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A set of spgetroheliograms of the sun taken during an Aerobee rocket flight made on
April 28, 1966, by the U.S. Naval Research Laboratory is the primary source of obser-
vational data. The wavelength zange covered was approximately 170-600A. A coronal

jenhancement at the east limb was sufficiently intense, and free from contamination by
other features; and background continuum to permit a photometric 'study of its brightness ;

profile in several of the more intense lines,

A study of the maximum brightnesses of the enhancement in several lines of widely
varying -temperatures gave a measure of the ability of the enharicement to emit radiation
as & function of temperature. This ability was fcund to increase with increasing
temgerature between temperatures of 500,000 and 5,000,000 degrees, and to decrease
rapidly at higher temperatures.

The bi.ghtness .profiles of the enhancement in the various lines, undér a geometrical

assumption of cylindrical symmetry about an axis, yiclded information on the ‘temperature
‘fand density structure of the enhancement, A hot core in the enhanccment of tenperatures

up to 5,000,000 degrees was found to exist, with a cooler envelope surrounding it.
Electron densities of up to 2 billion per cubic centimeter were found to occur. The
temp2rature and density structure was ghen compared to, and found to be consistént with,
K-coronameter white-light and 9.1 centimeter radio observations of the same day.

Finally, a comparison of the measured emission scale heights with the scale heights
predicted by hydrostatic equilibrium yielded information of the magnetic field
structure governing the different temperature regimes, At one million degrees, the
field appears to be nearly vertical, whereas hotter regiéns tend to be confined by
a field of loop-type structure, '
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CHAPTER I.
INTRODUCTION

The study of solar radiation with the idea of interpreting it
in terms of structural models of the sun was almost completely
restrictéd to the visible region of the electromagnetic spectrum
until the end -of the sécond world war. Since that time, two new
branches of solatr astronomy have developed, namely, radio astronomy,
and ultraviolet and X-ray .astronomy: The former emjoys the avail-
ability of an atmospheric window in the centimetetr-meter wavelength
range which fortunately corresponds :to an ''optical" depth range
that covers a large portiofi. of the solar atmosphere. Consequently,
the science has matured:.to the éqint where regular, systematic
observations are carried out at a number of observing stations through-
out the world.

Two major limitations on radio coronal observations are the
limited angular resolution of telescopes of i 4geable size, and
the fact that -the energies corresponding to radio wavelengths are
so far removed from the excitation and ionization energies prevalent
at coronal temperatures that little information on the chemical
composition or the atomic processes that occur in the co¥ona is
obtainable. What we see at radio wavelengths is chiefly radiation

from free-free clectron-ion interactions. Although the amount of

Tl
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such radiation produced By:é»sqmpie of .gas varies as the square

of the average ionic chargeé, the Gliape of the free-free spectrum is
independent of the Structure of the {on.

Ultrgvidlet<and X-ray gstronomy, on the other hand, involves
the study of radiation produced under conditions that approximate

the optimum under which -such radiations are producéi, As a result,

the ionization and excitation transitions which .occur will‘?rOQﬁéé

observable radiation. in this region of the spectrum which is
characteristic of the chemical as well as the thermal structure of
the gas.

Also, in the ultraviolet and X-ray regions we are seeing

the corona in the most intense part of its énergy spectrum,

This
region of the spectrum plays a major role in determining as well
as reflecting coronal structure.

s

Unfortunately, these shorter wavelengths are completely exclu-
ded from ground observations by the earth's atmospheric absorption.

The' only possibility for these observations, therefore, rests with

rocket probes, satellites, and orbiting observatnries.

In each
case, experiments must be pre-programmed and equipment desigued fov
the specific observations plaqned, uften with a considerable restric-

tion on performance imposed by space and weight limitations and the
complexities of a pointing control.

Although the space probe
experinents allow observations over an extended pericd of time,

they share the commen limitation of not enjoyingﬁ“h” advantezge of
a variety

Line
w »

of equipment pius a1 on-the-spot experimenter.

spectra of the sun in wavelengths short of the visible
have been

recorded both on special photographic emulsions deposzited

wee to
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by centrifuge techniques; and by photometric recording in flight

with telemetered data:-transmission: The. former method has 'been

~em§loynd«by the Rocket ‘Spectroscopy Branch of the Naval Research

‘Laboratory (NREj beginning with..a low resdlution spectrum. obtdined

‘with a V-2 rocket on Octeober 10; 1946 -(Baum.-et. al, 1946). Since

- then both normal .and grazing incidence spéctra of higher quality

‘have: been cbtdined at. increasingly short wavelengths, -with normal
inciabéce being most valuable down to about 500A (Tousey 1964), A
disadvaintage sf the use of photograpliy in recording the solar extreme
ultraviolet radiation is the fact -that the film is also quite
'sensitive to radiation at longer wavelengths which make up by far

the largest portion of the total solar radiation. The presence of
instrumental light scatter produces a-serious fogging 6f the emulsion
unless measures are taken to eliminate this light before it enters
the spectrograph. This has been accomplisned by the NRL group with
the use of a thin aluminum £ilm which absorbs essentially all
radiation longward of about 850A. A description of the transmission
properties of such a filter is given in the next chapter.

