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Final Report
NAGA Grant NSG-5128

LYMAN ALPHA CORONAGRAPH RESZARCH ~ SOUNDING ROCKET PROGRAM

ABSTRACT

Under thls grant, the Ultraviclet Light Coronagraph was developed and
sucecessfully flown on three rocket flights on 13 April 1979, 16 February 1980
and 20 July 1982. During each of these fllights, the Ultraviolet Light Corona-
graph was flown jolntly with the White Light Coronagraph provided by the High

Altitude Observatory.

The primary objectives of this program were to develop and verify new UV
diagnostic techniques and instrumentation for determining the basic plasma
parameters of selar wind acceleration reglons in the extended corona and to
advance the understanding of the physiecs of the corona through the perform-
ance, analysis and interpretation of solar observaticns. The program was
highly successful and demonstrated that valuable UV diagnostics can be per-

formed in the absence of a natural soclar eclipse.

1.0 INTRORUCTION

F

Under this grant, the Ultraviolet Light Coronagraph (UVC) was developed
and successfully flown on three rocket flights. Durlng each of these flights,
the Ultraviolet Light Coronagraph was flown Joini:ly with the White Light

Ceoronagraph (WLC) provided by the High Altitude Obszervatory.

The primary objectives of this program were to develop and verify new UV

diagnostic techniques and instrumentation for determining empirical models of
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the extended solar corona and to advance the understanding of the physics of
the corona through the analysls and interpretation of spectroscopic observa-

tions.

The UVC, which was inltially called the Lyman Alpha Coronagraph, was
originally built to carry out the first direct measurements of the spectral
line profile and intenslty of hydrogen Lyman-a radlation at selected spatial
elements in the sclar c¢orona. These measurements, when combined with measura-
ments of the polarization and brightness of the visgible corona, allowed for
determinations of temperatures and densitlies in a coronal streamer, in qulet
coronal reglons, and in three coronal holes at helghts from 1.5 to 3.5 solar
radii from sun center., Such Information is critical to the development of a

theoretical understanding of coronal heating and solar wind agceleration.

The UVC was flown successfully on 13 April 1979 and proton temperatures
in the solar wind acceleration reglon of the sclar corona were measured di-
rectly for the flrst time. The three reglons observed during this first
flight were a coronal heole at 1,5 - 2.0 Ry, a quiet coronal reglon at 1.5 -

3.5 Rg and a coronal streamer at 1.5 Rg.

Following the April fllght, a post-flight radiometric callbratlion was
performed, the lnstrument was refurblshed, several modificatlons were imple-
mented, and the UVC was prepared for a flight at the time of the 16 February
1980 eclipse, Having proved that such UV diagnostics could be performed in
the absence of a natural eclipse, the objective of the second flight was to
obtaln UV data to be coordinated with ground-based and satellite data in

support of a comprehensive study of the corona at solar maximum,

The second jolnt flight of the UVC and the visible light coronagraph was

accomplished successfully on 16 February 1980, just seven hours after the
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natural solar eclipse over Africa, India and China, The UVC performed flaw-
lessly and obtalned 57 high quallty scans of the Lyman~a line for seven lines-
of-slght in two separate coronal regions. The measurements were obtained for
a coronal hole pgar the south hellocentric pole at radial distances of 1,5 -
3.5 Rg from sun center and for a qulet coronal reglon at 1.5 - 2,8 Rg. These
observations provided the only UV data to complement ground-based observations

of the 1980 solar ecllipse.

Bubsaequent to the 1980 flight, the UVC was refurbklshed and substantial
modifications were made te tho instrument to allow for simultaneous corona~
graphic observations of H I A121G, O VI Al032 and Al037 radiation. These
modifications permitted the first application of a new diagnostle for coronal
outflow velocities in the 25 - 100 km s-! range which is necessary because the

coronal Lyman-a measurements are not sensitive to such low veloecitles.

The third successful Joint rocket flight of the UVC and the White Light
Coronagraph tecok place on 20 July 1982. During thls flight, the UVC cbserved
a polar coronal hole and a coronal streamer. Measurements at 1.5 Rg and 2.0
Rp of the H I Lyman-a line profile and the intenslty of O VI Al032 and Al037

were made for each of the obkserved coronal structures,.

The three rocket flights of the UVC have proven the feasibility of making
coronagraphlic observatlions of the solar UV corona out to 3.5 Ry and beyond.
Each rocket flight provided observations of the resonantly scattered H I
Lyman-a profile at two to three locatlions in a coronal heole and three to five
locatlons in a quiet coronal region. The spatial resolution elements were 0.6
arc minutes x 4 arc minutes. These measurements have ylelded exclting new
informatlon about the coronal plasma. The Lyman-a profiles have provided

direct measurements of proton kinetlc temperatures and evidence for either
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non~thermal plesma motions, probably caused by waves, or a small amount of
proton heating between the coronal base and 4 Ry, Comparison of the Lyman-w
intensitles and the visible light observatlons of the High Altltude Observa-
tory have indicated that the outflow velocity of protons at 4 Rg is subsonic
in the coronal hole observed on 16 February 1980, This result 1ls in sharp
contrast to the supersonic veloclties inferred from the Munro and Jackson
(1977) analysls of a broader coronal hole observed in 1973. OQur results
suggest that the primary solar wind acceleratlon may occur above 4 Rg--an
hypothesis that is consistent with an Alfvén wave driven wind (see, for exam~
rle, Hollweq, 1981). The data also indicate that the proton temperature

varies from reglon to region in the corona.

