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& INTRODUCTION

In a recent sounding rocket experiment (NASA 13, 005 US) launched on
1972 June 27 at 1900 U'l, we have observed the solar x-ray spectrum in the
1.8 = 5.3 A region using a Bragg crystal spectrometer (Wolff, 1974). At
the time of the measurements the sun was quiescent, and the spectrum ob-
tained as shown in Figure | was primarily continuum with a broad line feature
at 5.1 A, In this paper we discuss these results quantitatively, comparing the
x-ray data with other observations and solar models based on the agsumption
of thermal equilibrium. The spectrometer consisted of two panels of highly
oriented pyrolytic graphite crystals (2d ~ 6, 7A) and proportional counters to
detect the diffracted photons, Further details of the instrument and the con-
version between counting rate and encrgy flux are presented clsewhere (Wolff,

1974).
II. OBSERVATIONS

The emission feature observed at 5.1 + 0,05 4 must be interpreted as
cither the convolution of several spectral lines, the superposition of lines
from more than one active region, or both, This conclusion is necessitated
by the 1.75Y FWHM, which far exceeds *he 1. 2° FWHM response of the spectro-
meter obtained in laboratory calibrations, We consider both possibilities,
using predicted line intensities for optically thin plasmas (Tucker and Koren,
1971; Mewe, 1972) and correlative optical and soft x-ray maps of the sun
made on the same day., Additional data on the spatial distribution of the x-ray
emitting regions was obtained from a modulation collimator and proportional
counter which was aligned with the crystal spectrometer. Combining these
data, we are able to construct models which can then be compared to the
features in the observed spectrum to resolve the ambiguity,

The modulation collimator consisted of two planes of parallel wires of
diameter 0, 0254 cm separated by 0, 0635 ¢cm and spaced 7. 62 cm oriented
perpendicular to the scan path (o yield transmission maxima at 0. 48 intervals.

With these parameters, the collimator would yield a purely trapaziodal response
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to a single point source, a convolution of trapaziods to several point sources,
and an almost unmodulated response to a uniformly luminous disk. The de-
tector, sensitive to 1.5 - 8 keV x-rays, showed a modulation consistent with
more than one point source supeririposed on a disk continuum. A study was
performed to simulate the amplitude and phase of the modulation collimator
data with different solar models. A least squares analysis yielded a best fit
with two point sources and a uniform disk contribution, with the point sources
located at 0,119 and + 0,125 relative to the solar center as seen from the
earth along the scan path, which passed through the disk center and was 24, 5°
east of heliocentric north, The relative intensities of the two-point sources
and disk were 1 : 3 : 2. 4 respectively. The fit was significantly worse if either
source was shifted by 0, 02°, The rocket data and model calculation are given
in Figure 2, Comparison of these results with the Fe XVII 14,44 - 15,83 A 0SO-7
spectroheliogram taken on the same day (Neupert, 1972) and observations at
even longer wavelengths indicates that two active regions on the west limb are
probably responsible for the emission seen at 0, 125° in the scan path and that
two regions on the east limb project to the - 0. 11° point on the scan path. A
comparison of the relative intensities of the regions shows that the two pairs
make comparable contributions, but extrapolation to the shorter wavelengths
observed by the Columbia spectrometer is ...t necessarily valid.

The structure of the line feature in the spectrometer data was examined
as the superposition of a series of emission lines from two active regions
separated by 0, 23", Spectral lines considered in the analysis, obtained from
tables given by Kelley and Palumbo (1973), Mewe (1972), Tucker and Koren
(1971), and Walker (1974a), were S XV (5.04, 5.07, 5.114), S XIV (5.09 }),
S XIII (5.13 A), S XII (5.18 &) and Si XIV (5.22 A). The temperature dependence
of the line intensity calculated by Mewe (1972) was also used. A subtraction
of the continuum was necessary, as the line emission is superimposed on a
steeply rising base line (Figure 1). On the short wavelength side of the 5.1 &
feature the continuum is quite flat, but at longer wavelengths there are pos-
sible contributions from unresolved Si XIII lines at 5.28 and 5.41 A. We

