jeans law, We write I3 ('T)"“’ ‘% (14 ¢()\T))

(II,17)
where ¢ i& a function only of the product AT ; ¢ may be given

approximately by

-C L [Ca\2
=
¢ 2>~'\' * 2 (;‘1’-‘) (I11.18)
with an error of less than 10-4 for 2T>5x10 micronmdegrees

Equation II. 15 then becomes

CS!-@&,H)({-H?()\@)) ks.f T ( t+¢cm)e AF"A»;

. (I1.19)
Deofining & new obsarving variable

L

(T1.20)

we obtain

-g*r. ‘
e (x ok ‘Ef Tte) [—g..JL-’L\";:“‘;) (11.21)

For {ar infrared wavelengths $(AT) i{s small. Furthermore,
© is nearly equal the T Inthe range of Ty which contributes

importantly to the integral, esbecially near the temperature mini-

mum. Thon [(1+¢(AT))/(1+¢(2€))] ia v .. nearly unity.

Making this approximation for the moment, we have

@()‘,P) o3 EIT‘Q{QJQ""‘A‘E’ o (I1.22)
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To this approximation, © is a function only of the combination

E = \%/u , notof ) and y independently. Measuring
the brightness temperature of the sunat A = 20u and
U= 0,25 is therefore equivalent to a measuremr.ant at 40 U

at the center of the disk. Measurement of the center-to-limb
variation of brightness temperature at one wavelength is equivalent
- to measurement of the spectrum of the center of the disk over a
ca;-tlin spectral range. Since it is much easier experimentally to
measure iccurately relative intensities at one wavelength than at
different wavelengths, this is the method that we used in the pres-
ent experiment: we measure relative intensities as a function of

u at six different wavelengths, and use the results, combined
with an accurate v;;lug of the brightneas temperature of the center
of the disk at one wavelength from the careful work of Saiedy and
Goody (1959), to determine the spectrum of the center of the disk

over a large spectral range.

In this approximasion, ©(§) is just the Laplace tranaform of
the electron temperature as & function §£ optical depth. II‘ we can
measure 6({) over a large range, we can calculate Tg(To) over
a similar range of optical depths. Ta take the inverse Laplace

transform, we must have an anslytical representation of 6 over

the infinite domain of { ; there are, howsver, numerical methods
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(King 1904; Whitc 1968) of ubtaining the temperature over a limited

optical depth from data over a limited range of §.

The values of T('re)obtained in this manner may be used to correct
the original data on ©(§) for the error introduced by the approxi-

mation

L+ AT = ¢
| + ¢ (A®) ‘

We write the observed brightness temperature 6(A,u) asa

O(A, p) = 6o(8) + AB(AB) (11.23)
wherc | .

©. (%)= gf T e ¥ de,
and

A® ()“E)g EJ‘T(T.) [¢()T) - *()‘@.ﬂ e-!‘t.dt‘.
) ¥ 208 (II.24)

We initially use ©q in place ofA ® on the right hand side of
11.24 to calculate A© which is then applied a8 & correction of
the absjarved brightness temperature to obtain a better value of
@y This may be repeated to obtain the correct value of 9,

by ,itentien; in actual practice the correction is so amall that

.

one stop suffices to correct the observations well within the

arrors of measurement.
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Since A& may be expected to be quite small, we may use fairly
imprecise approximations in its evaluation. We expand T(Te)ina
Taylor series about t* keeping only tcrm@ up to the second de-
rivative. Since ¢ is already a small qu&n:it{r, we keep only
terms up to the first derivative in its expansion about T(t.%).

Using these expansions

A= §£[T.¢T'At,¢ T ]W‘M eV 4,

LCii900@)]
where (II1.25)
'T‘ s é_"\_’_ »
dt.] ¢ AT+ 1T,-T,
. - d"T ! e ‘
T Tr?l ¢ ¢ % L"‘"

Transposing terms proportional to A0  apd writing 49 for
$(ATe) = ¢(ABp), we have

cuuxe)ngﬂ,f‘me‘"‘én] LGN =

EL[T.*T At.f«-(p.r.) JLad +¢'Tarde * tdr
( J...ﬁ. » 2\1 )
On the left hand side we replace 9 by S0 without significant

error and recognize that 6, = £ j Te"et %310 On the right

hand side we collect the coefficients of various powers of ATg:
Civg0e) +3tl @l 0 =
T.2¢E e g, + CTod'T'+ 24T ]tj:('r -tH)e “‘A.t:

3 2 Te
+C ¢ 31 ad T8 (- e ¥ ae, . (127
We are free to choose any value for the expapsion point <t,¥

Letting To* = 1/&, the second integral vanishes and we obtam
Ci+ ¢<>~®.H§i ®,] A9 =

T _11.1.;: : u

A + P <+ E%i Ad. (II.28)




48

To cvaluate A9 , we cxpand ¢(A0,) about Te¢ to first
order:

P(10.) = d(AT) *.%L(Go”—r‘) . (11.29)

To the approximation used for T(7t,) s @,‘3 T, + '2:%'3 (I1.30)

Hence A¢= -— ‘PT

. (I1.31)
Substituting II. 3% into 11.%8, we obtain

80 = ¢ [T'*-1TT"- T"%/4%%]
% [H ¢ (re) + o, 8| 1 VT1.32)

: ey Y. 4 . il
With Q.-i{—‘.?-r*;;-;%, i+ + s.'g%\&” I = 2 \3%8

For thc wavelengths and temperatures with which we shall be con-

3

cerned, the second term amounts to less than . 005 and may be

neglected in computing A8 . Hence

b6 (A E) n%& %?L [‘T“" - .&iT" (T, +§-.'§; )] (1I1.33)

This correction may be calculated after inverting ©¢ to deter-

mine T(vte) . It is simpler, however, and sufficiently accurate
for our purposes, to evaluate the temperature derivativesin terms
of the derivatives of the brightrzs. temperature. Using the same

expansion of T(Tq) as before, we have

TR
&= Tt 3w,
and T'= -2v'@, ~.§t g
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And setting %2‘:\1‘ ~ —.é.. ¢()\®o),

AO =-¢ (A@.)[-gge.’-,';g*@,".,4 ‘D ke 5..91.2]
o RN
(11.34)

Near the temperature minimum, where we shall be concerned,
B¢ >> £0O! and ©p >> E20", We shall therefore
expect that the last three terms will be negligible in comparison

to the iisat two, In this case |
(76,) \ 2
A@()ﬂg)” 52—4-—[22 %?2’ *E‘Ad-—%] (IT.35)

To summarize, we have shown that the brightness temperstire

of the sun in the far infrared may be written as 0, + A®

where O is a function only of A2/u and as a function of

this quauntity is the Laplace transiorm of the electron temperature
of the chromosphere ﬁs a function of reference optical depth, and
where AO is a smali correction depending upon WavelengthA
and the derivatives of ©4(§) | to account for the failure of the

Rayleigh.Jeans law,

o

SR T o



{11, THE EXPERIMENT

The instrument with which the sun was observed consia ;.:‘d of &
teldncope and radiometer mounted on a balloon borne stabilized
platform along with as noéiatcé control and data processing equip-
mernt. The stabilized platfnyrm wa s devalop@d in the varly sixties
in the L.aboratory of Astrophysics and Physical Meteorology of
the Johns Hopkina Univér,ity (Strong 1967 Bottema 1967), It
was originally planned for duyti;mo observations of the planet
Venus. It has since been adapted to other observations carrying
other instruments: & solsr telescope (Zander 1966); a corona-

| graph (MacQueen 1§68); and the instruments fok’r the present

experiment.

The platform with its telescope is shown in Figure 2. The plat-
form is supported by a central stem surrounded by two concen-
tric hollow shafts all connected together by ball bearings. The

inner balloon stern runs through the entire height of the package
that it supports. A command package for ground c&ntrol of bal-

loon operation containing radio beacon, ballast, altitude trans-

50
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mitter, recording barograph, end other cquipment is connected
to the boltom of the stem. The susponaion lines conncecting the
package to the parachute and, int:rp, to the balloon arc fas-

tene: to she top of this stem,

A rcaction wheel, mounted on the second shaft, cosxial with this
stem, is a cylindrical structure 114 cm in diameter and 32 cm
high, It is constructed largely of a:lumixmtxm honeycomh for
strength, rigidity, light weight, and ease of repair, Six lead-
acid aircraft batteries are mounted around the circumference of
the reaction wheel to supply electrical powef in fitght, Although
cach 24 voll battery hus a nominal capacity of 40 a.mpure-houfa,
it is derated by a factor of two for flight because the low temper-
turce during the flight reducas its ca’pacity. New, dry clxaz‘g§c1
batteries arc used for each balloon flight, A few days before the
flight, the clectrolyte is added ard i:hé batteries are charged,
discharged, and recharged to test their reliability, This cycling
also incteascs their capacity. 'The regular vent caps on the bat-

tery cells arc replaced by modified caps which maintain an in-

ternal cell pressutre of about 100 torr,

The reaction wheel withou batteries has a mass of 82 kg and a

motnent of inertia of 16 kg~mz. Jiach battery has a mass of 36

-
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kg, glving & moment of inertia for the battery laden wheel of
about 130 kg-mz; this is comparable to the moment of the rest

of the apparatus,

An amplifier and torque motor, located inside the reaction
wheel, supply the motive force for the azimuth tracking system.,

ffhey are manufactured by the Inland Motor Corp.

The stabilized platform, on which the telescope is mounted, is
supported by the third coaxial stem directly above the reaction
wheel. Because the accuracy of the azimuth tracking system
depends largoly cipon the bearings betwean the reaction whul
and the platform, they are selected to have & minimum of stick-

ing frietion.

The platform is coupled to the reaction wheel through the d. c,
torque motor mentioned above. The electronic amplifier of the
tracking servosystem supplies a current to the torque moto:
which creates a torque approximately proportional to the point-
ing error, Sticking friction is given careful attention because
it sets a limit to ‘the'tracking accurac‘y‘ the platform will aot
mo§e to correct the pointing error until the torque exceeds the

sticking friction.
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The platform turns in azimuth by reacting againet the large

r onient of inertia of the reaction wheel; in this respect, the
large mass of the batleries is an advanlage, The rotational
encrg, thus given to the reaction wheel is transferred to the
balluon through the suspension shrouds and is ultimatety dissi.
pated. The friction of the hearings between the reaction wheel
and the stem provides the coupling., The suspension system,
betweaen the balloon and the gondola, contains the parachule and
jte shrod lines. The suspension shrouds do not provide a rigid
connection so that to a degree instead of rotating the balloon, the
motion imparted tuo the bottom of the suspension "winds it up."
This wind.up, causing a restoring torq'uc upon the reaction w‘heci,
makes a torsional oscillator of the system, the tracking system
supplying the driving input force through the torque motor and
the suspension providing the clastic member, Oscillations of
the reaction wheel persist thfcughout the time that the tracking
system is operating, The oscillations are initiated by the svtick-
slip Learing friction, 7The friction also determines the amplitude
of the oscillation, so the amplitude may be used as an indicatlor
of bearing condition, If the bearings are good, the amplitude of
the oscillations of the reaction wheel will he 4 to 56 peak to pe'ak,

The period is abeut 20 scc.

e v—
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A short horizontal axle is attached to the platform stem, and
the trunnion carrying the telescope and radiometer mounts on
this axle. Rotation of the trunnion about the horizontal axis is
controlled by a ball bearing screw conmctiné the trunnion to
the platform. This screw achieves the elevation tracking of the
telescope. It is turned by a d.c. motor controlled by the track-

ing system electronics,

The telescope tracking system uses two sets of sensors: ''coarse
eyes'' for acquisition of the sun and ''fine eyes'' for subsequent
tracking, The fine eyes have a field of view 200 x 209, The
coarse eyes are used initially to point the telescope so that the
sun falls within this field of view. The coarse ¢yes sense the
azimuth of the sun only; the elevation of the telescope is prese‘t
s0 that the sun is within the elevation field of view of the fine

eyes at acquisition,

The four coarse eyes have a 3600 field of view. Thwe eyes, which
are silicon solar cells, are arranged in pairs, one on the side
which should face the sun, the other pair on the dark side. Mech-
anical shields shadow the eyes so that the output is null when
poiz{ting toward the sun and increases as the pair points away from

the sun. Regardless of tae initial orientation of the package, the
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coarsc cyes will point it at the sun within 19 after a minute or

80 titoc interval after the tracking system is activated,

At a presct time, abouat five minutes after the coarsc eyes are
activated, c&ntrul of the tracking system is transferred to the
fine eyes. The fine eycs, manufactured by Ball Brothers Re-
search Corp., are four silicon photovoltaic cells, each at the
focus of a small lens. H=-1f of each cell is made insensitive by

an opaque coating, The cells are used in pairy, one pair for
elevation, the other for azimuth, The cells in a pair are matched
t> have equal response, to within 0.5%. The diameters dividing
the cells into sensitive and insensitive halves are vertical foz; the
azimuth pair, horizontal for the elevation pair., The output of
cell increases from zero to saturation as the solar image formed
by the lens moves from the ineensitivé to the sensitive half of the
cell, Mgtion of the sola: .mage parallel to the line dividing the
cell causes practically no change in the output, When the cclls of
a pair are connected in opposition, their combined output goes
from positive saturation to negative saturation‘ as the sun rmoves
perpendicular to their dividing line. The region near the null
point can be imarde very nearly lincar by piuper orientslion of ‘;hu
cellse The outpul is quite insensitive to motions parallel to the

dividing line; elevation errors do not produce azimuth ¢rror sig.



nals. For best linearity, the eyes should be adjusted a0 that at
the null point, the output cf either cell is about 15% of the satur-
ation value, The saturation output is about 70 mv into a 51 §
load. The slope of the output near the null point for a properly

adjusted matched pair is 1,5 mv/arcmin,

The output voltage of the fine eyes is amplified by a chopper
stabilized d.c. amplifier. The adjustment of the gain of the
amplifier is critical to the tracking accuracy. If the gain is too
lbw, the tracking will be poor; if, on the other hand, the gain is
too high, an instability may exist: the suspension system and
gondola form a compcunﬁ pendulum with period about 1,6 sec;
if the gain of the stabilization servo system is toc high, oscilla-
tion of this compound pendulum mode is induced., It consists of
a rocking motion about either the pitch or roll axis. We call

either motion ''‘nodding."

