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Spectroscopic studies of the solar corona at X-ray wavelengths

By L. W. Acton aAnD R. C. CATURA
Lockheed Palo Alto Research Laboratory, 3251 Hanover Street, Palo Alto, California 94304, U.S.A.

The spatial distribution of the emission in several X-ray lines is discussed with emphasis
on temperature dependence and association with active regions. New results are pre-
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~ sented for the trio of helium-like O vir lines which demonstrate (1) a spatial variation in
- the density dependent forbidden to intersystem line ratio, and (2) a strong spatial vari-
< S ation in the intensity of the O vir resonance line relative to the optically forbidden tran-
> —~ sitions. The second effect appears to be caused by resonance scattering by material in
® 19| the line of sight.
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IO INTRODUCTION

=w

The solar corona represents an insignificant fraction of the mass of the Sun and its radiation makes
but a tiny contribution to the solar constant. Even so, the coronal emission dominates the solar
spectrum at short wavelengths. The interested reader is directed to reviews by Culhane & Acton
(1974), Doschek (1972), Parkinson (1974), Walker (1972), and recent papers by Walker, Rugge
& Weiss (19744, b, ¢), Parkinson (1973, 1975), Doschek, Meekins & Cowan (1973), and Neupert,
Swartz & Kastner (1973) for background information on solar X-ray spectroscopy.
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It is the purposc of this paper to present some recent results from spectroscopic studies of the
corona at X-ray wavelengths: new cxperimental information on the spatial distribution of
emission from several diffcrent X-ray lines, the first conclusive observation of a decrease in the
forbidden to intersystem line ratio of O vir due to line formation in a dense region, and the
discovery of a spatial variation of the ratio of the triplet series lines to the singlet resonance line
of O vir. The latter effect may be associated with resonance scattering by O vi1 ions in the line
of sight.

SPATIAL DISTRIBUTION OF RESONANCE LINE EMISSION

X-ray photographs of the solar corona, such as have been presented by Vaiana at this meeting,
have provided detailed information on the form and intensities of the structures which comprise
the X-ray corona. The papers by Vaiana et al. (19734, b) summarize the results of many years of
solar X-ray photography and identify and illustrate six classes of coronal X-ray structures. For
understanding the physical conditions within the observed coronal structures, it is helpful if these
broad-band X-ray photographs are supplemented with spectroscopic measurements. For
example, figure 1 illustrates the variation of emission in four important X-ray lines across the
disk of the Sun. These observations were obtained with an improved version of instrumentation
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described by Acton et al. (1972) where the observing technique is explained. The spatial resolution
is set by mechanical collimation to 1.3’ (full width at half-maximum transmission) in the direction
of scan across the Sun by the full width of the disk in the other direction.

Each of these X-ray lines may be formed over a range of temperatures spanning several million
kelvins with the temperature of peak emissivity increasing from O vir to Fe xvi1. For the purposes
of this discussion, it will suffice to point out the close association of the higher temperature lines

PHILOSOPHICAL
TRANSACTIONS
OF

T [
The Royal Society is collaborating with JSTOR to digitize, preserve, and extend access to S50

Philosophical Transactions of the Royal Society of London. Series A, Mathematical and Physical Sciences. IINOIY
WWWw.jstor.org


http://rsta.royalsocietypublishing.org/

Downloaded from rsta.royalsocietypublishing.org

384 L. W.ACTON AND R. C. CATURA

with active regions as indicated on the chromospheric calcium plage drawing. In particular, note
the dramatic decrease in the Fe xvir and Ne1x emission as the active regions are passed on the
right side of figure 1. In anticipation of subsequent discussions of the O v line ratios, it should
be pointed out that most of the radiation observed in the first three bars on the left of the histogram
is associated with a broad region just on the west limb. This region does not show on the calcium
plage drawing. Also, the brightest feature observed in the Ne1x and Fe xvi lines is associated
with McMath region 185 in the NE near central meridian, the most active area on the disk at
the time.
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Figure 1. The distribution of emission across the disk of the Sun in the resonance lines of Fe xvu (1.50 nm),
Ne 1x (1.35 nm), O vmr (1.90 nm) and O vu (2.16 nm). The data were acquired in the course of a rocket
flight on 18 January 1973. Each bar of the histograms is approximately one-third of the total angular width
of the collimator field of view in the direction of scan and represents a four second period of time. The McMath
calcium plage map, taken from Solar—Geophysical Data, is oriented such that the scan proceeded from left to
right and the collimator field of view at any time was a vertical strip across the disk.
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SPECTROSCOPIC STUDIES OF THE SOLAR CORONA 385