The following sclentiflc papers were published, prepared for publication
or presented at sclentific meetlings:

"The Lyman Alpha Corenagraph," J.L. Kohl; E.M, Reeves, and B. Kirkham, in New
Instrumentation for Space Astronomy, eds, K. van der Hucht and G.S,
Valana (Oxford and New York: Pergamon Press, 1978), p. 91.

"Lyran Alpha Line Profiles from 1.5 to 3,0 Solar Radii," J.L, Kohl, H. Weiser,
G.L., Withbroe; R.H, Munro, W.H. Parkinson, and E.M. Reeves, presented at
154th Meeting of A.A.S8.,, Wellssley, MA, June; B.A.A.S5. 11, 398 (1979).

"Lyman-a and White Light Observations of the Outer Solar Corona," R.H. Munro,
J.L. Kohl, R.M., MacQueen, R.W, Noyes, W.H. Parkinson, H. Welser, and G.L.
Withbreoe, presented at 154th Meeting of A.A.S5., Wellesley, MA, June;
B.A.A.S. 11, 398 (1979).

"The Rocket Lyman Alpha Coronagraph," H, Welger, J.L. Kohl, and B. Kirkham,
B.A.A.8. 11, 397 (1979).

"Coronal Lyman Alpha Profiles," J.L. Kohl, H. Weiser, G.L. Withbroe, R.H.

Munre, W.H. Parklinscn, and E.M. Reeves, presented at Meeting of the
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International Astronomical Unlaon, Montreal, August, 1.979.

"Lyman Alpha and White Light Observations of the Outer Solar Corona," R.H,
Munro, J.L. Kohl, R.M. MacQueen, R.W. Neyes, W.H,Parkinson, H. Welser,
and G,L, Withbroe, presented at Meeting of the Internpational Astronomical
Unlon, Montreal, August, 1979,

"The Temparature Structure of the Solar Corona," G5.L. Withbroe, invited paper
presented in the speclal session of Solar Interplanetary Physics on from
2 to 20 Solar Radil: Remote Sensing and Speculatlon at the 1579 AGU
Spring Meeting, Washington, DC; also EOS, £0, 367 (1979).

"Measurements of Coronal Kinetic Temperatures from 1.5 to 3 Solar Radii," J.L.
Kohl, H. Weliser, G.L., Withbroe, R.W. Noyes, W.H. Parkinsen, E.M., Reeves,
R.M. MacQueen, and R.H,Munro, Astrophys, J. 241, L117 (1980},

"Ultraviolet Spectroscopy of the Solar Corona Boyond 1.5 Solar Redili," J.L,
Kohl, invited paper presented at Sixth International Colloquium on UV and
X-Ray Spectroscopy of Astreophysical and Laboratory Plasmas, IAU Collo-
quium No. 55, Toronto (1980).

"Spectroscopy of the Corona Between 1 and 8 Solar Radli,"G.L. Wlthbroe and
J.L. Kohl, invited paper presented nt Meeting of A.A.5. Solar Physlcs
Division, College Park, MD, June, 1980,

"Spectroscopy of the Corona Between 1 and B Solar Radil," G.L. Withkroe,
colloquium presented at Sacramento Peak Observatory, August 27, 1980.

"Tha Spacelak Lyman-Alpha and White-Light Coronagraphs Pregram, J.L. Keohl,
R.M. MacQueen, G,L. Withbroe, R.H. Munro, and H. Walger, B.A.A.S. 12, 793
(1981) .

“Implications of Lyman Alpha Measurements on Coronal Electron and Proton
Temperatures Between 2,0 and 4,0 Sclar Radli," G.L, Withbroe, J.L. Kohl,
and H. Welser, B,A.A.S5. 12, 917 (1981).

"Coronagraphic H I Lyman-Alpha Observatlons Fellowing the 1980 Sola- Eclipse,"
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H. Weiser, J.L. Kohl, W.H, Parkinson, and G,L. Withbroe, B.A,A.5, 12, 917
(1981),

"The Spacelab Lyman Alpha and White Lighit Coronagraphs Program,”" J.L. Kohl,
G.L. Withbroe, H. Welser, R.M, MacQueen, and R.H., Munro, presented st
conference c¢n Solar Physics from Space, Zurich, Switzerland; BSpace Scil,
Rev. 292, 419 (1981),

"Activity and Outer Atmosphere of the Sun;" G.L, Withkroe, invited lecture
series in mini-course sprasored by Swiss Soclety of Astronomy and Astro-
physics, presented in Saas-Fee, Switzerland, April., Published in Activ-

ity and Quter Atmospheres of the Sun and Stars, F. Praderie, D. Spicer

and G.L. Withbror, (Observatolre de Geneve, Sauverny, Switzerland, 1981},
pp. 1-88,

"Coronagraphlc Measurements of the Solar Wind Acceleration Reglon," J.L. Kohl, ‘
G.L. Withbroe, H. Weiser, R.M, MacQueen, and R.H. Munrec, presented at

Spring Meeting of the American Geophysical Union, Baltimore, MD; EOS,

Trans. AGU §2, 376 (1981).

"Coronagraphlc Measurements of Proton Temperature from 1.5 to 3.5 Solar Ra-
dii," G.L. Withbroe, J.L. Kohl, H. Welser, and R.H. Munro, presented at
Spring Meeting of the American Geophysical Unlon, Baltimore, MD; EOS,
Trans. AGU £2 376 (1981).