The oscillation is excited in the following manner: when the

azimuth torque motor creates enough torque to break the stick-

slip friction of the bearings between the platform and the reaction

wheel, an impulse of torque about the vertical axis is given to
the platform. But, since none of the princinal axes of the inertia

ellipsoid is parallel to the vertical axis, the torque excites a

56
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cornponent of the angular momentum about sune horizontal axis,
The con.ponent of rotation about the pitch axis produces an ele-
vation error of the same magnitude, The component of rotation
about the roll axis produces an azimuth error cqual to the prod-
uct of the rotation and the tangent of. the telescope elevation angle,
The scrvo system strives to correct this error thereby fecding
morce angular momentum into the system and gustaining the os-

cillations,

This problem could perhaps be eliminated if onc of the principal
axcs of the inertia tensor were made precisely parallel to the
vertical axis., This is a condition which is difi‘icuit to achiuVe;
the usual procedure is to simulatzs the balloon suspensior, and
adjust the gain of the aziinuth scervo system uniil the oscillations,
if started, will spontancouzly dic out. The gain is then decreased
an extra ?5% to account for the apparent increase in solar bright-
ness at altitude becausce of the absence of atmospheric atteruation
and to provide a margin of safety. The gain setting is madce when
the sun is near the meridian since the systemn is most unstable at
highest elevations becauae of the dependence of the {cedbaei upon

the tangent of the elevation ansle.

After amplification, the azimuth error aignal goes through an RO
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network which produces a lamping effect. The component
choices, 300 X end 1uF , g1ve nearly critical damping.
The signal then goes to a bipolar solid state preamplifier and
amplifier (Inland Motor Corp. Models 626 and 597 respectively),
The amplifier output drives the torque motor. Tha torque motor
produces a torque of 0.5 n,/mn per amp of driving current. For
small errors, the torque is nominally about . 32 n-m per arcmin
of error. 'The Inland amplifier, however, has a temperaturz sen-
sitive nonlinearity for small inputs; it produces almost no output
until the error exceeds a certain value, Combined with bearing
friction, t‘his effect produces 2 dead band, a region where a
tracking eriur produces no corrective response. Attempts to
reduce the dead band below about Y& by increasing the gain

caus’ the nodding oscillation to be excited. Therefore we are
forced to accept a continual, almos‘t square wave oscillaiion of
the platform with an ariplitude of 6' and a period of 20 sec. The
efiects of this oscillation are removed by ihe image tracking sys-

tem described below.

These problems do not occur in the elevation system because the
inertia of the system to be driven is small with respect to the
inertia of the system against which reactionis exerted and be-

cause the elevation inotioas are very slow., The eievation system
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tracks to within a minute of arc provided there is no nodding
osciilation. The c¢levation drive saturates ata speed of 1,5
arcamin/sce. Nodding oscillations of amplitude greater than

30" are too fast for the clevation drive to follow.

In suimmary, the main tracking system points the axis of the
telescope in the direction of the sun with an accuracy of 1 ¢!
in azimutn and betver than ¥ ' in elevation provided caxe is

taken to avoid nodding.

The telescope is a Newtonian reflector; an optical diagram is
shown in Figurc 3, The diameter of the primary was chosen 15
fit the existing equipment; the focal length was chosen as large
as could be convenic ntly fitted into th‘e housing of the apparatus.
The primary .s 41.25 cm in diameter and has a focal length of
223.5 cm; it forms a solar image 2. 089 am in diameter. To
measure relative inlensities at different parts of the field of
view, it is important that no part of the field be vignetted. The
telescope was accordingly designed to have a field of view 19 in
azimuth by . 6° in cievation. This ficld, combined with the dis-
tance the radiometer must be located from the telescope to allow
rowin for the stem, required that the secondary mirror be un-

wsuxily lerge; its projection in a planc perpendicular to the oplic
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axis 1s a circle 17. 8 em in diameter., With its cell and supports,
the secondary obscures about one quarter of the area of the

primary.

The secondary mirror is supported by two horizontal «truts.
The struts were placed in this manner so that the diffraction
caused by them would lie grincipally along the long dimension
of the entrance slit, The mirror cell of the secondary is fas-
tened to the struts by ball bearings so that the mirr;)r may ro-
tate about an axis in its plﬁne perpendicular to the telescope
ax.s., An offset arm, set in the shadow of the strut, is attached
to a servo motor outside the tube. The rotation of the second-

ary mirror is used to effect the final stage of azimuth tracking.

A third mirror, outside the tube, reflects the beam back parallel
to its original direction so that the axes of the telescope and

radiometer are parallel.

One of the design problems in a solar telescope is the change in
focal length caused by heating of the front face of the mirror by
the incident solar radiation. Even the best mirror coatings ab-
sorb 4 to 5% of the solar flux. For a ‘ba.lloon borne telescope,

experiments indicate that this heating would cause a temperature



diffcrence of about 109C between the front and back surfaces
(Stron,, 1907h), resulting in a change ia focnd length of o mum if
our primary werc of Pyrex., This estimate is consistent with

the measurements on Speciro-Stiatoscope (Mehltretter 1967),

Such a c¢hange in focus would result in an intolerable degrada-
tion of image quality. If such a mirror were used, a servo

sy stem must focus the telescope during flight or a very good
gucess must be made of the change which will occur in flight, a

risky procedure at best.

This prohlem was solved for us by the recent availability of a
form of ultra low expansion fused silica, marketed as Corning
#7971 ULE modified silica glass (Ra’hmann ct al. 1968). This
material has an average coefficient of expansion in the tempera-
ture range 5°C to 350C of only 2x10-8/0C, compared with 3. 2x
1076 for Pyrex and 5x10-7 for ordinary fused silica. Its othci‘
thermal and mechanical properties as well as its 'optical working
gualitics are similar to ordinary fused silica.

All three telescope mirrors, the o1’y mirrnrs subjected to sola‘r
Leating, were fabricated of this material by Frank Cooke, Inc.

The asrembled telescupe was tested with the Foucault knife edge
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test using a 40 cm collimator (Strong 1967a). The optical
quality is suitable for use as a visual telescope; at wavelengths

of 10-.100 ¥4 , it is diffraction limited,

To reduce the solar"heatin‘g, the telescope mirrors were coated
with evaporated silver (ovzr chromium) rather than the rnore
conventidnal choice of aluminum. The coating vas done by Mr,

Wilbur Perry,

The assembled telescope was tested for change in focus by locat-
ing the focal point accurately before and ~fter applying radiation
simulating the solar flux, as measured by one of the coarse eyes,
with a quartz iodine 1amp. The change in focus was less than 0.1
mm, the limit of accuracy in the measurement set by the turbu-

lence in the air in the tube after heating.

The entire mechanical structure supporting the mirrors and con-
straining the optical path from primary mirror to focal plane was
made of Invar low expansion alloy. The only exceptioh was the

third mirror holder, for which Invar was not judged necessary.

The accuracy required in focusing may be calculated from the

criterion of Rayleigh (1885) that the optical path difference of
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rays from all parts of the mirror be less than A/2 , yielding
the fortaula AL = lAf?/4* where A i the permisgible
error in focusing, For a wavclength of 11y, the shortest uscd

in this experiment Af is 1.5 mm.

The telescope was {ocused using the collimator and the knife edge
test to an accuracy of Tl mm. It is believed that the collimator
wag correctly focused to T .1 mm. The accuracy of the focus

was chcecked by observing that the sharpness of the limb of the sun
at llu did not vary while the focus was changed T .55 mm. We
are thercfore confident that the focus error did not contribute in-

accuracy to the limb profile mceasurements,

There are two desiderata in the location of the aperture stop:

first, in order that all the chief rays from the different parts of the
solar disk enter the radiometer parallel, the exit pupil should be

located at" infinity; secondly, in order that the direction of the chicf
rays be independent of the rotati?m of the Newtonian. secondary, the

exit pupil should be located at the Newtonian secondary. The best
compromise places the aperture stop 43 ¢cm in front of the pri-
mary mirror. The actual position, chosen for mechanical con-

venience, of 90 crm in front of the primary, is almost as good
and has the added advantage of using the largest possible arca of

the primary mirror. The stop is 37.75% cm in diameter; the uie
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obstructea arcea, after allewing for the scecondary mirror and its

supports is 781, 2 cm?,

The main iracking system, as discussed earlier, is incapable of
tracking to an accuracy of better than ¥ 6' in azimuth., An aux-
iliary system, which we dzsignate the image tracking system,
controls the Newtonian secondary to provide the fine tracking in
azimuth., It also provides the elevation error signals to the main
tracking system. This fine tracking system is capable of main-
taining the solar image stg.tionary within 2,5 arcsec r.m.s. in

both azimuth and elevation, provided there is no nodding.

The center to limb scans are performed by moving a slit hori-
zontally from ihe center of the image across the limb. Only a
horizontal band .45 cm high, the height of the slit, across the
2,1 ecm diametef image is used for the measurement; the re-

mainder of the image is available for the tracking system.

Six sensors are arranged around the circumference of the image
when it is in its stabilized position. One mair, located at the top
and bottom of the image sense its position in elevation and pro-
vide an error signal indicating any deviation from its normal

position. They are ‘ocated at the points at which the tangent to



the 1ot is horizontal, and so arce innensitive Lo simall azinmuth
errors,  The same technique cannot be used to make the azi-
muth sensors insensitive to clevation crrors because the vertical
cdges of the image arc used for the measurements,. Two pairs of
azimuth scensors are used, one member of each pair being above
and the other below the horizontal position. An elevation c¢rror
increcasces the illumination of one member of each pair and de-
creascs the other, To the extent that the scnsors are matched,
the sum of the outputs of the two pairs is im‘mune to srnall eleva-

tion errors.,

The sensors are silicon NPN phototransistors rmanufactured f'or
us by General Sensors, Inc. The sensors of a pair are matched
to 2%, but there 18 considerable difference in the sensitivity of
differcnt pairs. The sensors act very much as current sources
whose current output is proportional to the illumination for mod-
erate illumination levels and almost independent of the voltage
across them. The difference in currents from a pair is passed
through a 20 k@ resistor to provide a voltage proportional to

the difference in illumination of the scnsors.

The radiation forming the top and bottom of the image is directed
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to the scnsors by small fused quartz reflecting prisms. The {ront



of the prisms is coated with an aluminum film of about 1/27%
transmission to reduce the illumination of the sensors to avoid
saturation, The sensors are hermetically sealed inr glass pack-
ages 2 mm in diameter and 10 mm long. The sensitive area is
approximately 1 mm square., The sensitivity of the three pairs
of sensors varies from 102 ya/uw  to 440ua/uw ‘. Saturation

occurs at an illumination of about 400 uw/cm?,

The output from the sensors controls the servo system which is
a modification of the gimballed startracker built for the balloon
flights to observe Venus. The operation of the portions of the
startracker used in this experiment may be briefly outlined as
follows: a 400 Hz inverter powers the field winding of a servo
mo‘tor; the same voltage is phase shifted 90° and used to drive a
solid state chopper. The d; c. signal generated by the difference
in the azimuth sensor currents is chopped and amplified to pro-
vide an a.c. current which is 909 ahead or behind the field coil
current depending on whether the d.c. signal was positive or
negative., This a.c. current is applied to the armature of the
servo motor, causing the motor to turn in a direction governed
by the sign of the azimuth error signal with a speed proportional
to the magnitude of that signal, The motor in turn rotates the

/
Newtonian secondary to correct the azimuth error.

