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ABSTRACT

We present first results of observations of a lunar occuitation of the
solar limb made from the Kuiper Airborne Observatory in the 30, 50, 100, and
200 pm continuum during the total solar eclipse of 1981 July 31. We find the
solar 1imb to be extended at the longer wavelengths up to 1000 km higher than
predicted from smooth plane-parallel chromospheric models. Reéu;ts at both
second and third contact show the infrared limb extensions to be approximately
0".8, 1”5, 2".5, and 3".0 above the visible limb in the 30, 50, 100, and
200 pm bands, respectively. A possible interpretation proposes chromospheric
fine structure inhomogeneities of greater density than presently incorporated

in models of the middle chromosphere.

DEDICATION
We dedicate this work to David A. Barth, the chief pilot of the KAO
during the eclipse observation, who tragically lost his 1life while teét—flying
an aircraft a few weeks after(the successful completion of our program. Our
observations required operation of the aircraft at its performance limit, and
we therefore depended very much on his skill. We were very fortunate not only
in having the benefit of his outstanding ability, but also fdr the real

pleasure of his personal acquaintance during his involvement with our program.



I. INTRODUCTION

Observations in the infrared continuum provide a ﬁoweEfulrLTE probe of
the teuperature and density structure of the solar atmosphere. The 30 to 200
pm continuum is of particular importance, since it originates from the
temperature minimum, where nonradiative.heating becomes important (cf., Thomas
and Athay 1961).

The obstacles to making good solar observations at these wavelengths are
that 1) the earth's atmosphere 1s opaque to most of the 30 to 300 pm’raﬁge,
and 2) diffraction severely limits angular resolution. Because of these
difficulties, few solar observations exist in this entire spectral band.

The Kuiper Airborne Observatory (KAO) is uniquely suited to errcome both
these problems, since it can fly a 0.9 m telescope to altitudes above 10 km,
where atmospheric extinction of infrared radiation is only a few percent (cf.
Cameron 35_31; 1971) . Furthermore, the.oécultation of the solar iimB during
an eclipse permits a determination of the solar limb intensity profile with
high angular resolution. Smearing and displacgment of the lunar shadow due to

Fresnel diffraction are of the.order

'y 12 '
\Ae‘s Distance to Moon ’ (1)

which is less than b".l for wavelengths, A, less than 200 pm. The practical
1imit to resolution is imposed by the roughness of the lunar limb, whose

height distribution has a width of the order 1".
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The overall eclipse experiment was designed to determine the intensity
. -profile of the quiet solar limb. In this first report we present a -- s
determination of the extensions of the infrared limbs above the visible limb.

These results, obtained by timing the occultations at all wavelengths, show

the solar limb at 200 pm to be extended up to three arc seconds beyond the
visiblevlimb. This extension is substantially greater than that computed for
prevailing chromospheric models in which the low chromospheric:;eﬁperature
minimum region is homogeneous, smooth, and in' approximate hydroééatic
equilibrium.

The observations we describe were made from the KAO at an alfitude of
13 km over the north Pacific Ocean, close to the Kurile Islands, north of
"Japan, during the total solar eclipse of 1981 July 31. Both 2nd and 3rd
contact occultations were observed in well-defined broad passbands centered
near 30, 50, 100, and 200 pme. All four passbands were mounitored
simultaneously at the same position on tﬁeilimb.

A full analysis of the infrared intensity profiles will be presented in

subsequent papers.

II. PROCEDURE
The KAO telescope is a 0.9-m Cassegrain with £/17 secondary optics. For
solar observations, a filter of 6 mm thick high-density polyetﬁylene was
installed over the primary mirror to reject visible light and prevent
overheating of the telescope optics. - This filter introduced optical
aberrations that smeared the instrumental beam width to ~100" at 200 pym and to

~130" at 30 pm.
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The detector system was a dichroic cryogenié four-channel photometer
(cf., thley_ég.gi. 1977). 1In this system incoming radiation enters a 4 mm
(60") common focal-plane aperture, and is partitioned by dichroic
beamsplitters into four well-defined passbands centered near 30, 50, 100, and
200 pm, with fractional width AA/A ~ 0.3. These bands are detected separately
by four gallium—-doped germanium bolometers. The Iﬁfrared flux in the same

fegion 1s thus monitored simultaneously in all four passbands.