Culhane & Acton (1974) have presented other Lockheed rocket results similar to figure 1 but
utilizing two dimensional collimation. Those data show the higher temperature emissions to be
strongly concentrated towards the core of the active regions. The lower sensitivity resulting from
the 2-dimensional collimation permitted detection of only the O vir and O vin lines outside of
active regions.
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I: O Ficure 2. Spectra acquired during the rocket experiment of 18 January 1973. Four separate Bragg spectrometers
=w with a common field of view scanned stepwise through their spectral ranges once each second. The spectra

presented here were summed over the entire flight.
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386 L. W.ACTON AND R. C. CATURA

SPECTROSCOPIC RESULTS

For investigating coronal physics, itis not always necessary to record the entire X-ray spectrum.
Itis often preferable in a rocket experiment of limited duration to concentrate on narrow spectral
intervals containing the cmission lines of interest. Figure 2 is an example of such spectra, accumu-
lated during the flight of 18 January 1973 for which the spatial distribution of the four resonance
lines was presented in figure 1. In the following sections we will limit our discussion to the O vi1
data from this experiment.

The density sensitive line ratio

Gabriel & Jordan (19694, b) first identified the 3S-1S (F) transition in solar spectra and recog-
nized that the intensity ratio of this line to the 3P-1S (I) line should be sensitive to electron density
because of collisional depopulation of the long-lived 3S state. Subsequent publications (Freeman
etal. 1971; Gabricl 1972; Mewe 1972; Gabriel & Jordan 1973) have further developed the theory
and improved the accuracy of the atomic paramcters involved. It appears that the electron
densities required to produce a mcasurable deviation in this line ratio are at the upper limit of
those expected to occur in the line forming regions of the solar corona. Up to this time, conclusive
deviations of this line ratio from the low density limit have not been observed for the non-flaring
Sun, at least partly because of poor quality of the experimental data (Walker & Rugge 1970;
Acton, Catura, Meyerott & Culhane 1971). The data presented below are superior to carlier
results for investigating this problem because the statistical quality and spectral resolution are
good and the only variable parameter throughout the data sct is the position of the field of view
on the Sun.

The bottom scction of figure 3 shows counts of the O viI resonance lines collected for each 45
data sample. The left-hand bottom display is the same data presented in the O vir panel of
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FiGURE 3. Analysis of the O vir line ratios from the flight of 18 January 1973. The group of data on the left
corresponds to the first scan of the disk, presented in figure 1. The second, north to south, scan of the disk is
summarized in the group of data on the right. The rocket was rolled 46° between the two scans. Further
description may be found in the text.
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SPECTROSCOPIC STUDIES OF THE SOLAR CORONA 387

figure 1. The right-hand portion of figure 3 shows additional data collected during the second
half of the rocket flight when the field of view of the spectrometers was swept across the Sun from
north to south.

The middle portion of figure 3 shows the percent deviation of the F/I ratios from a mean
determined from the entire data sample. When this deviation exceeds 20, the bar is drawn heavy
black. (The o used for this purpose is that derived from the counting statistics of each individual
data sample rather than the standard deviation of the mean which is, of course, much smaller.)
These data have been corrected for background and all known instrumental effects. The instru-
mental resolution was inadequate to permit correcting for satellite line blends, so an additional
random error of 2 %, above the counting statistics was included when computing the standard
error of each datum. The value of the mean F/I ratio is 3.60 and is dependent on the choice of
background. The more significant result is the deviation from this mean from point to point on
the Sun and this result is nearly independent of possible residual systematic error.