{)(}



The doo, error gipnal generatea by the elevation image sensors

is sire 'y ansplified by the startiracker clectronics. At a presct
time, the input to the elevation tracking system is swilched from
the fine eyes to the amplified output of the clevation image sensors;
thereafter the elevation positiorn of the image controls the elevation

tracking systain,

During preflight testing ander conditions simulating the balloon
suspension, the azimuth tracking errors had an r.m. s, valuc of
Z.5" and a maximurn value of 7", The elevation error was not
measured accurately because clevation errors are not as impor.
tant to the data, but it was not much larger. During the a ual
flight the tracking was not nearly this good. The nodding oscilla-
tion occurred, increasing with solar elevation angle. The average
clevation error was about 40" r.m.s. This error alone is not
scrious since the obscrving slit is vertical, although curved. The
eievation oscillation induced an oscillation in azimuth., The azi-
rmuth null position depended upon the elevation position because of
impcffcct miatehing of the sensors. Thercfore when the ¢clevation
oscillation oc:curtr-ed, the azirnuth servo system strove to correct
a non-existont m'ro'r. The resuit was an oscillation in azimuth'
amounting to about 10" r.m.s. This was more of an annoyance

than seriovs probleimi. The corrections introduced for this oscilla-
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tion wiil be diacussea :a the final chapter.

The finai stabii.zed imayge was focused on the front of a two chan-
nel radiometer buiit especialiy for this experiment by Philips
Laboratories, a division of the N,rth American Philips Co. We
designate tne iwo channels of the radiometer, whnich operated
gimultaneously, as A and &; channel A measurcd radiation of the
shorter wavelengths, channel B, the longer wavelengths., Two
slits in the i{ront of the radiometer admitted radiation to the two
channeis., The slits were separated by the diameter of the solar
image so that they iooked at opposite limbs of the sun at the same

time.

The radiometer was constructed within a box 112 x 31 x 34 cm
which was suspended from a pivot near the top of the package rmuch
like a lifeboat hanging in davits. The entire radiometer was moved
to scan the entrance siits across tne solar image. This rather
complicated procedure was intended to insure that radiation from
different points on the sun was all treated exactiy the same by tne
radiometer, i.e. that no spurious limb darkening would be iniro-
duced by the radiometer. Certain mechanicai probiems obviated

much of this advantage; these will be discussed beiow.
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The olion of the radiometer was controlled by fwo cams neay
opposite ends of the box, A moiion with constant vclocity is un.
satisfactory because the p(u:tinmxt variable U varics slowly with
position near the center of the disk but very rapidly near the limb,
The cams arc designed so far as is pracﬁcab)e to prodvce a con-
stant rate of change of In W ; a constant velocity is maintained for
u<, 2, and u > .8, A computlcr generated design for the cams
was produced from the equation for the velocity; the cams were

inanufacturced on a milling machine with the ccordinates calculated

by the computer.

The entrance slit for channel A, operating at wavelengths from
11u  to 52u , was .0127 ecm in wiath and . 447 ¢m high; it was
curved to conform to the image of the limb, The angular field of
view was 11.7'" x 6.9'; for comparisun, the angular solar radius
on the day of {light was 944.1"., The 11.7" slit width corresponds
to the Rayleigh resolution, 1,22 A/d , at 17k ., Choosing a slit
wider than the resoiving power costs information; choosing a nar.

rower slit costs signal without a compensating increasc in resolution.

»

*

The =lit for chanucl 7, which operated at waveleagths from €0 to
VAU o, wes the saine height, but L 005% ¢m wide, The angpular

field was 60.2" in widlh, correeponding to the resolution at 87 ¥,



70

Considerabie cffort was spent on the proper thermal design of
the slit region of the radiometer. The solar image, neglecting
reflection losses at the three mirrors, contains 109 watts of
radiant power; absorption of any considerable fraction of this
power produces serious problems. The slit jaws were made of
sterling silver and were polished just before flight to reflect as
much power as possible. The front of the radiometer was a
copper plate 3 mm thick; the silver slits were in good thermal
contact with the copper plate to dissipate the absorbed ° .at.
The copper plate was painted black; cooling fins were mounted
on it and on the plate holding the image tracking sensors. A

fan blew cooling air across the fins,

On the basis of laboratory tests of the effects of the fan at re-
duced pressures, we predicted that the temperature of the s.it
assembly would be approximately 20°C during the flight. it ac-
tually varied between 18°C anc 20°C as measured by a thermistor

mounted on the back of the siit assembly.

If the slit width were to change due to thermal efiects during a
scan, the resulting change in signal would be erronecusiy inter-
preted as limb darkening. Change in the radiation reaching the

detector from the slit jaws hemselves could introduce similar
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spurious effects, The former effect was climinated by constrvct.
ing the slits from a single picce of silver rather than riounting
two jaws on separate supports; the latter was reduced by gold-
nlating the back of the slit jaws to reduce their emissivity and

restricting the area scen by the detector.

The frame of the radiometer was a 12 inch aluminum I beam and
a 12 inch aluminum channel for rigidity; thgy were conneccted by
several cross menﬁbers. The ] beam ran down the middle of the
radiometer and separated the apparatus of the two channels, as
shown schematically in Figure 4. Immecediately behind the entrance
slits, both beams are chopped by a reciprocating chopper. A
radiometer for measuring the far infrarcd from the sun faces a
severe problem in filtering out the visible and near infrared; the
radiance of the sun at 5000 i is about 2 x 10° times greater than
at 50 4 . The Czerxiy chopper provides the first stage of the re-
quired filtering. The beam is chopped ten times per second by a
small crystal, lithium fluoride for channel A and cesium bromide
for channel B, which is opaque to the desired radiation but trans-
parent in thc visiblé and ncar infrared. Thercfore the chopper
does not chop the unwanted radiatéon, so that this radiation is not
detected by the a.c. detection system. Actually the crystals do

muodulate the visible by about 10% due to refiections at the two
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surfaces; this modulation is largely eliminated by masking 10%
of the slit height when the crystal is not in the beam. The
chopper alone discriminates against radiation shorter than 7 u

in channel A and 60 y in channel B by a factor of about 10{).

In channél A the slit is reimaged by a two mirror relay system
with a magnification of two onto the filter. We chose fiiters us-
ing the selective reflection properties of certain crystals in the
far infrared (reststrahlen bands). because of the location of their
pass bands and because of their very good rejection of‘unwanted
radiation combined with high transmission in the pass band.
Reststrahlen filtérs have broad bands, but that is not a drawback
in this experiment. The ritio of transmission at the desired
wavelength to transmis‘sion in the visible increases exponentially
with number of reflections; we calculated that four feﬂections

should give sufficient selectivity.

The chief practical difficulty with a four reflection reststrahlen
filter is the difficulty of aligning four different optical elements
and maintaining that alignment while automatically changing {il-
ters. We have devised a filter, shown in Figure 5, which meets
the reQuirexﬁents. The central portion of the filter is machine'd

from a solid block of aluminum; the crystals are mounted flush



i ae faces of the block and held in place by spring clips which

are noi shown in the figure,

‘The converging f/11 beam enters the block through a machined
hole and strikes the first crystal at an angle of incidence of 509,
The radiation in the reststrahlen band and a small amount of the
unwanted radiation is reflected. The bulk of the unwanied radia-
tion is absorbed by the crystal or is transmitted and absorbed by
a small metal baffle. The reflcctcd'resﬁstrahlen radiation is un-
polarized (for a cubic crystal). but tac unwanted radiation is
strongly polarized because the angle of incidence is near the

Brewster angle.

The radiation reflected from the first cryst'al strikes the sccond
and third crystals arranged as a roof reflector. ”.[’he slit image
is formed atl the apex of the roof with the long dimension perpen-
dicular to the apex line. Irregularitics in the edges of the crystal

affect only the radiation from the very center of the slit height.

From the gecometlry of this arrangement it is seen that the ¢ and
7 polarization .omponcents of the radiation are interchanged be-

tween the first and second reflection. The polarization component

favored in the first reflection is discriminated against in the sce-
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ond. This technique, originally due to Czerny (1923), results
in better rejection of the unwanted radiation than two reflections

at normal incidence.

After two reflections at the roof, the beam is reflected by a
fourth crystal mounted similarly to the first and leaves the filter

in the same direction that it entered it.

The entire filter unit is mounted on a filter wheel with three pairs
of push-pull screws. The filter is sensitive to 'misalignment.
Because it is located at a focus, rotational misalignment causes
little error in the position of the final> image; it can cause vighet-
ting. Translation of the filter causes a translation of thé final
image. After the filter wheel is advanced by a stepping mechanism,
a tapered pin engages a slot, locking the filter in position. This
assures repeatably relocating the filter. The fluctuations in sig-
nal from scan to scan during the flight, which can be attributed to

errors in relocatihg the filter, averaged only 1. 3%.

The individual crystals may be removed and replaced on the filter
block repeatably. This allows replacing the crystals with plane

mirrors to align the filters.
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The soaplicty of the twunting, with no adjustinents of the indi-’
vidwao «ooctade, mahes the filter casy to use and resislant to

*

misalignment from thermnal ceffects or mechanical shock.

It is easy to use transmissién fiiters in conjunéﬁon with the
crystal filters by simply mounting the transmission filters on
the ends of the al;lminum block., Onec of the four filters, in fact,
was a narrow band iatcrfercncc: filt‘cr centered at 11.1 y . On

this filter block, aluminized mirrors'were uscd instead of crystals,

The crystals were 25 mm square ané 3.5 mim thick, beveled on
onc side to fit close to the baffle in the middle of the block. Timc
cryst‘als were oversized for convenience in mounting and handling,
d .
Becausc the crystals arce located pear a focus, they may be quite
sinall and do not neced very good surface finish,
Figure & shows the measured transmission of‘a filter with {four
crystals of magnesium oxide comparcd to the transmission cal-
culated from the reflectivity of mayaesium oxide measured by
Madden (1956). The measurced transnmission is relative to the
transmiss ion with four newly cva.pm'atéd alt'fhiz}lzzn-mix*rors in '

place of the crystals. The micasured values at short wavelengtne

snould be reparded only as upper bounds on the transmission;




they probably represent scattered light in the monochromator.

In addition to the interfererce filter, channel A used fil ters with
four crystals of magnesium oxide, sodium fluoride, and sodium
chloride. The ’mterferencé filter, manufactured by Infrared In-
dustries, had a peak transmission of 42% at 11.10 y with a full
width at half m'aximum of .32 y . Extra blocking was used on
the short wavelength side of the pass band to eliminate the visible
and near infrared radiation. The wavelength was chosen to co-~

incide with the wavelength used by Saiedy and Goody (1959).

Figure 7 shows the transmission for the four filters of channel A.
The results for thg firsf three filters reiﬁresent actual measure-
ments; the transmission for i:he sodium chloride filter is calcu-
lated from the’ reﬂectivity measurements of Mitsuishi, Yamada
and Yoshinaga (1962). For thé purpoées of this experiment, we
| define the effective wavelength A, for a filter by
A

22 = io B, T, XdXx
o ,

[ BaTan

where T, is the transmission of the filter at wavelength A

(III.1)

and B, is the radiance of a 5000° blackbody at that wavelength.
The definition is chosen to give the proper mean value to the inde-

pendent variable § = A2%/y, Table II lists the effective
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wavoieagihs for the filters used in this experiment.

The filtered radiation is imaged onto the detector by an ellip-
soidal mirror which demagnifies the image by a factor of five;
the final image fits in a rectangie 2,03 x . 163 mm. The detec-
tor arca was 2,5 x 1.0 z.nm;. an oversized detector was necessi-
tated by a slight shift in the image position during the scan --

this will be discussed in more detail below.

The detector was a special far infrared thermopile constructed
by Perkin-Elmer Corp. Ordinary radiation thérniopiles'become
incfficient in the far infrared because of reduced absorption of
the black on the receiver. This particular detector was designed
to be efficient at wavelengths past 100 U at some cost of overall
sensitivity., The window was‘ diamond. The responsivily was
approxin:ately 0.5 volt/watt for radiation with A > 70y . The

nuise equivalent power was 4 x 10-10 watts with . 125 Hz bandwidth.