"Coronal Temperatures from 1.5 to 4 Solar Radii," J.L. Kohl, G.L. Withbroe, H.
Weiser, and R.E. Munro, paper presented at Huntsville Solar-Terrestrial
Meeting, Huntsville, AL (1981). i

"1980 Coronagraphic Measurements in the Solar Wind Acceleratlion Region," G.L.
Withbroee, J.L. Kohl, R.H, Munro, and H. Welser, presented at Second
Camkridge Workshop on Cool Stars, Stellar Systems and the 5un, October,
1981 (published in cenference proceedings).

"Shuttle Contamination Effects on UV Coronagraph Observations," J.L. Kohl and

—
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H, Welser, presented at Technical Symposium of §.P.I,E., Washington, DCj
Proceedings of §,P,I.E. 287, 35 (198.).

"Spectroscopic Probing of the Solar Wind Acceleration Region," G,L, Withbros,
colloquium presented at the University of New Hampshire, December, 1981.

"Plans for Calibratlion of UY and EUV Experiments on Spacelab,”" J,L, Kehl and
H. Welser, presented at Sixth Workshop on VUV Radlometric Calibration of
Space Experiments at NCAR, Boulder, CO (1981).

"Analysis of Coronal H I Lyman Alpha Measurements from a Rocket Flight on 13
hpril 1979," G.L. Withbroe, J.L. Kohl, H. Weiser, G, Noci, and R.H,
Munro, Astrophys. J. 254, 361 (1982),

"Results of Lyman-a Coronagraphic Observations Following the 1980 Eclipse," H.
Weiser, J.L. Kohl, R.H, Mupro, and G.L, VWithbroe, B.A.A,5. 13, 913
(1982) .

"Coronal OQutflow Velocities: 1980 Rocket Measurements,” R.H, Munro, J.L.
Kohl, H. Welser, and G,L., Withbroe, B.A,A.S. 13, 912 (1982),

"EUV Spectroscoplc Plasma Diagnostics for the Scolar Wind Acceleratlon Region,"
J.L. Kohl and G.L. Withbroe, Astrophys, J, 256, 263 (1982),

"Probing the Solar Wind Acceleration Reglon Using Spectroscupic Techniques,”
G.L. Withbroe, J.L. Kohl, H. Weiser, and R.H. Munro, invited paper pre-
sented at IXth Lindau Workshop on "The Source Reglon of the Solar Wind,"
Max Planck Institut fur Aeronomie, Lindau, West Germany, November, 1981,
Space Sci. Rev, 23, 17 (1982).

"New Observations of the Extended Ultraviolet Corona," J,L. Kohl, H. Welser,
G.L. Withbroe, and R.H, Munro, B.A.A.S. 14, 976 (1982).

"The Ultraviolet Light Coronagraph--A New Spactroscople Tool for Studying the
Solar System," J.L. Kohl, colloquium presented at Harvard-Smithsonian
Center for Astrophysics, April, 1982.

"Future Observations of Solar Wind Origin," J.L. Kohl, invited paper presented

_
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at Solar Wind V, Woodstock, VT, November, 1982,

"Probing the Solar Wind Acceleratlon Region," G,L, Withbroe, colloquium pre-
sented at Naval Research Laboratory, Washlngton, D.C., February, 1983,

"Spectroscopic Measurements of Solar Wind Generatlon," J.L. Kohl, G.L.
Withbroe, C.A. Zapata, and G. Nocl, in Solar HWind ¥, ed. M. Neugebauer,
NASA (1983) p. 47,

"Observatlions Related to Waves in the Solar Wind Acceleration Region," G.L,
Withbroe, paper presented at Solar Terrestrial Physlcs Workshop, Berkeley
Springs, WV, June, 1983.

"Spectroscoplc Constraints on Solar Wind Models," J.L. Kohl, invited lecture
prasented at Osservatorlo Astrofisico di Arcetrl, U, of Florence, July,
1983.

"Solar Wind and Coronal Structure,” G,L., Withbroe, invited paper presented at
National Academy of Sclences--European Sclence Foundatlon Workshop on
Solar System Space Physlics, S, Carolina, September; ESA Journal Z, 341
(1983) .

"Evidence for Supersonic Wind Velncities at 2,1 Solar Radili," J.L. Kohl, H.
Welser, G.L. Withbroe, C.A. Zapata, and R.H. Munro, presented at A.A.S,
meeting, Baltimore, MD, June; B.A.A.S5., 16, 531 (1984),

"Coronal Temperatures, Heating and Energy Flow in a Polar Region of the Sun at
Solar Maximum," G.L. Withbroe, J.L. Kohl, H. Welser, and R.H. Munro,

submitted to Astrophys. J.

In section 2 we discuss the observations carried out during each flight
and review the sclentific analyses, and in section 3 we revliew the development

of the UVC instrument.
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2,0 SCIENTIFIC ANALYSIS OF ROCKET QOBSERVATIONS
2,1 13 Aprll) 1979 Ellght