The first scan across the Sun provides the best data for isolating localized high-density line
forming regions because the payload was oriented so as to minimize superposition of different
active regions in a single field of view. Note that about £ of the way through the first scan there
are three adjacent data samples showing a 15 9, or larger depression of the F/I ratio. These points
are significant at the 3.5, 3.0 and 2.0 o level, respectively. The probability of this association
occurring by chance is 2 x 108,

Because of the superposition of sources in the field of view on the second scan, it is difficult to
definitely locate the dense source region. The data are consistent, however, with identifying the
region with the eastern-most portion of McMath region 185, the brightest e.u.v. and X-ray
feature on the disk at the time.

Since dense regions are included in the mean F/I ratio, it will be below the true low density
limit. Furthermore, low density emitting material within the field of view will tend to dilute the
contrast of the high density feature so that we estimate a true depression of the F/I ratio of at least
20 9%, Weignore the weak temperature dependence of the F/I ratio discussed by Gabriel &Jordan
(1973) and accept their statement that a 10 9, depression of the ratio corresponds to an electron
density of 3 x 10°cm=3. Then, for purely collisional excitation, the density may be expressed in

terms of the F/I ratio as:
N =2.7x109Ry[R—1) cm3,

where R, is the F/I ratio in the low density limit and, here, R is the observed F/I ratio. In our

case, Ry/R equals 1.25 so that:
Nz~ 7x109cm™3,

This density is high but not unreasonable. A more important result is to have demonstrated the
applicability of the theory of Gabriel & Jordan for diagnosis of solar plasmas — provided that the
experimental data are of sufficient quality.

Resonance line absorption

Questions of X-ray self-absorption and radiative transfer effects have been neglected in all
recent solar X-ray research. It has been universally assumed that all X-ray lines are optically
thin even though the pioneering theoretical work of Elwert (1954, 1956) indicated the possibility
of optical depths greater than unity for some lines.
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388 L. W.ACTON AND R. C. CATURA

The O v data from our 18 January 1973 rocket experiment exhibit a spatial variation of the
resonance line (!P-1S) intensity relative to the optically forbidden triplet to singlet transitions
(®P-1S and 35-1S) which we believe is caused by resonance scattering. The top section of figure 3
shows the variation of the forbidden (F, 35-S) plus the intersystem (I, 3P-1S) line intensities to
the resonance (R, 'P-1S) line for all of the data from the rocket flight. These data have been
analysed and presented in the same way as the F/I ratios discussed earlier. Aside from statistical
differences and variations of the F/I ratio itself, we find the F/R and I/R ratios to be entirely
analogous, therefore we present the combined (F +1I)/R ratio.

Most of the radiation observed at the start of scan 1 originated in McMath region 171, an old
region spanning 30° in longitude, which was just crossing the west limb at the time of our flight,
and region 176 at 55° past central meridian. Although the superposition of sources on the second
scan reduces the contrast, the positive deviations just past the centre of scan two are consistent
with these locations for the strong positive deviation regions of scan one. The single strong positive
deviation near the end of scan one seems to be associated with McMath region 197 which was
just beyond the east limb.

The association of resonance line weakening with sources near the limb is immediately
suggestive of absorption or resonance scattering rather than some unusual excitation effect. This
geometry permits the maximum amount of material in the line of sight. Furthermore, O vi1 is
the predominant oxygen ion between 1.8 x 105 and 2 x 10K so that essentially all of the oxygen
in the line of sight will contribute to resonance scattering even though its self-emissivity may be
low. As both the F and I transitions are optically forbidden, the absorption optical depth for these
lines will be many orders of magnitude below that of the resonance line. They, therefore, serve
as a convenient reference against which to measure the diminution of the resonance line.

Again, as in the F/I line ratio analysis, the absolute value of the line ratio is not as important
as the spatial variation of the ratio. However, it may be worth noting that the mean values given
in figure 3 for both ratios should be good to better than 10 %,.