Two-beam chopping was used‘to compensate for variable sky and telescope
emissivity and to eliminate low-frequency electronic noise in the detector
system. In this technique the secondary mirror of the telescope is rocked at
30 Hz in a square-wave mode, so that the focal plane aperture alternately
samples beams 2' apart. The detector outputs are fed into phase-switched
amplifiers, which extract the signal difference and thus continuously register

the infrared flux difference between the two beams. We define the "positive

beam” and the “negative beam™ according to the sign of the signal voltage
produced by an infrared source in the respective beam.

In normal two—~beam chopping the difference signal due to an unresolved
" source in one beam is semsitive to guiding errors. To solve this problem a
0.5 Hzltriangular wave of §' amplitude was superimposed on the normal
square-wave oscillation of the secondary mirror. This has the effect of
sweeping both beams across the solar limb crescent, once each second.

This procedure is illustrated in Figure 1 for the occultation approaching

second contact (a). As the negative beam sweeps across the limb crescent (cf.

profile b), a negative signal (two-beam difference) results, closely followed
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by a positive Jeflection as the positivé beam‘follows behind. The resulting
profile is shown iﬁ (c); The ordinate fange of this profile serves as ;
measure of the solar intensity in the band swept by the beams.

The'telescope was gyro-stabilized with a 1 Hz rms guiding jitter
estimated at.2" and a guiding drift of 2"/sec. A visual pointing reference
was provided by a bore sighteavguide telescope. The triangular-wave scan was
centered onto the projected point of second contact on the sola;'limb, where
it was maintained for a full 20 seconds after visual second contact. The
telescope was then moved across the moon to the projected point of third
contact, where the foregoing sequence (in reverse) was repeated.

The occultation rate, as viewed from the moving alrcraft, was calculated

0".46/sec. The total duration of visual totaiity was 88 s.

III. RESULTS

Figure 2 shows the 30 and 200 pm two-beam scan profiles across the solar
1imb crescent from about 15 seconds preceding to 10 seconds following visual
second contact. Profile 2(a) provides the positions of the center-point
between the beams as they are scanned across the crescent. Profile 2(b) shows
the resultant 200 pm signal difference.

A 200 pm signal difference for the lunar limb 1s clearly present after
the solar contribution has disappeared. This profile during totality was used
to generate a representation of the lunar contribution throughout the
occultation 2(c), which was subtracted from the 200 pym profile (a) to
represent the profile of the solar contribution alone (d). The 30 pm

occultation profile 1s shown in (e).



The differences between the upper and lower envelopes of the two-beam
difference plots def;ne an occultation curve for the segment of the solar
crescent scanned by the beams. These amplitudes are plotted in Figure 3 for
30 and 200 um, at both second and third contact. The 50 and 100 um
occultation curves fall between the 30 and 200 uym profiles. The lower,
abscissa zeros are the points of viéual second and third contatt‘as determined
by a video tape record of the guide telescope image.

Note that the 200 pm occultation curve ;t second contact extrapolates to
zero 2" above the 30 pm curve. The 30 pm curve in turn extrapolateé to zero
~1" above the visible limb. The 200 pm limb is therefore a full 3" above the
visible limb. This result is confirmed at third contact. We contend that
such large limb-extensions cannot be produced artificially. Neither Fresnel
diffraction nor sudden limb brightening can conspire to extend the moment of
occultation significantly.

Note that the occulation curves are approximately linear approaching
contact. This indicates a relatively flat intensity profile approaching the
extreme limb. The slope of the 200 ym profile at third contact 15 ~157%
greater than at second contact. This indicates a locally brighter 1limb,
possibly associated with wgak calcium plage near the ﬁoint of third contact
(cf. Hale regions 17754 and 17761).

The times of visible second and third contact were determined from a
video tape record of the visual reference monitor used for guiding. Because
of the increased vidicon gain during totality, our determination of the time
of visible third contact was made with three times better precision than the
time of second contact. The separation of the 30 pm limb above the visible

limb at third contact was measured at 0.8 + 0".2. This value is also adopted
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for second contact, because of better timing of visual third contact. The

1imb extensions for all wavelengths for both second and third contacts are

listed in Table 1.