Puring the 13 Aprlil 1979 rockat flight, Lyman~a linoe profiles were ob-
tained in a quiet coronal reglion for five llnes of slght through 4 arc minute
% 0.6 arc mlnute spatiial elements between 1.5 and 3.0 Rp from disk center and
three lines of sight through an spparent coronal hole out to 2 Rg. Lyman-a
profiles at 1.5 Ry in a coronal streamer were measured also. The instrument

performed flawlessly and the data are of high quality,

The observed profiles seem to be free of stray llght contamination or any
other source of background nolse, Struy light ils distinguished from coronal
radiation in the instrument because it has the characteristically self-re-
versed line profile of chromospheric Lyman aslpha. Evidence of negligible
stray llght came from comparisons of observatlons at 3.5 Rg in a qulet coronal
reglon and in a coronal hole, The quiet coronal proflle is broad and charac-
teristically weaker than quiet coronal profiles for smaller radlal distances
and the line proflile obtained from the coronal hole is very narrow (indlicative
of the geocorcnal profile) with only an extremely weak broad contrlibution due
to weak coronal hole emission and/or to stray chromospheric radlatlon, Sinée
the decrease in vignetting in the UVC for cbservatlons at 3.5 Rg tends to
increase the stray light signal, negllgible stray light at 3.5 Ry imply a

negligible stray light problem at Lyman alpha for smaller radial distances,

The primary objective of the first rocket flight of the jolnt UVC and
White Light Coronagraph was the verlfication of the design and performance of
the UVC and the measuremant of corcnal Lyman-a intensities and line profiles

in several different coronal structures at hellocentric distances out to

3.5 Ro.
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A paper ontltled "Measurements of Coronal Kinetic Temperature from 1.5 to
3 Solar Radili," Kohl gt al. 1980, presented preliminary results of the 13
Aprll 1379 rocket flight. Among these was the filnding that the proton kineotic
temperature derlved from the widths of Lymon-a profiles meassured in a quiet
unstructured reglon of the corona decreased with increasing solar radius from
1.5 to 4 Rg. Results were also presented for a coronal hule where measure-
ments at 1.8 snd 2 Ry indicated a kinetic temperature of 1,6x10% K. Another
paper entitled "Analysis of Coronal H I Lyman a Measurements from a Rocket
Flight on 13 April 1979," Withbroa gt al. 1982a, reported a detalled analysis
of the measurements of the Lyman-o line proflles and intensities made in the
quiet reglon cbearved in April 1479. The paper prasaented refined values of
the proton kinetic temperatures and comparisons to coronal models, The UV
measurements ccmbined with temperatures derived by other methods far lower
helghts suggest that there is a maximum in the quiet coronal proton tempera-
ture at about 1.5 Rz, The empiricul temperatures are in good agreement with
the temperature calculated with the simple two-flulid solar wind model in which
there is a small amount of direct heating of protons between 1,5 and 4 Rg.
The radlal gradlent of the mceasured Lyman~a intensities is also consistent
wlth the predictions of the two-fluld model, The observed decrease of the
proton temperature with helght is evidence for the presence of solar wind
outflow in the observed region. Comparison of the observations and models
suggest that the flow veloclty at 4 Rg is less than 130 km s}, Indications
of the magnitude and lucatlion of coronal proton heating provided by the meas-
urements place constraints on posslble coronal heating mechanisms. A detalled
analysis of the coronal hole measurements acquired during the 1979 flight is

in progress,
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2.2 16 Ecbrunry 1980 El'ink

During the 16 Fabruary 1980 flight, Lyman-a line profiles were obteined
in quiet coronal reglon for three lines of sight between 1,5 and 2.5 Ry from
disk center and four lines of sight through a coronal hele out te 3.5 Rg (see

Table 1), Again the instrument performed flawlessly,

TABLE 1. Lyman-a Intensitles and Widths (16 Feb. 1980 Flight)

p(Re) No. Scens  Intensity (photon cm’? 8" sr-l) Ldth
Measwured* Corrocted for (1/e half width, A)
Goocourona

Quiet Reglion

1.5 2 4.0(11) 4,4(11) 0.59
1.8 6 9.9(11) 1,1(11) 0.58
2.8 14 8,7(11) 7.9(9) 0.53
Coronal Hola

1,5 14 1.7(11) 1.7(11) 0.54
2,5 ] 8,5(9) 8.0(9) Q.43
3,0 2 4.3(9) 3.6(9) 0.42
3.5 2 2,9(9) 2.1(9) 0.41

*Number in parenthesls ls power of 10,

Tha primary objective of the 1980 flight was to study a coronal hole
located at the southern solar pole. Coronal holes are thought to be a major
source of solar wind, partlcularly high speed solar wind streams. Conse-
quently, coronagraphic determinations of plasma parameters of these features

are of conslderable importance.

Results of the Lyman-alpha and whité light observations acquired during
the 16 February 1380 flight of the UVC and White Light Rocket Coronagraph have
been reported in several publlicetions and in a number of presentatlons at
national and international scientific meetings (c.f. "Probing the Solar Wind

Acceleration Reglon Using Spectrosceoplc Techniques," Withbroe gt al. 1982b;

e
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"Implications of Lyman Alpha Measurements on Coronal Electron and Proton
Temperatures Between 2,0 and 4.0 Solar Radil,"” Wlthbroe gt al., 1981; '"ZLorauo-
,graphlc Measuroments of the Solar Wind Acceleration Region," Kohl et al., 1981}
and "Coronal Temperatures, Heating and Energy Fluw In a Poler Reglon of the

Sun at Sclar Maximum," Withbroe ot al. 1988,

An example of the quality of the spectroscopic data that can be obtalned
with an Ultraviolet Light Coronagraphic lnstrument iz shown in Flgure 2-1
which presents a profile (solid line) of tha raesonantly scettered component of
hydrogen Lyman-a measured at p = 1.8 Rg in the polar reglon observad in the
19%0 rocket flight. The paramecter p 1s the distance measured ln solar radll
from sun-center to the point whero tho line of sight intersocts the plane of
the disk. The measuraed proflle has been fitted with a profile calgulated for
an ie¢tirtimal corona. This Lllustrates how well this particular obsorvation
iw vigresented by a Maxwelllan velocity distributlon function for the hydrogen
atoms along the line of sight. A recently completed detsiled analysis of
other profiles measured during the 1980 flight indicates that excellent flts

can be made to all of the profile measurements from thls flight.