Channel B operates at longer wavelengths than channel A and con-
sequently needs better rejection of short wavclength radiation and
a larger spectral bandwidth to obtain sufficient signal. We ob-

tained the requisite bandwidth by using one reststrahlen reflection;

Lng. A o e




tu obtain the spectral purity we used the method of focal isolation
devised by Rubens and Wood (1911). The index of refraction of
crystal quartz in the visible is about 1.5 at 100 u it is about 2.1,
The focal iength of a crystal quartz lens in the visible is more than
twice its value at 100 4 . Rubens and Wood utilized this fact to
focus the far infrared with a crystal quartz lens while permitting
the visible light to diverge. We have used one of the lenses orig-
inally used by Rubens and Wood to isolate the far infrared; it has

a diameter of 8 ¢cm and a focal length of approximately 14 cm at

100 p . For filtering we used, in addition, .2 mm of black poly-
ethylene, which is almost totally opaque at wavelengths shorter
than 3.5 u , but which transmits about 60% at 100 4 . A ceéium
bromide chopper further rejects the unwanted radiation. With

this filtering, the amount of si gnal from the sun while observing
through the atmospﬁere from 'the ground (so that the far infrared

is absorbed by the atmosbhere) is less than the noise of the system.
Laboratory tests indicate that 5-10% of the observed signal durin:;
the flight comes from spectral contamination by shorter wave-
lengths; virtually all of the contaminationv is at wavelengths of 3.4 W
where both quartz and black polyethylene have a small amount of

fransmission.

The mirror M7 in Figure 4 is one of two reststrahlen crystals which




reflect the desired band of wavelengths into the focal isolation
apparciis, A rotating mechanism interchanges the two crystals
between scans. Figure 8 shows the transmission of the fillers
for channcl B, The crystal mirrors are made ol potagsium bro-

mide and ccsium bromide,

The crystal quartz lens has a large amount of spherical abbera-
tion; a fairly large detector is needed to receive ail the signal.
We used a Golay pneurnatic detector with diamond window and
3mm diameter receiver, manufactured by Eppley Laboratories.
The responsivity of the detector with 135 volt bias and 2.5 volt
lamp supply is 4.75 x 103 volts /watt averaged over the spectrum
of a 1000°C blackbody. It is expected to be independent of wave-
length. The responsivity is almost independent of bias voltage,
but varies as the 4.5 power of the lamp supply voltage. The r;a-
sponsivity is slightly temperature sensitive with a broad peak |
about 0°C; it is 12% less than the maximum at -20°C arnd +25°C.
The noisé€ equivalent power is 5 x 10-10 watts independent of the

bias and lamp voltages, with . 125 Hz bandwidih.

During the flight the ternperaturs of the Goley cell and the lamp
volt‘agc, supplied by nickel-cadmium batteries, was recorded.

Bias voltage of 135 volts was suppiied by dry cells.
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The detector signais are amplificd by modified Type B preampli-
liers manulactured by Princeton Applied Research for their HRS
amplifier. The preamps are low noise transformer input ampli-
fiers with nuvistor first amplifier stage; we operate them from
nickel-cadmium batteries in lieu of the normal amplifier power
supply. The Golay cell signal is applied directiy to the grid of the

nuvistor rather than coupled through the transformer.

The preamp outputs go to a custom two channel synchronous rec-
tifier ampilifier. Figure 9 shows a schematic of the A channel of
the amplifier. The amplification is done by two Idealab solid state
operational amplifiers. The gain of the first amplifier may be
changed by changing the negative feedback with a resistor network
controlled by a stepping relay operating in synchronism with the
filter changes. The gain for each filter is adjusted to keep the {ina.

output approximately constant.

The syﬁchronous rectification was performed by a DPDT reed
relay. A low impedance demodulator is necessary because of

the low impedance of the recorder galvanometers. The chopper
generates a reference signal in phase with the chopping by rotating
a small blade between a neon bulb and a phototransistor.  This

refierence signal is amplified and used to drive tlie demodulating
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rl'.t.'.'

The demoduizted output is averaped by a RC network with time

.

constant of 1.0 sccond. Thz d.c. current operates the recorder
galvanometers, Four galvanumeivrs with different series resis-

tors are used to provide large dynamic range in recording.

71t . F T A A A SN . - - ST U B R
Tne mnplificr for channel B differs in two respects: swilcran.c

ol filters produce almost the same

Cp

gain is unnccessary siicce
signal; the thne conatant is 3 cce because of the wider siit in

channel 1.

The data were recorded on two Century model 409 recording o03-
cillographs. EKach recorder has i2 mirror galvanometers; the
galvanomeler traces are recorded on a strip of Kodak 705 Lina-
graph Paper 9.2 cra wide, This is a two color line recording
medium; by proper choice of filters in {ront of the zalva.omelers,
a trace can be made red, Live, or black, a great convenience
when sceveral traces inicrsect. Eight channels arce recorded vn
the channel A recorder: detcctor outputs at four different sensi-
tivities, two tracking system error signals, a radiometer pc):;iti‘on
. The other oscillograph

< . b - PO vn, domw b - -
signal, and & siit teroperature signa

recarded delevior outpul from channcl B at four sensitivities,




angu.ar position ol the Newtonian secondary mirror, Go.2y <e.
temperatur .y, radicineter position, anc the vutput of an extra
tracking sensor aimed at the sun. This .ast item was tc com-
pare the apparent brightness of the sun at altitude with the same

quantity measured from the ground.

A cam which closes 2 microswitch at 16 selected points in the
scanning cycle was attached directiy to the cam which moves

the radiometer. This determines the position on the sun to which
t... data refers at that point. In addition a signal is superposed

on this trace to indicate which filter is in place.

Once each revolution of the cams another switch is actuated which
causes the fiiter in ¢ne channet to change. The filter changes cc-
cur when the slit of that channel is aimed 32’ from the ceater of
the sun, that is 16’ past the lims, so that no data are icst during
the 10 sec required for the change.

An entire scanni;zg cycle requires four minutes. Starting witnh a
filter change, the cycle is as foliows: the slit rapidiy approaches
the image of the limb; as it gets near the limb, it slows down,
crossing the limb very slowly one minute after the cycle starts;

as the slit approaches the center of the image, where L. var.es
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more slowly with position; it scans faster, reaching the center of
the insage two miinutes after the start of the cycle, At this point
the slit for the other channel is 16' past the limb and the filter in
that channel changes. During the next two minules the process is
reversed. Each cycle produces two center-to-limb curves from
each channel, one as the slit moves frun limb to center, the other
as the slit moves from center to limb. Half the time 1s spent with

the slit beyona the limb of the solar image.

There are a large number of tests and calibrations which must be |
made before one is ready to commit such an instrument to flight.
Any tests which are to be made must be made before flight as '
there is no assurance ‘hat tle equipment will survi.ve the flight at
all, much less remain unchanged in calibrations. It may be rnoted,

however, that in eiéht flights of this basic package, with six dif-

ferent experiments, not a single optical component has been broken.

Testes and adjustments such as aligning the tracking sensors with
the axis of the telescope and setting the brightness of the recorder
lamps to properly expose the film are so obvious as to requi're no
further n;zention. Several important tests do deserve closer exam-
ination. These arc ail designed to ingure that ti\e final deflection

of the t.ace on tha film is indeed proportional to the radiance of
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the source and indepen-dent of the other variables.

The first requirement is that the detection, amplification, and
recording system be linear. At the signal levels of this experi-
ment, there is no problem with non-linearity in the detectors
themszlves; tests show they would respond linearly to orders of
magnitude more signal. The outputs of the various an.;:.ification
stages are all far below their saturation values and the large nega-
tive feedback combined with the large open loop gain of the opera-
tional amplifiers guards against nonlinearity. The switchable gain

of the channel A ampilifier is further insurance.

The most suspect element is the galvanometers. The linearity of
all the galvanometers which record the center to limb data was
tested by putting precisely measured currents through the galvan-
ometers and measuring the deflection of the trace in the film plane.
Non-linearities, although they exist, are so small that they intro-

duce negligible error.

The final linearity test checks the entire system. The telescope
is illuminated with collimated radiation from a blackbody; the gal-
vanometer deflection is measured for different temperature settings

and plotted against source radiance, A typical resnlt is shown in



85

FFigure 10, Clecarly deviations {rom linearity arc not important.

The next factor to be checked is the irdependence of the sensi-

tivity of the radiometcr to position during the scan. This pre-
scnted a scerious problem involving the basic mechanical design

of the radiometer. The test was made by fastening an infrared
source fo the front of the radiometer and recording the signal as
both source and radiometer moved through a scan., It Was obscrved
that the signal varied with the positién of the radiometer in its scun;
the variations were correlated with the steepness of the driving cam.
We concluded that there was a mecharical distortion of the radio-
meter 4framc vt‘:lue to the forces, abproximately 100 newtons, ex’erted | ‘
by the driving cams,causing motion of the f’;hal image on the detector.

Some optical components were mounted‘ on thé I be&;n; Oth'ers, ‘on

the cross x;némbers. A motion of 52 10 U of the imé.geon the

detector could account for the observed variations. -

The use of an oversized detector reduced the variétion to a barcly
tolerable value. The result was é. sensitivity which fose smoothly
from . 995 times the mean sensitivity at the limb to 1. 000 at the
center. On the steeply descending part of the cam thc sensitivit.y
increased to 1.010, decreased to 1. (}OO about 5"f.rc‘>m the center,

and fell smoothly to , 995 at the limb.
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To measure to fractional percent accuracy with laboratory sources
is difficuit; some uncertainties remain in the values given. The
results are consistent with measurements with all four filters in
channel A, although the signal to noise ratio with the NaCl f{ilter
wasn't sufficient to be certiin whether the distortion affected that
filter. We estimate the remaining uncertainties due to this cause

.

to be 1/2%.

This difficulty should not appear in channel B, although we cannot
state from the data that it is absent. The optical components for
channel B are mounted in a brass tube which serves as an optical
bench; this tube in turn is mounted only on the I beam. Further-
more, the detector is so large and the image so fuzzy that small

motions of the image on the detector would not be noticeable.

The effect of the tracking deadband is to cause the radiation to
strike a slightly different part of the telescope mirrors and to
enter the radiometer at a slightly different angle. The effect of
these changes on the signal was measured by measuring the sig-
nal at a fixed position on the sun while moving the telescope around
within the deadband. No change was observed in the signal at 11
and 18 y . Furthermore, there is no evidence in the fiight records

for correlation between the signal and swings across the deadband.




We conclude that errors duc to this source are negligible,

The most important and difficult calibration is the dcztermination
of the scanning function, that is, the responsec of the gystem to a
point source. This is related to the optical transfer function of
thic telescope and the geometry of the slit., The response of the

system to a point source is not a delta function because of the ge-

ometrical width of the slit, the aberrations of the telescope, dif-
fraction, scatter.ing, and the time constant of the amplifier. The
first two are independent of wavelength., Diffraction depends in
a simple manner upon wavelength; both the intensity and the an-
gular distri’t;ution of the scattered radiation may depend upon
wavelength in a complicated manner. .‘I‘he effect of the time

constant is negligible in our case.

The scanning function was measuredfor the three shortest wave -
length filters by illuminating the telescope with collimated radi-
ation from a narrow slit in kfront of the 1000°C blackbody. The
radiometer Was scanned across the image of the source and the
responsc mea sured'. The sour;:e is not a péint, .but the effects |
of its known width can be s.mply removed from ’the results, It

is necessary that the source have the same curvature as the en-

trance slit and that the telescope and collimator be carefully
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It was not possible to measure experimentally the scanning
function for the three longest wavelenygth filters because six
neters of humid air is opaque at wavelengths in their pass
bands. Itis ncecessary either to extrapolate the measurements

to longer wavelengths or to calculate the scanning function.

It is possible in principle to calculate the scanning function ex-
cept for scattering at the mirrors, The diffraction culculation
for the aperture pattern of the telescope is tedious but not diifi-
cult; it is tractable with a large computer. The resuits of such
a calculation at wavelengths where measurements can be made
do not, however, agree with the measurements. This is the

biggest difficulty in the present experiment, producing the lar:-

est uncertainties in the results.

We have been forced thereciore to extrapolate the measurements
at shorter wavelengths to the longer wavelengths. We have
assumed that the wavelength dependence of the scanning function
{x=x') , that is the response of the radiomicter at posi-
tion x to radiation of wavelength A from a point scurce who ¢
geometrical image is at x' , may be included by writing

S, (x-¥) = S(L;.l&' ) ; i)

Lhddos
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in other words, we assume that the size of the image ofa; point
object is proportional to wavelength, This asswinption depends
upon the fact that we expect diffraction to be the dominant effect
rather than gclometrical aberrations or ﬁnite slit width, Therec-
fore, to oblain the scanning function at long wavélengths, we
have simply éca.led the coordinate va the short wavelength meas-

urements by the ratio of the wavelengths.

For this purpose we have used the measurements with the 18 u
filter. We chose to use the measurements at this wavelength
because they had the highest signal tc noise, their, spectral band-
width more nearly simulated that of vtl.'xe longer wavelength filters,
and the ratio of ‘wav‘elength to slit width most cipsely simulates

that of the channel B filters.