IV. DISCUSSION AND CONCLUSIONS

The submillimeter limb extensions determined by our occultation
observatians increase progressively with wavelength from 0".8 (580 km) above
the visible limb at 30 pm to 3" (5200 km) at 200 pm. Thése heights are
respectively 900 km and 2500 km above the base of the photosphere (defined by
t [5000 A] = 1 viewed at disk center), which lies 340 km below the visible
limb. These results are not easily understood in terms of smooth
hydrostatic-equilibrium model chromospheres made‘to fit radiometric measures
of the solar continuum, including all of the models of Vernazza, Avrett and
Loeser (VAL 19815. The only known important submillimeter continuum opacity
sources in the solar chromosphere are free-free absorption in (e, p) and
(e, H) collisions. These increase approximately as xé, and so are much

greater for the longer wayelengths. At low chromospheric heights in the VAL

models, temperatures are much less thaﬁ 6000 K and hydrogen is almost entirely

neutral, so that (e, H) absorption dominates. Above 1200 km, hydrogen
ionization exceeds 1%, generating strong (e, p) absorption, which dominates
from thence upward. We calculate the 200 pm limb heights due to free-free- -
opacity to be less than 1500 km for all of the VAL models; approximately 1000
km below the observed height. |

It is hard to see how.a simple modification of the smooth models can
provide the extra chromospheric opacity needed to raise the 200 pm limb the

additional 1000 km required by the observations. Such a discrepancy strongly

......



indicates the existence of dense fine-structure inhomogeneities in the middle
chromoéphere that depart from gravitational-hydrostatic equilibrium.

The sense of our results was somewhat to be anticipated from earlier
results at longer wavelenghts. Beckman, Lesurf, and Ross (1975) claim a limdb
extension of 4" at in 400, 800, and 1200 pm Horne et al. (1980) observed a
limb extension of the order of 8" at 1300 pm. These extensions have been
attributed to chromospheric spicules (Beckman and Clark 1978), seen in H&
images of the solar limb. Our observations must relate to similar but denser
lower-lying fine structure.

Our results establish the existence of material of significant
submillimeter opacity at heights exceeding 2500 km above the base of the
photosphere. An important hypothesis is that the fine-structure material
responsible for the extended limbs corresponds to the 6000 K hydrogen
ionization plateau, so prominent in all of the VAL models. The onset
of hydrogen ionization in this temperature region could provide strong (e, p)
absorption to make the fine structure opaque to submillimeter radiation.

The 200 pm disk;center brightness tempefature is'only 4500 K (Rast et al.
1978). Consequently, opaque 6000 K fine structure should brighten the limb

considerably. A colder limb would require cooler and much denser fine

structure to generate the observed submillimeter 1limb extensions. A
resolution of this matter will depend on careful analysis of our data to
determine the absolute 1limb brightness temperatures at the longer wavelengths.
We applaud the entire KAO staff for their extreme hard work, competence
and enthusiasm, which made this special and difficult program a success. The
Astrophysical Experiments Branch at NASA-Ames gave exemplary technical
support. The staff and personnel of Yakota Alr Force Base in Japan gavekus
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special hospitality and a comfortable and convenient working situation. Marie
K. McCabe provided us with valuable support from the Mees Solar Observatory.
Our Japaﬂese colleagues at Kyoto University and the University of Tokyo
provided us with important updates on solar'aétivity and strong support in
making our operation in Japan possible. ' We regret,that space does not allow
us to thank all those who worked so hard on this extremely difficult project.
This work was supported in péft b& NASA grants NAG 2~59, NGL’124001-011, and
NASW-3159, the Royal Observatory of Edinburgh and by the NASA-Ames Research

Center.



TABLE 1

Submillimeter Limb Extensions

A Second contact Third contact
0.5 pm ~ 0".0 £ 0".5 0.0 £ 0".2
30 pm (ref) 0".8 + 0".0 0".8 + 0”0
S50 pm 174 £ 0702 . 1.7 % 0".2
100 pm 2".2 + 0".2 2".7 + 0".2
200 pm 2".9 + 0".2 3".2 £ 07,2
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FIGURE CAPTIONS

FIG. l.—Schematic diagram of two-beam chopping-scanning mode used for

observing the solar limb crescent (a) — see text for details. .

F1G. 2.—Two-beam difference profiles across the solar limb crescent at

30 and 200 pum during the 2nd contact limb occultation — see text for details.

FIG. 3 —Occultation curves at 30 and 200 pm at second and third contact.
The bottom abscissa zeros represent the points of visual contact. The upper
abscissa zeros reference the base of the solar photosphere (340 km below the

visible limb.
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