Measurements of spectral line profiles provide information on kinetlic
temperatures in the reglon where the spectral line radiation originated, By
measuring profiles at several heights in the corona one can obtaln information
en the temperature gradient'in the observed region. Figure 2-2 shows hydrogen
kinetlic temperatures determined from Lyman-a profiles measured at several
positions p on a radlus vector directed along the axis of the coronal hole
that was centered on the south pole during february 1980, Measured tempera-
tures are plotted at the radil (r = 1.6, 2.8, 3.4 and 4 Rg) corresponding to
the mean heights where the radlatlon observed at p = 1.5, 2.5, 3.0 and 3.5 Ry

originated (see Withbroe et al. 1985). The heavy solid line is the inferred

e e e T
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run of temperature, It should be emphaslized that this is a kinetic tempera~-
ture and includes the effects of both thermal and non-thermal motions broaden-

ing the Lyman-a line proflles,

For comparlson we have plotted temperntures predicted by a simple two
fluid model with no plasma heating abmve the base of the corona (cf. Hartle
and Sturrock, 1968; Nerney and Barnes, 1977; Hellwag, 1978), The short dash
line gives the run of electron temperature with radius, while the light solid
line gives the predicted protoen thermal temperatures. The electron and proton
temperature diverge with height dite to the rapid decrease in electron-proton
coupling with decreasing denslity., The electron temperature has a shallow
temperature gradient due to the high thermal conductivity of electrons, while

the proton temperature falls off nearly adlabatically,

Because of the strong coupling between coronal hydrogen atoms and protons
in the observed height range, one expects the hydrogen and proton kinetic
temperatures to be equal. The difference between the observed coronal hydro-
gen klnetic temperatures and the calculated proton thermal tcmperatures indi-
cates that the assumed model is inadequate. One way of bringing the calcu-
lated and cbserved temperatures lnto agireement is to increase the rms velocity
of the protoens. There are several ways of accomplishing this. ©One way is
through extended proton heating in the reglon 1.5 to 4 Ry, Addition of ther-
mal energy by a mechanism wlth an energy dissipation length of about 4 Rg
could explaln the observations. A similar result was obtained from measure-
ments in an unstructured "qulet" reglon of the solar corona observed during
the 1979 fllght of the rocket coronagraphs. See Withbroe et al. (1982a) for

detalls,
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Propagation of waves could also be contributing to the rms motions of the
protons, Conslder Alfvén waves which have been suggested as a possible source
of energy and momenium for plasma heating and/or solar wind acceleration in
coronal holes (see review by Hollweg, 1981}, For non-disslpatling Alfvén waves
Hollweg glves NY/? < v2 > = constant where v is the rms velocity ampllitude of
the waves and N = N, = N, If the rms veloclty is specified at one helght,
then this relationship can be used to calculate the rms veloclty at other
helghts from the measured varliation of density N with helght. The dotted line
gives the predicted proton kinetlc temperature obtained by assuming

Tp (kinetle) = Tp(thermal) + Ty
with
Th =m < v? >/2k = m x constant/2kN}/2
where the constant was adjusted to give the best flt to the observatlons. The
adopted value of the constant corresponds to Vias = 70 km 5™ at r = 4 Rg.

This 1s about one~third the value suggested by Hollweg (1981) for this helght.

The fit between the calculated and observed kinetle temperatures 1is q
sufficiently good to suggest that plasma motions due to Alfvén waves may be

contributing significantly to the broadening of the H I Lyman-« line. The

shapes of the line proflles, which are nearly Gaussian, place a constraint on j
the spectrum of these Alfvén waves, 1f they are present. It is important to

note that there are other explanations for the nearly constant width of the

Lyman-a line, such as the above mentlioned extended proton heating. In order

to distinguish between thermal and non-thermal line broadening mechanisms,

additional empirical constralnts are needed, such as measurements of spectral

line profiles from lons with different masses.

For the three best observed reglons in the 1979 and 1980 fllghts of the

Rocket UVC, the measured spectral line widths decrease slowly with increasing
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radius for 1.5 < p £ 3.5 Rg: This Indicates that the hydrogen kinetlc temper-
atures were docreasing with increasing radius in the observed regions. Be-
caucse of the sensitivity of the hydrogen kinetle temperature to energy deposi-
tion mechanisms that heat protons, this places tight upper limits on the
amount of direct proton heating between r = 1.5 and 4 Ry (cf. Withbroe et al.,
1982a), The differences in the magnitude of the lines widths indicate that
signlflcant variations in proton kinetic temperatures between different re-
glons are possible. For example, the kinetic temperature at r = 1.7 Ry (the
mean height of formatlon of the Lyman-a radiation observed at p = 1.5 Rg) ls
approximately 2.2 x 10% K in the quiet region observed in 1979 and 1.2 x 10% K
in the polar coronal hole cbserved in 1980. Another polar coronal hole ob-
served durling the 1979 flight had an intermediate kinetic temperature, 1.8 x

106 K (Kohl et al., 1980), at similar helghts.

These few measurements suggest that coronal temperatures in the solar
wind acceleration reglon vary from structure to structure reflecting differing
amounts of corcnal energy lnput. This might be expected in llight of the
varilations in plﬁsma heating found at lower levels of the corona (see review
by Withbroe and Noyes, 1977). More extensive observations, such as can be
obtalned by the UVCS/Spartan instrument (Kohl et al. 1984) are required before
one can seek possible relationships between coronal structure (open or closed
magnetic structures, streamers, coronal holes, etec.) and the spatial varia-
tlons of coronal temperatures determined from a given particle speclies such as

hydrogen atoms.