The extrapolated scanning function was used in analyzing the data
from the NaCl, KBr, and CsBr filters. The uncertainty in the
scanning function represeénts the largest uhce;i’tainty in this ex-
periment. There is one piece‘ of evidence which gives confidence
in this proceduré: .the extrapolated scanning function predicts
fairly accurately the observed signal when the slit is be‘yond the

1irﬁb of the sun.
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The package was iaunched from the National Center for Atnmos-
pheric Research Sciehtific Ballooning Station at Palestine, Texas
(31047'N., 95942' W.), at 1223 UT on 23 March 1968. The weather
was clear with winds from the north at four knots. Payload weight
at launch was 1075 kg. The balloon, manufactured by Winzen Re-
search, Inc., was a 2. 96 million cubic foot (83, 000 m3) balloon

of 1.5 mil polyethylene with 650 1b test load tapes on the seams.

It was inflated with 2161 m3 of helium at STP giving a gross lift of
1967 kg and a free lift of 146 kg above the gross load of 1821 kg.
The package ascended at a nearly uniform rate of 4.0 m/sec
reaching ceiling of 27.2 km about 1415 UT, The first automatic
operation, coarse tracking, commenced at 1426. The system was
fully operational with the transfer of the elevation control irom the
fine eyes to the image sensors at 1517. Data were taken contin-
uously until 20618 at which time the radio command was given to
terminate the flight. The package descended by parachute landing
in a field near McComb, Mississippi, ébout 2100 UT, Minor dam-

age was sustained due to dragging of the package by the parachute.

In addition to the data on the center to limb variation of the solar
infrared radiation, which will be discussed in the final chapter,
it is worthwhile to record a few engineering data obtained. There

were three recording thermometers aboard; their records are

I R T
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showua in IMigure 12, One was located on the {floor directly under
the telescope, near the center of the package; the second was also
on the floor, but near the outside wall; the third was inside the
clectronics tank. The temperature in the tank was somcwhat
buffercd by the addition of twelve half lite‘r water bottles, six of
which were frozen. The tank was thermally insulated. The effccts
of passing through the tropopause, a temperaturc of -62°C at 18,6
krn altitude, mey be seen on both ascent and descent. Tempera-
ture at altitude, with the sun shining on the pa,'cka.gc, was not

greatly different from ground temperatures.

The output of the sun bl‘ighfnes's moritor, a silicon cell identical
wilh the coarse eyes, was 25 % greater at altitude than on a clear
day in Palestine a few days before 1;unch. The difference is
attributed to the lack of atmospheric absorption Aand scattering at

altitude.

Finally, it seems appropriate to close this chapter on instrument-
ation with some remarks on how we would .improve the experiment
with the b'cnefi‘t of i’xiﬁds ight. It is inherent in the nature of balloon
experiments that one has little opportunity to correct his mista'kes;

perhaps futarc experiments can profit from these observat ions.




L shouid De PusSIo.ie T0 MAke ahy viledis Ul Lracring errors
Blmeidabiv,  ThOc allaqe tracking sysiunl is watriasicany aveuraty,
The difficulty iay in the {requency response of the servo systenmis:
in particuiar,the e.evation carive is too slow to fo.ioW the nodding
of the package. We attemptec to eiiminate the nodaing: N.dey
11903, says it is better to assume that the nocding is inevitap.e
anc Ges.gn the servo systeni to counteract it. He agvocates re-
piacing the worm drive with a torque motor. The teiescope wou.c
then not be aware of the nodding except through bearing iriction:
the torque motor would be iast enough to eiiminate errors {rom
this source. Such a system, combined with the present imaye
tracking system in cross elevation, should provide tracking ac-

curacy to better than 5 despite gondola motions of severai minutes

The radiometer should be fastened rigialy to the telescope rataer
than moving to efiect the scan; this wecuid eliminate the prok.em
of mechanicai distortion of the radiometer during a scan. 1ne
scan couid be prodﬁced by moving the image sensors ana auow.ny
the tracking syster:: to move the image to ifviiow sensors. Tnhe o«
put to the main azimuth servo system couid be the deviation of the
Newtonian secondary from its neutra: position as nmeasured Jy a
pot attached to the servo motor; this woulq avoic the Gifference in

direction of the chief rays entering the slit irom different par:ts of




the sus, the problem whick causced us Lo abundon this approach
iLoina Sorst place. Under the proposed scheae the axis of the

telescope would move to point at the arca being obscerved. Any
off axis aberrations of the optical system would also be avoided

thereby,

Realizing after the fact the importance of an accurate knov.ledge
of the scanning function, we would attempt to take the instrument
to a vacuum test chambecr where the scanning function could be
measured for all the wavelengths. The uncertainties in the scan-

ning function are the limiting factor in the accuracy of the results.,

If the absolute intensity is known at one wavelength, it is possible
to deduce the spectrum by measﬁring only relative intensities.
The errors are cumulative, however, because everything is tied .
to one point; the farther one goes from the reference wavelength,
the larger the errors become. This fact limits the usecfulness of
the technique, an objection which could be overcome by measuring
absolute intensities. To measux;e absolute i‘ntensitics with the
accuracy of 1-2% which is required for the results to be useful

is a formidable task, .but it would make a significant improvement
in the experiment. An assessment of the amount of water vapor

between the telescope and the sua would have to be made.
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On the purely .nstrumental side, we believe that the jour crystal
reststrahlen fiiter combined with a transmission filter of Zmm

of crystal quartz and . 2 mm of black polyethylene would provide
satisfactory filtering for the long wave filters and would Le easier
to employ than the focal isolation apparatus. The difficulty of
aligning an optical system with radiation one cannot see¢ and can

barely detect eiectronically is considerable.



IV. RESULTS AND DISCUSSION

The data were obtained in the fnrm of analog traces on a paper
strip 9.2 cm wide and 45 in long. The {first, and most laborious,
task was to convert the deflections into numerical values. This
was done manually for several scans to obtain a "quick look'' at
the data. Because of the large volume of data -- some 20, 000
data points were }'neasured -- we decided to make the conversion
process as nearly automatic as possible; a Perkin-Elmer DDRZ2
digital recoruer was available for this purpose. A mechanical
device was constructed which allowed the operator to set a pair
of crosshairs on the point to be measured; a linear encoder fol-
lowed the motion of the crosshairs. When the operator closed a
foot switch, the recorder punched the position of the crosch-i:s
onto paper tape. The resolution of the encoder is .12 mm, about
. 15% of the maximum deflection. The conversion of the punched
paper tape to useful form proceded in a rather round-about way.
The paper tape was converted to magnetic tape by National Cash
Register Co.; the magnetic tape was interpreted and edited by
the University of Massachusetts compﬁter which eventually punched |
the results onto cards. The cards were then used as input to the

data analysis programs.

95
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The analysis of the data {rom channels A and D differed somewhat
becausc of the markedly different signal to noise ratio, The ratio
of signal to r.m, s, noise war greater than fifty for all filters in
channel A; cach scan gave a well defined center-to-limb curve.

The signal to noise ratio for the data from channel B, on the other
hand, is only about 6, so that the lirnb curve for one scan is very .
ill defined. It was necessary to average all the scans from a single
filter of channel B beforc determining the signal as a function of

distance from the limb.

The record from each scanning cycle of channel A was marked at
125 particular points; 32 of these points were marked by signals
{rom the drive mechanism at fixed intervals during the scan; the

remaining points were interpolated between these reference marls.

The use of the signals from the drive mechanism to determine the
position of the radiometer in its scan was essential because of

variability in the spced of the paper drive in the recorders.

At cach of the 125 ina.rked points, the position of the radiometer
was known to within£.002 cm from preflight calibration of the
position signals, At ecach of these 125 points the deflection was

recorded, When the slit was near the cdge of the image, the signal




oscillated with peak-to-peak amplitude on the order of 50% of the
signal. This oscillation was due to the motion of the image ir.
azimuth because of stabilization errors. Whe're these fluctua-
tions occurred, separate points were measured at the maximum
and minimum; the average of these two was taken as the correct

value at that point.

These fluctuations near the limb affected only the determination
of the position of the limb. The data on relative intensity were
used only from distances from the limb which were great enough

that the tracking errors did not produce noticeable effect.

The limb was defined as that pgint where the signal dropped to
50% of its value at the center of the sun. To obtain the central
deflection a zer> value, measured when the slit was more than 5'
beyond the limb, was subtracted from all the data points. The
ceitral value was taken to be the average of the six data points
nearest the center of the sun; for all these points ¥ > 0.9 ., For
each scan, the point where the signal was first less than 50% was
determined. Then the best straight line (in the least squares
sense) of signal vs, radionﬁeter position was fitted to this point
and the two points on either side of it; the radiometer position

where this line crossed the 50% level was defined to be the limb,
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The error introduced by nceglecting limb darkening in determin-
ing the limb in this manncer is only about 12 U at most; since
this amounts to only a tenth of the width of the slit, it may be

negleccted,.

Once the position of the limb has been determined, the distance
from the limb is calculated for each of the points. To average
different scans, it is necessary to know the signal a;: the same
position on the sun for each scan. From the raw data, a three
point Lagrange interpolation wa s used to determine the signal at
100 seclected distances from the limb, 50 Igr each ha}f of the scan-
ning cycle. The data from all tl;te uééble scans were averageci to

produce the uricorrected limb curve for each filter,

The data from each ‘of. the 20 scans of' each filter We;re punched
onto the paper tape; Because of opera,tor‘error or equipment
malfﬁnctin'n, some of the scans had to be discarded., Ten to
fourteen usable double scans (limb to center to limb) were ob-
tained for each filter. Since noise did not cohtribute appreciably
to the err'or; in these limb curves, the data whick were rejected

*

were not repunched,

The averaged scans were corrected for the error introduced by
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the mechanical distortion of the ri.diometer discussed in the pre-
ceding chapter; the correction varied from +0,5% to -1, 0%,

The center-to-limb scans were then averaged with the limb-to-
center scans. In this average, the distortion correction is less
than 0.5%, so an estimate of T 0.5% for the remaining uncertainty

due to the radiometer distortion is conservative.

The average curve is then corrected for the effects of the scan-
ning function. The mea;sured response to a point source when
integrated once yields the output which would be expected if the
sun were uniformly bright, The difference between this value
and the observed value is due to limb darkening. Thus to the ob-
served value, we add a correction equal to 1 - S (x),where S (x)
is the integral of the scanning function at distance x froin the
limb, to obtain the limb darkening curve v:e would expect if there

were no diffraction. The correction is shown in Figure 11.

Points for which the correction applied in this manner exceeds
+150 are discarded. This determines how close to the limb we
accept data and consequently the i'ninimu.m value of U that we
observe, This minimum value of W for each filter, with the cor-
responding equiv;l.ent wavelength def ned by Ayp 2/# » is shown

in Table III.
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Duc to the uncertainties in the correction for the scanning function,
we assign to cach point an estimated uncertainly which is equal to

. 005 plus one third of the correction for the scanning function plus
the probable crror due to noise. The systematic errors are larger
than the random errors; we cannot call this estimated uncertainty
a probable error. It merely represents our best judgment of the

likely errors,

There is one remaining correction to be made to the curve for the
NaCl filter, duc to spectral contamination of the desired radiation
with 2 small amount of visible and near infrared. Observation of
the sun with the NaCl filter 'from the ground gave a signal whic‘:h
was 5.2% of the signal from the center of thé sun during the flight,
Since the atmosphere is totally opaque at wavelengths in the pass-
band of the NaCl filter, this signal must represent '"leakage'' of
visible th'rough the filter, - This 'ledkage is expectéd to have the
same spectrum as the sun. Therefore we have corrected the limb
darkening curve for the NaCl filter for this spectral contamination
by subtracting a curve which has magnitude . 052 at the center of
the disk and has the same limb darkening parameters as t:hc"se

given by Allen (1963) for the total solar radiation, namely

I(;u)/I(l) = 1-.84 (i*;«t) +.20 (1-}[2).' .1y
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The remainder, radiation in the NaCl reststrahlen band, is re-
normalized to give the center-to-limb curve for the effective

wavelength of 52 U.

There is no evidence for significant ''leakage'’ by the other three
filters of channel A, From the nature of the reststrahlen filters,
we expect that the leakage would be almost independent of the
wavelength of the filter; roughly speaking, visible light can't tell
the difference between NaCl and NaF. Therefore the fraction of
the signal coming from leakage is inversely proportional to the
signal. All the other filters have at least 10 times the signal from
the NaCl {filter, so we expect none should have more than . 5% con-
taminatton, which would only change the limb darkening by .2%, an

error negligible in comparison with the other errors in experiment.

The limb darkening curves for the channel B filters are constructed
in a similar manner with one exception. Because of the low signal
to noise, all the scans from a filter are averaged before determining
the location of the limb. The fluctuations due to tracking errors

and the small amount of long term drift éf the tracking system are
not as important as in channel A because the spatial resolution is

poorer at the long wavelengths of channel B.
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The records were sampled at 91 points per scan rather than 125
as in channel A becausce of the decreased resolution and the

longcer time constant of the channel B amplifier,

A total of 41 scans for each {filter were averaged. No corrections
were made for distortion or spectral contamination. Thecre is no
evidence for any distortion, but laboratory tests indicate the possi-
bility that 5 to 10% of the signal might be due to the short wave-
lengths. This short wavelength radiation could only come from
wavelengths near Hu. . The sunat U4y has virtually the same
limb darkening curve as we observe at the longest w‘a.veicngths,

so the correction makes essentially no change in the results.