-7.
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therefore considered a range of possible continuum fluxes, taking as one
extreme that none of the long wavelength flux is due to other lines, and as

an alternative, an estimate of the continuum based on an extrapolation of

the short wavelength data only. These two possibilities establish upper and
lowerlimits on the continuum flux, corresponding to line-to-continuum ratios
of 0. 24 and 0. 20 respectively in the range 4.5 - 5.5 R Line=to=continuum
ratios for optically thin plasmas have been calculated by Mewe (1972) in 1 A
wavelength intervals for various temperatures and are in agreement with
those of Landini and Fosei (1970). Comparing our results with Mewe's cal-
culations at 5 K. we find that our data can best be f{it by a temperature between
3.8 and 4.3 x 10° °K, the large - number corresponding to the higher line=-to-
continuum ratio,

The width, shape and wvavelength centroid of the emission feature are
determined by both the spatial separation of the emitting regions and the
temperature. A model was constructed on the basis of the analysis of the
spatial data, and the temperature and emission measure were varied until
a best fit to the observed spectrum was obtained. Since the mosiac spread
of the graphite crystals was greater than the separation of the source regions,
the major contribution to the observed width is due to the various emission
lines. For the same reason, the fit of the model of the data was found to be
quite insensitive to the relative intensities of the two regions. The tempera-
ture of the emission plasma was the most important parameter, determining
both the width and centroid of the emission feature through the rapid variations
in the intensities of the various lines with emall changes in tempecrature. Small
increases in temperature resalt in a large shift to shorter waveleagths due to
increaning strength of the S XV triplet. The absolute accuracy of the spectro-
meter angle to energy calibrations was +0. 05 A at 5 & and was determined by
preflight laboraiory measuremecnts with a monochromatic, collimaced x-ray
beam. On the basis of these considerations, we find that a best fit :0o the data
is obtained with a plasma temperature of (3.8 + 1) X 106 °K where the two emit-

ting regions have the same temperature, but the emission measures differ by



a factor of two. The contribution to the emission feature due to the disk is
negligible due to its lower temperature. If we assume the least or grea'e .t
continuum subtraction, as previously discussed, the best fil temperaturc
ranges from 5 to 3 x 10° ‘K, respectively,

It is possible to derive ‘he temperature from the slope of the continuum
if there are no resolved or unresolved lines in a wavelength region. For
example, after folding in the instrument efficiency, tae slope of the curve in
Figure | from 4.0 to 4.5 Riss.64 l. When the continuum processes ot
bremstrahlung, radiative recombination, and two photon emission were added
(Walker, 1974), this slope was found to correspond to a temperature of

3.1 »10°°K,

III. DISCUSSION

Anal. ,i of the x-ray spectrum at 5 A, first on the basis of the line-to-
contirv..n ratio and then by the shape and position of the line profile, yield
similar results. The line-to-continuum comparison results in a higher
plasraa temperature than the absolute wavelength and line profile would
indicate. This slight discrepancy could be due to a compact but hotter core
in cne or more of the active regions contributing relatively littl - continuum,
At temperatures of 3.1 and 3.8 X 106 °K, we would expect line-to-continuum
ratios of 0,14 and 0. 20, indicating that our data contains a line excess of ap-

proximately 50% and 10%, respectively.

An upper limit of 5 % 106 °K, to the temperature of such a hot core, is
given by the absence of the S XV lincs at shorter wavelengths (Wolff, 1974),
An additional check on the consistency of the analysi ' is obtained by examining
the data for Ar XVII lines at 3. 99 f which have been observed under quiescent
solar conditions (Walker et al., 1974a). There is a slight indication of such a
feature in our data at 4 A4, which contains a flux of 50 counts sec'l or

less. Using the ionization equilibrium tabulations of Mewe (1972), we find that a

-10-



6 -
plasma ternperature of 4.3 X 10 ‘K and emission measure of 1049 cm 3

would produce such a flux. The absence of a more pronounced Argon line
then sets an upper limit on the ternperature consistent with the line-to-con-
tinuum ratio.