The ratio of the intenslties of the hydrogen Lyman-a line and the white
light continuum provides an emplrical constraint on solar wind velocities.
For the 1980 observations the measured ratio of the Intensities of the Lyman-a

line and white light continuum was nearly independent of height. This indi-
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cates that the flow veloclty of the plasma emitting the observed Lyman-a and
whlte light radiatiors was less than about 150 km s!, that is, the veloclities
were suffliclently low enough that the Lyman-a line was not significantly
affected by Deppler~dimming (sse Figure 2-3)., In order to define the limits
on the outflow velocltles more carefully, the measured Lyman-oa intensltles
were compared with those calculated from a series of coronal models (see

Figure 2-4),

The upper curve in Figure 2-4 is for a static atmosphere. The other
curves show the predicted Lyman-e lntensities for models with different out-
ward particle fluxes parameterized by the velocity at r = 4 Rp. At low
heights where the density is high and solar wind velocity is low there is
little Doppler dimming. However, due to the steady increase in flow velocity
with increasing helght, the amount of Deoppler dimming increases with height
causing the intensity to diverge from that calculated for the static model. A
comparison of the calculataed intensitles wlth those measured confirms that the
amount of Doppler dimming over the observed range of helghts is small, ceorre-
sponding to flow velocltlies at r = 4 Ry of less than abut 150 km 5!, Given
that the sound speed for a corona with T = 1 to 1.5x10% K Ls 130 to 160 km
s°l, the observatlons suggest that the solar wind flow in the observed plasma
was subsonlc for r £ 4 Ry and thus that the critical polnt was at r > 4 Rg.
Lyman-a measurements in an unstructured "quiet" reglon of the corona observed
in April 1979 alsoc showed little or no Doppler-dimming consistent with sub-

sonlc flows for r € 4 Rg (Withbroe et al., 1982a).

Analyses of cbservations acquired in the 1979 and 1980 fllights of the
CfA/HAO rocket coronagraphs ylelds the following empirical constraints on
theoretical models for the solar wind acceleration region:

- neérly Gausslan H I Lyman-a profiles

=y
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Elgure 2-4 A comparison of measured (polnts) and calculated (curves)

H I Lyman-o intensities as a functlon of distance from sun
center, The curves give values calculated for models with different solar
wind fluxes parameterized here by the wind velocity at 4 Rp (see text).
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= Nearly constant or decreasing hydrogen kinetic temperatures for 1.5 <
r <4 Rg
= subsonlc flow for r < 4Rg (critical point at r 2 4 Ry)
- an upper limit of 140 km s°! for the rms veloclty of waves capable of
broadening the Lyman-a line for r 8 4.0 Ry
~ some gvlidence for extended proton heating or a non-thermal contribution
to the motions of H I atoms in the observed reglons,
For a more detailed discussion of results of the 1979 and 1980 flights of the
rocket coronagraph see Kohl gt al. (1980) and Withbroe et al. (1982a,b,c;

1985)

2,2 20 xJuly 1982 Rocket Elight

The rocket observations of 20 July 1982 lincluded observatlons of a polar
coranal hole and of a coronal streamer. Measurements at 1.5 Ry and 2.0 Rgp of
the H I Lyman-a line proflle and the intensity of O VI Al032 and Al037 were

made for each of the observed coronal structures.

The primary objective of the 1982 flight was to determine several basic
Plasma parameters of selected coronal reglons within 3.5 Ry of sun center and
to verify the new dlagnostlic techniques for the solar wind acceleration region

of tha sclar corona,

The preliminary analysis of the coronal hole data indicate that the
outflow veloclty was apparently large enough to cause Doppler dimming of both
0 VI and H I Lyman-a even at 1.5 and 2,0 Ry vhere the outflow veloclty of the
Munro and Jackson model (Muriro and Jackson, 1977) is less than 100 km s-1,

Velocities greater than 100 km s™! are requlred to Doppler dim significantly
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the H I Lyman-a intensity. Because of the significance of this result, we
have undertaken an extremaly thorough analysis of the data and wa are making
extensive post-flight stray light tests and calibrations of the instrument to

ensure high confldence in the result.

We have also examined the fractlonal contributions to obamerved spectral
intensities from a coronal structure of interest similar to the 20 July 1982
coronal hole, which co-exlsts with other coronal structures along a line-of~-
slight. The sensitivity of spectroscopic observations (such as the H I Lyman-o
line) to physical parameters within the structure of interest has also been
studied, The results of this study (Kohl et al.,, 1983) indicate that the
contributions from coronal structures lying in the plane of the solar disc are
enhanced over those of neighboring structures along the line-of-sight. There-
fora, 1t 1s preferable for the coronal structure of interest to be located in
this plane at the time of lts observatlion, Measurements of polar coronal
holes are partlcularly advantageous in this respect. Even in the case of a
fairly narrow (60°) coronal hole with outflow veloclties as large as those in
the Munro-Jackson modael, the maximum contribution to the observed intensity
out to p = 2,2 was found to be from the corenal hole rather than the sur-
rounding qulet corona. Alsc, for this example, the observed intensity is
highly sensltive to outflow veloclty out to beyond p = 2.5 and the lline
profile at p = 2.0 is very sensitive to the hydrogen velocity distribution in
the hole. Broader coronal holes such as the 1973 polar hole that was dis-
cussed by Munro and Jackson (1977), would dominate observatlions out to higher
heights. Narrower coronal hole-like structures of hlgher denslty and smaller
outflow velocity, such as the one reported by Withbroe gt al. (1982bk), also