The corrected limb darkening curves for the various filters are
shown in figure 13, The individual points shown are the average
of 20 to 30 mcasurcments for the chafmcl A filters-a.nd 41 meas-
urements for the channel B filters., The solid curves shown are

based on a smooth curve fitted to the whole spectrum.

We have a high degree of confidence in the accuracy of the limb
darkening curves from channel A, There is more room for un-

certainty regarding the curves from channel B because of the

lower signal-to-noise ratio, because of the impossibility of making
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many of the tests to check the constancy of the sensitivity of the
apparatus during a scan, and, most importantly, becaus of the
uncertainty of extrapolating to channel B the scannring function
measurements on channel A, We believe the results to be essen-
tially correct, but cannot absolutely exclude the possibility that
the absolute value of the limb darkening is significantly in error.
The conclusion is clear, however, that there is considerably
more limb darkening at 85 4 thanat 115 u. There seems to be
no way that this conclusion could be erroneous, and this fact
strongly supports our conclusion that the Bilderberg model in-

correctly predicts the infrared spectrum in this spectral region.

Once the corrected center-to-limb intensity curves have been
constructed for all six filters, the brightness temperature at the
center ot the disk must be assigned. For the l1u filter, we
adopt the value of 5036 * 300K given by Saiedy and Goody (1959).
The value for each of the successive filters is determined from
the limb darkening curve for the pregéding filter as follows: the
relative intensity is converted to absolute intensity by multiply-
ing by the intensity of a'bla.ckbody at the temperature of the
central brightness temperature., Intensities are converted t;o
brightness temperatures using the Planck function. A weight

which 1s inversely proportional to the estimated uncertainty is
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assicacd to cach point. A loast squures fit of a polynomial in ¥k
is made to all the points, using the assigned weights, Three
terms arc used in describing the channcel A data; oaly two terms
are used for the less accurate data of channel B. From this
polynomial approximation the brightness temperaturc is deter-
mined at U = Ui/ki-i-l]z where Ay is the effective
wavelength of the filter in question. and Ai+l is the effective
wavelength of the succeeding filter, This value of the brightness

temperature is assigned to the center of the sun at the next

waveiength.

After thke central brightness temperature for each filter has been
determixied. we compute the brightness temperature of ecach data
point along with the corresponding value of £ = A2/, 'i‘he
resulting data ©(§) | represents our basic experimental

result.

In calculating & , as in all the analysis of the experimental
data, the wavelength of the radiation was assumed to be the effec-
tive wavelength tra;xsmitted by the filter, that is, no correction
was made for the rather large spectral bandwidth of the filters.‘
Because of the fairly slow change of solar brightness tempera-

ture with wavclength, no very serious error was introduced by
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this proceacure.

Figure 14 shows the spectrum calculated irom the limb darken.-
iny measurements of the present work (solid curve) and a repre-
sentative number 0f data points with their estimated uncertainties,
a.ong with the results of a number of investigators. The predic-

tions of the Bilderberg model are also shown (dashed curve).

There have been several ground based studies of the region iram
10 to 25 4 (Saiedy and Goody 1959; Saiedy 1960; Léna 1968, 1969;
Kondrat'ev et a.. 1955; Koutchmy and Peyturaux 1968). The re-
sults are not ai. consistent, but the discrepancies are not much
greater than the estimated errors. The mean of the observations

is probably accurate to T 100°; it agrees well with the BCA.

The spectra in Figure 14 which are deduced from limb darkening
(Saiedy 1960; Léna 1968, 1969; and the present work) have ail
been computed in the same manner and are all tied to the poiut
5036° at 11.1 4 . The value given by Kondrat'ev et al. at this
wavelength, 52009, is significantly higher. Saiedy and Goody
have used great effort to make an accurate radiometric measure-
ment, while the result given by Kondrat'ev et al. is a byproduct

of an atmospheric transmission measurement. We believe that
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the value 50340 1s more reliable.

The present work and the measurcments by lLéna both agree
with the limb darkening measurements of Saiedy; those results
only extend to U = 0.4. At smaller y , our measurcments
and L.ena's disagree in that his show a dip near ¥ = 0.3 which
is not apparent in the balloon data. His results should be more
reliable since he used a larger telescope, the 150 cmi McMath
solar telescope at Kitt Peak, and longer observing time and had
no tracking problems. The advantage of a balloon telescope,
freedomn from atmospheric absorption, is not important at 11y
We conclude that it is éro’bable that at wavelengths greater tha.n
204 , our results are too high by about 100°. The absolute
intensity measurement by Koutchmy and Peyturaux at 20 -3 U

yields an even lower temperature.

The Bilderberg model, then, appears tc; be quite accurate to
wavelengths of 30 u . Beyond this point, there is greater am-
biguity. The eclipse limb dé.rkening measurements of Noves,
Beckers, and Low‘(1968) imply that the slope of the spectru%n
do/d). near A = 60u is nearly zero, although slightl'}
negative, which is entirely consistent with our résuits. Becr

(1966) gives only a power law for the intensity from 10p to 70
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Iy, = AT4*0%75 baged on his balloon flight data. Taken literally,
this would imply a slope in the spectrum d0/dA * 10°/u

near 50 M.

A group from Meudon Observatory (Gay et al. 1968) also meas-
ured the absolute brightness from a balloon at wavelengths of

50 to 200 4. Their results at all wavelengths are higher than
our results, but if reduced by a constant factor, their shape is
congistent with our spactrum, and also agrees with results men-
tioned above near the short wavelength end of their spectral
region and with the results »>f Eddy, Léna, and MacQueen (1968)

at the long wavelengths.

The only other results available in the 100.200u region ;re the
results described in this paper and the absolute intensity meas-
urements of Eddy, Léna, and MacQueen made £r§m the NASA
Convair 990 aircraft. Their results imply a temperature mini-
mum higher in the atmosphere than the Bilderberg model, with
a lower value of the temperature. Our resuvits at the longest
wavelengths are lower still, but are consistent within the esti-

mated errors of the two experiments,

Recent rocket measurements of the ultraviolet continuum by
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Porkinsou and Reaves (Gingerich 1969) have resulted inn an ultra-
violet brightness temperature minimum of about 43C0° in contra-
diction to the earlier rocket work., Since the BCA relied heavily
nn the UV measurements in determining the tcmpérature mini-
mum, the work of Parkinson and Reaves casts serious doubt on

the validity of the BCA,

Gingerich (1969) has constructed a new model incorporatihg the
work of Parkinson and Reaves and the infrared measurcmcnﬁ of
Eddy, Léha, and MacQueen., This model is characterized by a
minimum at a lower temperature, 42509, than the BCA, But which

occurs higher in the chromosphcré.

The predictionsv of the Gingerich model di‘fe_r from those of the
BCA primarily in the region covered by our ch_a'nnel B filters.

Our résqlts favor the Gingerich model over the Bilderberg., It
should be noted that Gingerich himeelf was one ;>£ the principal

authors o the BCA.

It is interesting to note the rapidity with which ideas about the
solar temperature minimum have evolved in the past few years'.
At the tiree the present experiment was first proposed (1966), it

was thought that the minimum in the solar infrared brightness
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temperature would occur near 15 u (de Jager 1964; Noyes 1966),
At the time of the balloon flight (March 1968), the Bilderberg
model was believed to be correct, implying that the minimum
occurred near 100U , At the present writing (April 1969), there

is some evidence that it may cccur as far out as 300 u,

We now proceed to construct an eiapirical model of the lower
chromcsphere based almost entirely on the limb darkening meas-
urements reported here., We do not represent this as the best
model which caa be constructed with all the available data and the
best current theoretical understanding of this region; the construc-
tion of such a model is beyond the scope of this paper. The model
we construct merely best reproduces the measured infrared limb

darkening,

We make the assumptions discussed in Chapter II, namely: the
electron temperature is a 'functior‘z only of height in the chromo-
sphere; the far infrarsd source funcéian is the Planck function of
the local electron temperature; the only source of opacity is free-
free transitions of negative hydrogzen, with opacity proportional to
A%, Then it follows that the brightness ;temperature
Qo(%) corrected for the departures from the Rayleigh-Jeans

law is just the Laplace transiorm «of the electron temperature as
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a function of refercence optical depth,

To determine the chromospheric temperaturcs from the obser-
vations of the brightness temperature we must fit the brightness
temperature with a function whose inverse Laplace transform
we may obfain analytically or numerically (White 1968) or,
alternatively, to start from some assumed function T ( Ty )
and calculaie Oo(£) subsequently adjusting the assumed

T (710 ) to obtain a good fit of the observations.

The first procedure is notoriously unstable (Twomey 1965) in
the sensc that the mathematical {fitting procedures mayproduc':c
unphysical results such as negative temperaturcs. Our final
procedure was somewhere between the two extremes, We first

attémpted to fit the data ©(§) with a polynomisl in %:
N | |

‘ _ - | |
@(%) = Z: Q57" . (1v. 2)
' n%o
The corresponding chromospheric temperature distribution
T (7o) is
N
— Q n :
T(7) .""Z ‘”r”\"}f Te . (IV.3)
n¥e ’

L)

It was not possible to find a polynomial approximation which
satisfactorily represcnted all the data. The reason for this is

clear: the range of values of 1/§ is so large that the coefficients
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of the polynomial are determined almost entirely by the values
of Q¢ at short wavelengths. The long wavelength data, where

®¢ varies rapidly with 1/& cannot be fitted with the polynomial,

Thus we were led to divide the data into two overlapping ranges:

11=-804 and 50-180u, We then fitted separate poly-
nomials in 1/ § to ©(§) over these two ranges, It was possible
to obtain a good fit of the data points which gave physically accept-
ahle temperature distributions T (To ) in the two ranges of

which contribute most to the spectrum in the corresponding
spectral ranges. From the polynomial approximation for the
first range. the correction for the failure of the Rayleigh-Jeans
law

LOOLX) = ?;'—" [2'3 % + % é‘gi] (IV,h)

deacribed in the second chapter was applied, This correction was
very amall -« at most 129 .. and was not applied except to the
data from the 1iy filter. The polynomial approximation was

then corrected for this change.

The two polynomial approximations to T (7o) did not agree in the
region of overiap. This is not surprising since the fitiing proce=

dure can vary the temperature distributions radically near the
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ends of the range to get the best fit over the major portion of the
range. We fitted the two distributions together with a simple
function which we adjusted to give the best spectrum in the
50.100 M rcgihn. The function which best reproduced the oh.

served spectrum over the entire range of data was

T(t,) = BIBHK T 7.0\ '.L.g (IV. 5a)

T(T,) = 4625.3 + 1.6655 %105 To = L4634 K107 T2
44254 A10® T2 =~ 3.845%107 T 93278107 1,2 (IV.5Db)
L8l 7T, 3 .0002]

T(T) = 5062 + 110 logTa (IV. 5¢)
0002(7 T, ‘g 000063

T(1,) = 42004 lBOQ(L‘,a,‘,'t, '_MA)' 857 5 600(;12\2. 5d)
0000 « %

TIT) %= #4002, = 3.196510%T, + 6.842 xd° 7,2

-1,2%46 10" 1} & 473810 T A
0000257 T, .

(IV, 5e)

Equation 1V, 5a represents a boundary conslition on tha model; it
should not be taken to mean we believe tha' s;wlar atmosphere to
be isothermal below T = 10™%, OQur data supply very little in.
formation on that region, and we could have equally well taken a
maoare realistic appi'o;;ixnutioxx for that region without seriously
affecting the 1nodel at hig,her Tevels, Equatin‘x; IV, 5b and ¢ repfc.
sent the polynomials fitted.to the data in the short and long wave-

length regions rcspectively; equations IV.5 ¢ and d represent the
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transition region, This temperature distribution is shown in

Figurc 15,

In determining the spectrum 0,(§) from the temperature
distribution T(Tgy) to check the accuracy of the representa-
tion, a five term Gaussian quadrature was employed as described
by Chandrasekhar (1960). The integral

®.(§) = ELT(‘C.) e~V 41, (IV.6)

is approximated by the sum

T W

O, (%)= t Qi T(T (IV. 7)
b=l .

where the @, are the zeroes of the {ifth Laguerre polynomial

and the ay are the corresponding Christoffel numbers, given

by Chandrasekhar.

Figure 16 shows the measured values of 0,(&) with the reasults

of the curve f{itting.