The data of figure 3 imply a 30 9, increase, above the disk centre lower limit, of the (F +I)/R
ratio for the western regions. For an approximate analysis, we may consider this as purely an
absorption effect corresponding to an optical depth, 7, of about 0.26 in the resonance line.
Neglecting re-emission into the line of sight, 7 is given by the expression:

Ned,

T=0
Ae

L,

where o is the absorption cross-section per O virion (cm?); N, the electron density (cm—3); 4,, the
elemental abundance of oxygen relative to hydrogen; 4e, the number of free electrons per
hydrogen atom; L, the absorption path length (cm).

We assume that 4y = 3 x 10~* (derived assuming a neon abundance of 6 x 10~5 and the O/N,
abundance ratio of 5, recently published by Acton, Catura & Joki (1975)), 4e = 1.2and thatall
of the oxygen is in the form of O vi1. The line centre absorption cross section is calculated from

the expression (Allen 1973):

0.0265
Ay fcmz,

where f = 0.7 is the absorption oscillator strength of the resonance transition and Av, the Doppler
width, is approximately 3 x 10135~ for an assumed temperature of 1.6 x 108 K
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SPECTROSCOPIC STUDIES OF THE SOLAR CORONA 389

We may combine these expressions to solve for N L, the number of electrons per square
centimetre of column along the absorbing line of sight:

NoL = 1.7%x1018cm™2.

This is commensurate with the value of NeL derived using the spherically symmetric coronal
model of Withbroe (1972) with an electron density of 108 cm=2 at the base of the corona for a
source region more than 55° from disk centre.

This approximate model indicates that scattering of the X-ray resonance line is the probable
cause of its variation in intensity relative to the forbidden transitions. It follows that radiative
transfer effects should not be ignored when interpreting X-ray resonance line intensities. Corre-
spondingly, the optically forbidden transitions of the helium-like ions will now be of even greater
importance for plasma diagnostics because they are not only density sensitive but are also
independent of the complications of radiative transfer.

SUMMARY AND CONCGLUSIONS

We have attempted to demonstrate the role of high resolution X-ray spectroscopy in coronal
research. It should be clear from the discussions of this meeting that both spectroscopy and
broad-band imagery will be required to pursue these studies until such a time that the spectro-
scopic measurements can obtain sufficiently fine spatial resolution and still maintain appropriate
sensitivity.

In the forgoing sections we have utilized data with fair spatial resolution and good statistical
quality to demonstrate two important new experimental results:

(1) For Ovm, at least, the density dependence of the forbidden to intersystem line ratio of
helium-like ions is observable and usable for coronal studies.

(2) Radiative transfer effects due to resonance scattering must be taken into account in
interpreting the intensity of X-ray resonance lines. The forbidden transitions serve as effective
indicators of the importance of this effect for the helium-like ions.

We gratefully acknowledge useful scientific discussions with W. A. Brown, J. L. Culhane, J. T.
Jefferies and M. Walt. Much of the data analysis was carried out by E. G. Joki and D. T. Roethig.
R. Garavalho, J. Coffman, K. L. Smith and T. J. Vanderbosch deserve special thanks. The
success of the rocket launch is due to the combined skills of the Sparcs groups at N.A.S.A./Ames
and Lockheed, the N.A.S.A./G.S.F.C. Sounding Rocket Branch, the telemetry support services
of New Mexico State University, Physical Sciences Laboratory, and the rocket launch services
of White Sands Missile Range directed by Lloyd C. Briggs. This work was supported by N.A.S.A./
Ames Research Center under contract NAS2-6723 and by the Lockheed Independent Research
Program.,
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Discussion
G. Vaiana

For your determination of the O/Ne¢ abundance ratio are you sure that the O vur and
Ne 1x intensitics can be attributed to the same physical region on the Sun?

L. W. Acron

We believe we can be sure of this for two reasons: (1) for 15 of the 25 independent obser-
vations used in this analysis, 2 dimensional collimation was employed; (2) for the normal
range of temperature encountered in non-flaring active regions O vir and Ne 1x line cmission
will both be produced. These are the types of regions to which the observations refer.
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