provide the dominant contrlibution out to p = 2,5,
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Line-of-aslght contributions tend to ba of more concern for observaetlons
of coronal heles than for other coronal structures because thay have the
smallest densities and the highest outflow velocitlies. For observations of
other coronal structures,; the fractlonal contributions tend to be at least as
large as the contributions from the coronal holes conslidered here and other
structures tend to be abservable at larger helghts. The simulated observa-
tions that were consldered have shown that the primary spectroscopic observ-
ables are sensitive to the physical parameters of coronal heles and other
structures even in representative cases where the structures of interest are
surrounded by other reglons along the line-of-sight. The examples used here
were for relatively small coronal heles and streamers, Larger structuraes

would provide an even larger fraction of the observed intensities,

e w———
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3.0 DEVELOPMENT OF UVC INSTRUMENT

3.1 Daveolopment of Lyman Alpha Coronagraph

Developmant ef the Lyman Alpha Coronagraph flown on the first two flights
wan initiated by thie grant in July 1976. Prior development of this instru-
ment had been carried out under NASBA Grant NSG-7175, Subsequent to July 1976,
the detalled design and fabrleation of the instrument and ite associated
Ground Support Equipment (GSE) waro completed, and assembly and testing at the

subsystem and system levels were carried out.

The basle instrument which is shewn in Flguro 3-1 consists of the oc-
culted telesceope system, the spectrometaer, the detector system, the inner
support structure, a rocket skin that serves as a vacuum enclosure for the
Inztrumanta, and an electronics medule. Light from the solar disk enters the
front aperture, vwhich consists of o rectangular aperture with knife blades,
and passes through the lnstrument to the sunllight trap where it is intercepted
by two plane mirrors and reflected into two pyramids vhere lt Ls absorbed by
the walls through multiple reflections. A baffle shields the spactrometer
entrance sllt from the light trap mlrrors. The near sun edge of the entrance
aperture serves as a primary occulter which shields the telescope mirror from
the brlght solar disk., The telescope mirror system consists of an off-axis
parabola (wlth 47 cm focal length) that ‘s coated for maximum reflectance at

21216 A. The mirror views the corona through the entrance aperture and
focuses an image of the coruna on the spectrometer entrance slit, The mirror
is mounted on a mechanlsm that rotates the coronal image radially across the
slit and also meves the internal ccculter which is mounted near the face of
the mirrer. The internal oecculter intercepts diffracted light from the pri-

mary occulter that would otherwise aenter the spectrometar,
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The spectrometer is a modifled version of a 75-c¢m Fastie-Ebert system
that was developed and flown in a previous solar rocket program. The Ebert
grating is scanned through a range of 3.0 A centered on 1216 A to provide
measurements of the Lyman~-a line profile at each coronal locatlon that is
determined by the angle of the telescope mirror and the roll orientation of
the rocket payload, The detector for Al216 A radiation consists of an EMR
641-G photomultipiier tube with a MgF; window and an integrated pulse counting
system, Counts from one ceronal element at a time were accumulated as a
function of wavelength as the Ebert grating scanned the line proflle across

the exlit slit,

The optlical/mechanical components of the UV Coronagraph are supported by
a monocogue Structure that is attached to the HAO instrument. The vacuum
enclosure that houses the two instruments conslsts of standard rocket skins

with a pumping pert and a pull-away vacuum door,

The final selection of the observational program ils determined from
ground-basad data that is expected to be avallable on the days immedlately
prior te launch. The command memory system of the coronagraph can be pro-
grammed through the ground support electronics up to one hour before launch.
As many as sixteen spatial elements (telescope mirror positions) can be se-
lected. The data accumulation time spent at each locatlon is variable in
increments of 6,5 seconds which is the time to carry out one scan of the 3.0 A

spectral range.

See Figure 3-2 for an electrlcal hlock diagram for the Lyman Alpha in-

strument.
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3.2 Modifigations Made to Lyman Alpha Coronagraph to Permit Measurements
of O VI Al032 and AlQ37

For the third rocket flight, the Lyman Alpha Coronagraph wac modified to
permit measurement of the integrated intensitles of O VI Al032 A and 21037 A
in addition to the coronal intensity and line profile of H I Lyman-a Al216 A,
This modification allowed us to verify the feasibility of making the corona-
graphic observations of O VI radiation and provided the first application of
the 0 VI A1032/A1037 diagnostic technique. A summary of these lnstrument

modlfications follows:
3.2.1 Mechanical/Optical Modifications

0 VI A1032/31037 A Spectromster: The Fastie-Ebert Lyman-a spectrometer
case was modifled to accommodate the addition of the O VI A1032/)1037 A
spectrometer sectlon, which effectively changed the spectrometer into a dual
spectrometer as illustrated in Figure 3-3. The lower half of thls dual-
spectrometer remailned optimized for maximum effisliency at Al21l6 A while the
upper half was optimized for maximum efficiency at A1032/A1037 A, In this
systom, the Lyman~a light follows the same paths as before except it only uses
the lower half of the spectrometer whlle the O VI light passes though its own
separate entrance slit to the osmium coated fixed concave grating which then
directs the 21032 A and A1037 A radiation through the O VI exit slit, past
the rotating chopper wheel that selects either A1032 and A1037 and onto the

Channel Electron Multipllier (CEM) detector.