The range of the chromosphere over which this approximatian
may he expected to apply muat be determined, It does not hold

where Tof <1 because the opacity and hence emis-

<
max

sivity of these regions is sa low that they do not appreciably alfect

the longest wavelength radiation we observe; on the other hand,

e s g———— .
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radiation from regions where T°€min>>l also is hot ob-
served since at even the shortest wavelengths we observe, it
is alimmost all absorbaed by the overlyirg layers, Since

B =123 0% wa Boeay = 32,500
we may cxpect our temperature distribution T (To ) to apply
over the range

tosp‘? $ T X 1078

The quantity T (7o) does hot, of course, completely describe

a model. We must specify also the cther physical quantities such
as density, preasure, composition, and electron pressure as a
function of height or of optical dépth. The variatién of the ath;‘.r
quantitiesa ﬁ)ﬁst be deduced from T ( 71y ) with the aid of physical

laws, other experimental data, or assumptions,

Normally in constructing a model, one starts at T = 0 with the
boundary conditions P = p = and.worka inward. Our model

docs not extend to T = 0, 8o we mﬁst decide on appropriate bound.-
ary conditions. The pressureat 1o depends upon the struc-
ture of the atmoapﬁere above that point, about which our data give

na infarmation. Yor lack of any better assunption, we assume

that the pressure Pg at 1o

is given correcily by the
min B vy

Bilderbery model.




We assume, in common with other models of the low chromo-
sphere, a homogeneous layer in hydrostatic ecuilibrium. We
assume a composition of hydrogen and helium in the ratio 10:1
by number plus a {raction of heavier elements which is negligible
in computing the pressure and density, but which serves as a
source of electrons. Most of the free electrons come from the
ionization of the small fraction of metals; sodium, for example,

is more than 99. 9% ionized throughout this region.

Since the infrared free-free opacity is proportional to the number
d?msity of {ree electrons as well as the number density of neutral
hydrogen atoms, we must know the electron density to calculate
To. We cannot determine the electron density directly from
our far infrared data. We have three alternatives: a) assume a
composition {o* the atmosphere including the abundance of metals,
and calculate the ionization equilibrium from Saha's equation,
or, better yet, by non.LTE methods; b) use experimental data
such as the ec.ipse measurements of scatte.ring near Al&’(ooﬁ;

or ¢) extract the electron density from some other model.

The first alternative requires essentially a complete solution of
the chromospheric problem, which is beyand the scope of this

paper. The second is inai.curate because of difficulties in {ixing
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the height scale and because of otlier sources of emission at
AH'[OGE( such as emission from negative hydrogen
ions or the Pagchen continuum, ‘Thercfore we have adopted
the third alternative: we assume that the electron density cor-
responding to a given hydrogen density is the same as in the
BCA. This should be fairly accurate at depths  T,>5x107%u™2
where our temperature diai:ribution doca not differ greatly from
the BCA. Moderately large errors may be expected in the
vxcxmty of Ty = 2x10” *u~%,
With these assumptions, we may complete the model. Starting
thh Pand T at 14 N wé compute the number density of

min
hydrogen from the ideal gas law and the assumed composition:

P=(nesnd KT = 1L KkT.  av.e)
From the number denéity of h&drogén, we deterrﬁine the electron
number density from the BCA. Using the value of the free-free
opacity gi.ven by John (1966), which we approximate to an accur-
acy of 1% hiy~

Ky = 8.4T2x\0%* »2n, PQT'°'85 eo! ,(IV.9)

we calculate dvo/da - from

dte . K

d7Z CTE | (IV.10)

The pressure gradient is given by the hydrostatic balance equation

aP _ | |
9z ¢ 9, | (IV.11)
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Lo o
and p = r.om..o+ N, T, . e
- :: ::e he = - s "MA:;.A:; E )

-s L

s¢ that

dP _ 14gqm. (zv.22)
4T, Q472x100% Ne kTe% |
We may now integrate this system numerically to obtain P, Ny,
Nes» P, and 2z (measured from the starting point) over the range

oi 7o for which T (7o) is applicable.

The customary independent variable used in describing mo 2is

is Ts , the optical depth at 25000 R rather than height be-
cause of the arbitrariness in determining the origin of the height
scale. For comparison of our model with others, we have com-
puted Ts. We have arbitrarily fixed our height scale in addi-
tion so that it agrees with the BCA at Ts = 10~ % | In computing
the opacity at ASOOOK we used the polynomial approximation

given by Gingerich (1961).

Tables V and VI give the values of the various physical quantities
at different levels in the chromosphere in this model. Table VII
compares the properties of this model with the Bilderberg Con-

tinuum Atmosphere.

The details of this model must not be taken too seriousiy. It is
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basced on only one set of vbservations over a lunited range.
Furthemore, the process of inverting the obgervations to ob-
tain the temperature profile is, as mentioned above, unstable
in that small changes in the observed quantities can introduce
large differcnces in the model. In addition, the cor putation of
the conplete model from the temperature profile is very un-
sophisticated and relies on some imperfect assumptions, par-

ticuiarly with regard to the electron density.

Nevertheless, we believe the divergence between this model and
the BCA at the upper levels is feal and that this model indicatc?s
the direction in which the BCA must be modified ‘o fit the real

sun, that is a fairly s;eep drop in temperature near Ts= 10 -3

above an almost isothermal region with T = 46009, foilowed by

a cooler, higher region.

The results reported here decrease in reliability as they proceed
further from the direct observations. We believe that the limb
da.rkehing curves are reliable, especially from the channel A
filters. The spectz;um computed from these curves is less re-
liable because of the cumulative effect on the errars of attaching.

the start of one curve on the end of the preceding one. The tem-

perature vs. optical depth curve is still less reliable because of
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the raathematical difficulties of the inversion process. Finally
the complete model is still less reliable in its details because

of the inaccuracy of the assumptions,

The quantitative conclusions of this work are primarily included
in the appenced tables and graphs; qualitatively the principal
conclusions arc that the 4600° minimum of the BCA represen's

a plateau rather than a true minimum and that the true minimum
temperature is a lower value which occurs higher in the chromo-

sphere.

Clearly there is still significant uncertainty in the solar far infra-
red spectrum, especially at wavelengths greater than 100 u, and
consequently there is still significant uncertainty in the tempera-

ture structure of the lower chromosphere.

In addition, variation of the chromospheric temperature structurc
with the solar cycle has not been investigated at all. Practically
all the infrared measurements have been made within the past
thrce years and so represent conditions near the maximum solar
activity. Another decade's observations are nceded to answer

this problem.
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A related proulem is the infrared radiation from active features,
How do sunspots and flares, for examnmple, affect the infrared
spectrum, It is ]vmnsiblc that the data from this balloon flight

will give somme resulls about active features when the scans are
analy»ed individually and scans where the slit crossed an active
feature compared with scans where it did not. No active featurc .
arc apparent in the averaged scans. This experiment was not
designed to observe such smali‘regions of the sun as a single sun.

spot, so it is not surprising that none were secn.

The promising directions for future work of this nature scem to

be in increasing the absolute accuracy, going to longer wavel'engths,
using higher spatial rcsolution to observe active features and inves-
tigatc the assumption of spherical symmetry, and observing long

term variations in the spectrum,
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Comparison of free~-frev absurption cm Sficient Ké( (definod

by cquation 11, 7) in units of cin?.dynce” I micron

by various investligators,

Menzel and Pekeris (1935)
Wheeler and Wildt (1942)
Chandrasckhar and Broen (1946)
Ohminura and Ohmura (1960)
Gelunan (19%56)

John (1964)

John (1966)

as mtlculatcd

Temperature

63009K 42000K

0.555x10"%7  0,693x10727

3. 31 3,11
6.98 12,19
4,46 | 6,50
5.00 7.11
5,05 7.58
5.00 7.12
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TABLE II

Effective wavelengths of the filters uned in obscrving the solar
far infrared limb darkening, defined by equation I'I. L.

Filter Ao AN __(FWIM)
Interference i, 1 . 32
Magnesium Oxide 18 9

Sod.um Fluoride 31 7

Sodium Chloride 52 15

Pota ssium Bromide 85 20

Cesium Bromide 115 45
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TABLE III
Effectlve wavelength range spannod by filters
Filter Ao Mmin 3‘_9/' Hmin
Interference 11 . 169 27
Mg0 18 . 169 44
NaF 31 . 290 58
NaCl 52 . 306 94
KBr 85 . 377 138

CsBr 115 427 176




TABLE 1V

The {ar infrarcd limb darkening and the speciruin deduced femn
it. For cach filter the following coiumns are given:

M

A :
equiv

cogine ol zenith angie on sun,

equivalent waveiength at center of disk =

AO//ga

solar radiance at M relative to vaiue in
center of disk.

Am estimated uncertainty in preceding coiumn due
to voth random and systematic errors ,
oF brightness temperature of sunat A and u
equal to the brightness temperature at center
of disk at wavelength Aequiv ,
AO estimated uncertainty in & , inciuding woth
uncertainty in G(u = 1) and
in B, (u)/B, (1).
luterference Filter
U Aequiv B, (u)/B, (1) 4B 0 %o
1.000 11.1 1 -- 5036 30
. 990 11,1 1.0017 . 0050 5044 55
. 972 11,2 1.000% . 0050 5039 55
. 905 11.7 . 9963 . 0050 5019 55
. 853 12.0 . 9935 . 0050 5007 55
. 787 12.5 . 9915 . 0G50 4998 55
701 13.3 . 9890 . 0050 4986 55
. 049 13.9 . 9860 . 0050 +9773 a5
.88 14. 5 . 9816 . 0050 4952 5%
.232 i5.2 . 9795 . 0054 +Ya3 57
. 500 15.7 . 9770 . 0058 44 34 60
. 405 i0.3 L9761 . 0063 +Y3U -
427 17.0 . 9731 .0071 4918 G
406 17. 4 . 9722 . 0076 491 ek
. 384 17.9 c Y701 . 0082 4905 e
. 360 18.5 . 9694 . 0090 440 7
. 334 19.2 L9677 . 0101 4892 73




TABLE IV {(coni'd)

_Interference Filter

B, (43/B, (1)

U kequiv AB € AO
306 T 20,1 . 9679 . 0119 4892. 84
. 209 20.6 . 9678 . 0130 4892 88
274 21.2 9671} . 0145 4890 95
257 21.9 . 9630 0165 4871 105
. 238 22.17 . 9593 .0196 4852 120
217 23,8 . 9504 . 0252 4816 145
. 192 25.2 . 9406 . 0362 4773 195
. 169 27.0 . 9455 . 0554 4794 285

_Magnesium Oxide Filter
u *equiv Bk(u)/BA(l) AB © A0
1.000 18.0 1 - 4905 70
.972 18.2 1.0018 . 0050 4913 95
. 905 18.9 . 9975 . 0050 4896 95
. 853 19.5 . 9966 . 0050 4890 95
. 787 20.3 . 9942 . 0050 4878 95
. 701 21.5 . 9900 . 0050 4860 95
568 23.5 . 9845 . 0059 4835 95
. 532 24.7 . 9848 ., 0058 4836 100
. 500 25.4 . 9835 . 0063 4830 102
. 465 26.4 . 9781 . 0074 4806 105
427 27.6 . 9808 . 0089 4818 110
. 406 28.3 . 9806 . 0098 4817 115
.384 29.0 . 9810 .0109 4819 120
. 360 30.0 . 9796 .0122 4812 125
. 334 31.1 L9777 0141} 4804 135
. 306 32,5 . 9786 0163 4807 145
.290 33,5 . 9772 . 0177 4802 150
L 274 34,4 . 9727 .0196 4781 160
. 257 35,5 9713 . 0221 47175 170
. 238 36.9 . 9621 . 0259 4733 190
217 38. 6 . 9479 .0316 4669 215
. 195 40.8 .9283 . 0415 4536 260
. 169 43,8 . 9346 . 0577 4609 335
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TABLE 1V (:ont'd)
Sodium Fluoride Filter -
" Aequiv BA(U)/BA(.‘L) AB e AG
1.000 31, 1 — 1 .- 4806 135
. 972 31.4 1.0011 . 0050 4810 160
. 9058 32.6 . 9966 . 0050 4788 160
. 853 33.6 . 9923 . 0050 4771 160
. 787 35,0 . 9890 . 0050 4757 160
. 701 37.1 . 9860 . 0080 4742 160
. 588 40.5 . 9787 . 0050 4709 160
. 532 42.5 . 9788 . 0063 4709 165
. 500 +3,7 . 9794 . 0076 4713 170
. 465 45,3 . 9819 . 00958 4723 180
. 427 47.3 . 9834 . 0124 4729 190
. 406 48.4 . 9840 . 0143 4732 200
. 384 49,8 . 9866 .0167 4745 210
. 360 51,4 . 9912 0402 4766 225
. 334 53.5 . 9975 . 0252 4797 250
. 306 55,8 1.00%9 .0326 483§ 285
. 290 57.5 1.0004 , . 0378 4807 310
Sodium Chloride Filter