Recent high spatial resolution x-ray images of the sun taken with the
Skylab x-ray telescope (Golub et al,, 1974) have revealed the presence of
a network of bright points distributed uniformly over the solar disk, Al-
though the number of emission regions visible is quite large, their esti-
mated temperature of 1.3 - 1.7 x 10 °K is too low to produce sufficiently
highly ionized species to contribute to the x-ray flux observed in this ex-
periment. An alternative interpretatior of these results is that the predicted
line intensities are incorrect due to either insufficient atomic data or in-
accuracies ‘n the solar abundances used. As the principal species respons-
ible for the emission feature are S ions, a small shift in the ionic equilibrium
would give rise to a large * 'riation in the expected line profile. If the cal-
culations used to derive the temperatures for these models are accurate to
only 30%, the apparent discrepancy is resolved. Intensities for common
lines calculated by Tucker and Koren and by Mewe in general agree ‘o
within a factor of two. We also note that a strong Si line at 5, 22 A could
influenc: our results, Although the contribution of this line was taken into
account, an overabundance of Si would enhance this line and shift the profile
to longer wavelengths and yield correspondingly lower temperatures. Such
a possible overabundance has recently been reported in observations of
spectra from stellar x-ray sources (Burginyon, 1974). However, the solar
abundance of silicon to sulphur has been determined to be 3.9 (Walker et al.,
1974b) and therefore an extreme solar overabundance of silicoa can be dis-
counted.

The more detailed analysis of the structure of solar active regions nec-
essitates both greater spectral and spatial resolution in order to establish
whether the line and continuum emission are originating in the same volume,
and which lines are the major contributors to the observed profile. High
resolution PET crystals are used in conjunction with high sensitivity graphite

crystals on the Columbia OSO-1 experiment due to be launched in 1975,

-1l-
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LABORATORY OPERATIONS

The Laboratory Operations of Thy. Aerospace Corporation is conducting
experimental and theoretical investigations necessary for the evaluation and
application of scientific advances to new military concepts and systems, Ver-
satility and f'exibility have been developed to a high degree by the laboratory
personnel in dealing with the many problems encr.untered in the nation's rapidly
developing space and missile systems, Expertise in the latest scientific dovel-
opments is vital to the accomplishment of tasks related to these problems, The
laboratories that contribute to this research are:

Aerophysics Laboratory: Launch and reentry aerodynamics, hea ’‘rans-

fer, reentry physics, chemical kinetics, structural mechanics, flight dynamics,
atmospheric pollution, and high-power gas lasers.

Chemistry and Physice Laboratory: Atmospheric reactions and atmos-
pheric optics, c'Farruca reactions in pnl[ut.d atmospheres, chemical reactions
of excited species in rocket plumes, chemical thermodynamics, plasma and
laser-induced reactions, laser chemistry, propulsion chemistry, space vacuum
and radiation effects on materiale, lubrication and surface phenomena, photo-
sensitive materials and sensors, high precision laser ranging, and the appli-
cation of physics and chemistry to problems of law enforcement and biomedicine,

Electronics Research Laboratory: Electromagnetic theory, devices, and
propagation pﬁanomenl. Incluaing p[a.m; electromagnetics; quantum electronics,
lasers, and electro-optics; communication sciences, applied electronics, semi-
conducting, superconducting, and crystal device physics, optical and acoustical
imaging; atmospheric pollution; millimeter wave and far-infrared technology.

Materials Sciences Laboratory: Development of new materialy; metal
matrix compcsites and new forms of carbon; test and evaluation of graphite
and ceramics in reentry; spacecraft materials and electronic components in
nuclear weapons environment; application of fracture mechanics to stress cor-
rosion and fatigue-induced fractures in structural metals,

Space Physics Laboratory: Atmospheric and ionospheric physics, radia-
tion from the atmosphere, density and composition of the atmosphere, aurorae
and airglow; magnetospheric physics, cosmic rays, generation and propagation
of plasma waves ir the magnetosphere; solar physics, studies of solar magnetic
fields; space astr« uomy, x-ray astronomy; the effects of nuclear explosions,
magnetic storms, and solar activity on the earth's atmosphere, ionosphere, and
magnetosphere; the effects of optical, electromagnetic, and particulate radia-
tions in space on space systems.

THE AEROSPACE CORPORATION
El Segundo, California
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