The creation of the Al032/X1037 A spectrometer involved the design,
fabricatlicn and assembly of (1) the combined Lyman-a/0 VI entrance slits and
assoclated slit block assembly, (2) the O VI grating assembly that holds and

locks the concave grating into place, (3) the modifications to the spectrome-
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ter box required to accommodate the new entrance and exit sllts, grating,

detector and chopper mechanlsm, (4) the additlonal light baffling both inter-

nal and external to the spectrometer required for the A1032/11037 A spectrom-

eter system and (5) the O VI exit slit and assoclated slit block assembly,

A1032/33037 A Chopper Mechapism: The detailed design, fabrication and
assembly of a rotating wheel (chopper) assembly was completed, This unit,
located on the detector side of the AL032/X1037 A exit slit, alternatively
passes Al032 A and then A1037 A radlation to the CEM detector, The system
has been designed such that it is possible to stop the chopper at Al032 A

using a preprogrammed observing sequence.

CEM Detector Assembly: This detector ls a pulse counting channel elec-
tron multiplier detectlon system similar te these used on the Harvard Skylab

instrument, and is used to detect both A1032 A and A1037 A radiation,

Cryo-Vacuum Pump System for QO VI Detector: Since the CEM detector is
windowless and must be optically baffled but requlres a pressure less than
about 10°% torr to operate, a separate pumping system with a pumping speed of
about 10 £ s*! for H;0 was built. This small liquid N; eryogenic pumping
system, which has a cold block weilghing about 2 kg to provide slow warm-up,

malntains the required low pressure in the detector vicinity throughout the

rocket fllght.

Dual Telescope System: The earllier telescope mirror system was modified
to provide two separate off-axls parabolas of 47 cm focal length that are
coated for maximum reflectance at A1216 A and 11032 A/A1037 A, respectively.
As can be seen in Flgure 3-4, the mirrors view the sclar corona through the
entrance aperture and focus two co-registered images of the corona on the

spectrometer entrance slits so that the entrance slits used for 0 VI and

e
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Lyman-a both view the same point in the corona. As before, the mirrors are
mounted on a mechanlsm that rotates the coronal imeges radlally acress the
slits. This mechanism also moves the internal otculter which is mounted near
the faces of the mirrors and intercepts diffracted light from the primary

occultaer that would otherwise enter the spectrometer,

The modifled Lyman-a mlrror was stripped and rececated with a new Al +
MgE; coating for optimum reflectance at Al216 A, whereas the 0 VI mirror was
coated with a developmental, high-reflectance diglectric coating with a meas-

ured reflectivity of ~B0% at AL032/A1037 A.

Miscellaneous Mechanical/Optlcal Modifications to Instrument: In addi-
tion te the major mechanical/optical medificatlons described above, several
cther modificatlions were implemented. These include (1) modiflcation of the
sunlight trap, (2) modification of the Lyman-a grating housing to eliminate
interference with the 0 VI light path, (3) refurbkishment of the Ebert mirror
mount, {4) addition of masks to the Ebert mirror and Lyman~-a grating to cover
unused portions of their reflective surfaces, (5) modification to the Lyman-o
grating drive assembly to eliminate mechanical interference with the O VI exit
beam area, (6) modiflcation of the Lyman-o detector elzctronics hpousing to
accommodate space for the addition of the 0 VI detector system, (7) replace-
ment of the Lyman-a grating with one of higher reflectivity and (8) modifica-

tion of the Lyman-a grating cell and drive assemblies.
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3.2.2 Electronic Modlfications

CEM Detactor System: A pulse counting channel electron multipllier detec-
tor system for MA1032/)1037 A observations, along with lts associated high
voltage power supply, charge amplifier, discriminator, line-driver and accumu-
lator, were designed and fabricatad {where required} and installed in the UV

Coronagraph.

A1032/21037 A Chopper. Drive: A drive and assoclated control system for
the A1032/)1037 A chopper mechanism was designed, fabricated and installed on

the coronagraph.

Encoders: New brush-type absolute shaft encoders were installed in the
telescope mirror drive and Lyman-a grating drive assemblles to replace the
earlier units which had become excessively noisy. Corresponding modlflcations
to the existing encoder circult boards were lmplemented, and a =%5 volt power

supply was added,

Miscellaneous Electronic Modificationg: In additlon to the modifications
described above, several other modifications were carrlied out. These Llncluded
(1) modification of the instrument controller, {2) modiflication of the data
bus controller, (3) modification of the analog housekeeplng signal condltion-
ers, (4) modification of the timer circult for a separate high-voltage turn-on
for the 0 VI detector and (5) the addltlion of a high-voltage inhibit for the O

VI detector.

A block diagram of the electrical system is provided in Figure 3-5. This
system consists of the Lyman-o 1216 detector and the 0 VI 1032/1037 CEM system
with count accumulators, telescope mirror drive, Lyman-e 1216 grating drive,

the chopper drive, power supplies, the instrument timer, and the telemetry
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3,3 Ground Support Equipment

A large vacuum tank and solar simulator test facllity was deslgned and
built under this grant. This system, which is used to carry out stray light
testing and radlometric callbration of the flight instrument, has been evacu-
ated to & residual pressure of 7x10°® torr with turbomolecular pumps and
special liqulid nitrogen cryogenic pumps, which are used to lmprove the pumping
speed for water vapor and oxygen., The vacuum tank is 14 meters long and
provides 11.6 meters of unobstructed optical path between the external oc-
culter of the flight instrument and the primary mirror of the simulator, whlch
is sufficlent to simulate a solar~divergent beam that is large enough to

illuminate the full aperture of the coronagraph.
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