M }‘equiv BA(“)/BJ\U‘) AB © 40
1.000 52.) 1 e 420 22%
. 972 82.7 . 9984 . 0050 4712 250
. 905 54,06 . 9996 . 0050 4718 250
. 853 6.3 .9?97 . 0087 4718 250
. 787 58.6 . 9994 8 4717 255
. 701 62.1 . 9975 85 4708 265
L 649 64.5 1.0012 101 4726 275
.588 67.8 . 9992 124 471¢ 280
. 532 71.3 . 9976 150 4708 295
. 560 73.5 1.0030 167 4734 300
. 465 76.2 . 9915 190 4681 315
. 427 79,6 . 9871 223 4001 325
406 81.6 . 9862 249 4686 340
. 384 83.9 . 9861 283 4656 355
. 360 86,7 . 9886 329 4667 375
. 334 90.0 . 9891 395 4670 405
. 306 94,0 . 99389 494 4716 450




TABLF. IV {(cant'd)

Potassium Bromide Filter

M *equxv By (1)/B, (1) AB ) AD
7.00 85 1,0050 , 0281 4608 450
1.C0 85 . 9877 . 0300 4530 460
1.00 85 . 9981 . 0376 4576 475
1.00 85 . 9545 . 0366 4380 470
1.00 85 . 9634 . 0372 4420 470
1.00 85 1.0240 . C404 4693 485
1.00 85 . 9974 .0393 4573 480

.99 26 1.0200 . 0401 4675 485
.98 86 1.0422 ., 0378 4775 475
.95 87 1.0179 . 0394 4666 480
. 94 88 1.0116 . 0354 4637 460
.91 89 1.0148 . 0343 4657 455
. 86 92 1.0168 . 0402 4661 485
, 80 95 . 9955 L0356 4565 460
.72 100 . 9687 . 0406 4444 485
.68 103 . 9594 . 0406 4402 485
.62 108 . 9250 . 0404 4247 500
.58 111 . 9240 ,0513 4243 520
.54 116 . 9528 . 0519 4373 520
.50 121 . 9269 . 0528 4256 525
A7 124 . 8926 . 0550 4102 525
.44 128 . 9304 . 0649 4272 580
.40 134 . 9076 . 0814 4169 640
.38 138 . 8768 . 0869 4030 650

Cesium Bromide Fiiter

M *equzv Bk(u)/Bk(l) AB e AO
1.00 115 . 9748 . 0282 4120 515
1.00 115 . 9732 . 0286 4113 515
1.00 115 ' . 9910 .0299 4188 5§25
1,00 115 1.0195 .0303 4306 525
1.00 115 1.0045 .0290 4244 520
1.00 115 . 9958 . 0238 4208 500
1,00 115 1.0212 .0334 4313 538

. 9% 116 1.005%6 0337 4248 535
.98 116 1.0099 L0314 4266 - 530

97 117 1.0064 . 0283 4257 516




TABLE IV (cont'd)

Cesium Bromide Filter
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A

. 95
.94
91
. 87
.81
.68
62
.59
. 54
.50
.47
.44
.43

118
118
120
123
128
140
146
150
156
163
167
172
175

v BA(U)/BA(l) AB ¢) AO
1.0466 . €352 4419 545
1.0034 . 0297 4239 525
1.0256 . 0264 4332 510

. 9843 . 0340 4160 540
1.0118 ,0310 4274 530
. 9780 . 0424 4133 575
. 9521 .0360 4026 550
. 9760 . 0474 4125 590
. 8854 . 0495 3748 £00
. 9278 ., 0587 3924 640
. 9497 .0649 4016 665
. 9824 0725 4152 700
. 9084 . 0750 3844 700
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TABLIE V

Model of lower chromosphere based on far infrared limb
darkening measurements,

TAU O =  refercence optical depth, '(‘}\/2\2 .

TEMP =  clectron temperature

CGS GAS PRESSURE = total pressure in dynes/cm‘z.

ELECTRON PRESSURE = electron pressure in dynes/cmz.

t

height in km above arbitrary refercnce ievel,

HEIGLHIT
adjusted tc agree with BCA at Ts =10-2,

1t

TAU 5 optical depth st A50008.

o A MU s i A e




TAU -0

« 000010

«+ 000013
« 000016
« 000020
« 000025
« 000032
« 000040
«» 000050
«000063
« 000079
- 000100
« 000126
« 000158
« 000200
» Q00251
«000316
«» 000398
+ 000501
« 000631
« 000794
«001C00
« 001259
«001585
« 001995
«002512
« 003162
« 203981
«005012
« 006310
« 007943
«010000

TEMP

3977

. 3972.

3968+
3964.
4000.
/1150
4300
4450
2600
4611
4622
4633
4644
4655
468 6.
4636
4689
4705
4724
L4748 «
4777
4812
4853
4902.
4956
5016
5679
5138.
518 6.
5210
5185.

CGS GAS
PRESSURE

6 198E+02
9.044E+02
1.218E+03
1.56S5E+03
1.950E+03
2.383E+03
2.872E+03
3«427E+03
44 057E+03
4e T65E+03
Se 554E+03
6+ 433E+03
7.418E+03
B8«515E+03
Qe 743E+03

1« 111E+04

1.264E+04
1.435E+04
1.625E+04
1.838E+04
2.076E+04
2.341E+04
2¢638E+04
2¢9A9E+04
3.336E+04
3« T44E+04
4 193E+04
4« EB3EF04
5.213E+04
Se 777TE+04
6« 365E+04

ELECTRON
PRESSURE

7¢410E-02
B8.468E~02
9. 642E-02
1.095E=-01
1e247E-0U1
1.432E-01
1¢ 640E-01
108743‘01
2.139E-01
2.422E-01
2+ 739E=-01
3.097E=-01
3+500E-01
3+955E=-01
4e472E=-Q1
S« 052E-01
5¢ 708E~01
6+450E=-C1
74292E-C1
8+250E=-01
94342F=01
1+.060E+CO
1.204E+0C
1373E+300
14572E+CC
1.810E+CO
2. 098E+GO
2e454E+00
2¢904E+00
348 6E+0C
4.2 72E+00

HEI GHT
(KMD

6GSe8
5695
S41.0
51742
49 63
4T6eH
45749
43944
421.2
40345
3864 6
370.4
3546
339.3
32443
3095
295, 1
28140
267.0
253 1
239.2
225.5
21147
19840
18443
17046
1570
14245
13043
1176
1654 6

TAU 5

« 000199
« 0002 6
« 000355
¢« 0004865
« J00A03
« O0G 762
«000u 3y
G137
«001361:
«0J165
« 001952
« 002363
e 002877
«003518
« 004310
« 005300
«00e5446
«00R10%
«01CCay
012430
« 035424

019049

CE3 20T
.OQQGﬁS
« 035778
» 0400y
« 053731
e 080140
» 097Uz
« 120047

st thbbiee 3 R RO B AN A S o ) L i e il e e et o e
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TALLE VI

Modecl of lower chromosphere.

VAU O = reference optical depth,

MASS DENSITY =  density in g;m/cm3.
|

number of {ree electrons per em3,

4

ELECTRON DENSITY

1t

HYDROGEN DENSITY numiber of neutral hydrogen atoms

per em3.

OPACITY

I

K;(T)pen‘H = pr/xz.




TAU O

«+ 600010
«0G0O01L3
«000016
«+0C0020
«0C0025
« 000032
«+ 000040
+000050
+000CA3
«000079
«000100
+0C0126
«000158
«000200
«000251
«000316
« 000398
« 000501
+ 000631
« 000794
«001000
« 001259
+ 0013585
«001995
«002512
« 003162
« 003981
+ 005012
+008310
«007943
«010000

MASS
DENSITY

2-3993'09
3+« 505E-09
4e 726E-09
He O TEE-0Y
Te504E~09
B+838E=-09
10028E“08
1.18AE~08
1.358E=-08
145917=08
1.8503‘03
201383'08
2¢459E=-08
2.816E=-08
3.201F~08
30651E'08
44 150E-08
de 694E-08
5.295::-08
509583'08
e HEE I=08
Te49C =08
Bel367:-08
9.323':2-08
1056 :2=07
101495'07
1.2712-07
104032“07
14547E£=-07
1¢ 707E=-07
1.890E-07

ELECTRON
DENSITY

1.350F+11
1o 544E+1 1
1e 760E+11
2+.001E+11
2¢2538E+11
2e499E+1 1
e T62E+11
3¢051E+11
3+369E+11
3e804E+11
4+e293E+11
L4eBH2E+11

S« 460E+11

6+ 155E+11
6+ 913E+11
7«810E+11

 Be8IBE+11

9.931E+11
1.118E+12
1.25859E+12
1e L1 7E+12

1.595E+12

1. 798E+12
2.029E+12
2.2987+12
2+ 613E+12
2.992E+12
3¢ 460E+12
4 OSEE+1D
e BLTEH+12
5.969E+:2

HYDROGEN

DENSITY

1.02€8+15
10495 2+18
2.0225+15%
Qe BCOE+LY
3.21CE+15
3¢ TH1IE+15
4e39GE+1YH
56072E+15
5¢808E+15
6eBOSE+15
TeG 14K+l 5
Cel4dTE+LS
1.058E+16
1.20%E+16
1¢3692+1¢€
1e562E+16
1« 775E+16
2.008E+16
2.265E+16
2e540%+16
2.861E+16
3e204E+16
SeS5TIE+L 6
3.989E+16
Lo433E+1¢€
44915E+16
Se4365+16
6 002E+16
Ge OTEUTH+LE
Te3C2E+16
8.084E+1 8

ODPACITY

S5eRL1T7E=13
YeFUFIT=17
1ed443F =10
Qe lliYE=-1"
DeD41IE=-1S
el nB=-1r
LGeOdLE=10
Foil=~1r
e l0A4K=-1"
1¢073E~11
1eddQUR~11
LeBTE~11
S« JU3E~11
3e078E=11
309343'11
S5e06YE~11
60506E’11
BelYil="1.
1¢054E~10
1e33FK =1
1o OO0 W=10
e (ST~ 0
3+38 FE=17
HJaZEIH=11
5¢392E~-10
EeB42FE~-10
B T30E=1C
1e 494104

ZeG30E~CY
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TABLE VIii

Solar far infrared spectrum computed irom new model of lower
chromosphere compared with the observations.

A = wavelength in microns,

1]

solar brightness temperature deduced
from limb darkening measurements

C] = solar brightness temperature computed -
c
from the model
A o) o
10 5058 5072
15 4965 4984
20 4890 4893
25 4824 4825
30 | 4776 4783
35 4742 4756
40 4717 4714
45 | 4700 4694
50 4687 4677
55 4687 4664
60 4687 4653
65 4687 4643
70 4687 4591
75 4687 4543
80 4687 4499 ;
85 4635 4444 !
90 4564 4402 f
95 4492 4363 ;
100 | 4424 4326 :
110 4308 4286
120 4218 4284
130 4152 4280 3
140 4104 4279 f
150 4070 4276
160 4044 4243 4
170 4026 4212 i
180 4013 4183 1
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FIGURE 1

‘The variation of the opacity coefficient
with temperature, according to the results
of John (1966).
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FIGURE 2

The balloon bornce instrument, shown without
housing or batteries,
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FIGURE 3

Optical diagram of the Newtonian telescope.
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FIGURE 4

Optical diagram of far infrared filter radiometer,
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FIGURE 5

The four crystal reststrahlen filter.
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FIGURE 6

Mceasured transmiss on of the reststrahlen
filter with four magnesium oxide crystals
(solid curve) compared with the calculated
transmission {(dashed curve) based on the
measurcments of Madden (1956).
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FIGURE 7

Transmission of the filters used in channel A
of the far infrared filter radiometer.
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FIGURI 8

Transrniss.on of the {ilters usged in channcel B
of the far inirared f{ilter radiometer.
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F'IGURE 9

Schematic diagram nf variable gain synchronous
rectifier amplifier,
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FIGURE 10

Test of linearity of system responsec.
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FIGURE 11

Correction applied to the data for the effects
of the scanning function, based on measurc-
ments at 18y,
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FIGURE 12

Variation of temperature at variocus points
in the instrument during {iight ;

—————— ncar ccntral stem;
------ near outside wall ;

—_——— - inside electronics tank,
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FIGURE 13

The liimb darkening is the far infrared.
Circles represent average of data from
20- 40 scaus. Solic lines arc results of
fitting a smooth specirum to all the data.
Ordinates of the various curves have been

displaced vertically for clarity.
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FIGURE 14

The far infrarcd specirum of the ceanter of

the solar disr deduced
ening measuremants (solid curve) compared
with the results of other investigators and
the predictions of the Bilderberg model.
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FIGURE 15

The electron temperature of the lower
chromosphere as a function of reference
oplical depth, deduced from the limb
darkening measurements.
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FIGURE 16

The brightriess temperature 0, of the sun,
corrccted for departures from the Rayleigh-
Jeans law,as a function of £.
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