The photoelectric recording techniques used by the Air Force
Cambridge Research Laboratory (AFCRL) have the advantage of continuous
monitoring during a flight but suffer from the loss of the fainter
lines in the background noise. Also, the larger noise fluctuations
may casily be misinterpreted as faint lines. The elimination of
stray long-wavelength radiation becomes unnecessary with photo-
multiplier tubes, however, since their sensitivity to such radiation

is much less than that of the photographic emulsions. A further




advantagc_o[vphotbelectric>recording techaiques is that they yield
reliable line intensities in absolute units much more reddily
than doesthqpogfaphic £ilm,

Such observatioiis as. reported on by Hall, Damon and Hinteregger
(1963), Hinteregger, Hall and Schweizer (1964), and Hall, Schweizer
anti Hinteregger (1965) have contributed siynificantly to our under-
standing of the absorption characteristics of the upper atmosphere,
and reports by Neupert and associates (1964, 1965) of the grazing
incidence spectra obtained by the first Orbiting Sola¥ Observatory
(0S0-1) furnished the first direct observational evidence of the
variation of the extreme ultravidolet flux with solar activity. The
0S0-1 obsérvations indicated a more sensitive variation in flux
with ‘solar activity for the lines arising from the hotter ions; this

was internreted as indicatiiig -z .greater degree of localization of

hotter coronal material within active regions. Such an interpretation

has since been confirmed by the recording of spectroheliograms
(actually slitless solar spectra) by the NRL group (Purcell, Packer
and Tousey 1959; Garrett, Purcell and Tousey 1964, Tousey, 1967a).
The spectroheliograms used in the present investigation repre-
sent a4 great improvement in qality of resolution over previous ones
to the extent that the chromospheric network is easily visible in
some of the cooler ions, notably He II Lvman-alpha. This imaroved
resolution increases the possibility of identification of some
fainter lines, and improves the ability to detect and evaluate
differences in appearance of the active regions in lines emitted

from ions of different temperatures.

POy
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CHAPTER IIX
DESCRIPTION OF THE EXPERIMENT

A. General Remarks

On April 28, 1966 a spectroheliograph was flown ih an Aerobee
15G rocket with a:biaxial pointing cqntrol developed by the Univer-
sity of -Colorado. Time of launch was 23:34:51.08 UT, and the rocket
achicved its maximum altitude of 187.7 km 232.2 seconds after launch.
The general design of the spectroheliograph is similar to that flown
during earlier flights (Tousey 1963) and consists of an aluminum
filter mounted on a wire mesh to filter out waveléngths X 8304,
a concave platinum-coated grating operating at near-noxmal incidence,
and photographic film produced by centrifuging a low-gelatin-content
emulsion onto its support,

A series of pictures of the spectrolieliograms taken during the
flight is shown in Figure II-1l. The spectroheliograms are also
reproduced in two review articles, one by Tousey (1967a) and the
other by Goldberg (1967). The quality is excellent, the angular
resolution of the solar disk being approximately 10" of arc (Tousey

1967b, Goldberg 1967).

B. Aluminum Filter
A summary of the data available on the transmission of aluminum

films is given by Tousey (1963) and is shown here in Figure II-2.

6
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Although all three éXperimental results agree, insofar as they
overlap, that there is a shaxp peak at 171A followed by a steep
dropoff to shorter wavelengths, and.:that the transmission decreases
from 500A toward longer wavelengths, the quantitative agreement is
very poor. The varying amount of aluminum oxide coating the surfaciis
of the different samples may explain why the transmission curve of
Tomboulian and Bedo (1955) is about a factor of two Yigher than that
of Astoin and Vodar (1953).

More difficult to explain is the markedly steeper slope at the
long wavelength end of Walker, Rustgi, and Weissler's (1959) curve
than that of Astoin and Vodar. Also present in the former but absent
in the latter is a discontinuity in slope at around 630A. Experimen-
tal data obtained at the Naval Research Laboratory (Snider 1967)
record a transmission of 11.27% at 584A and 32.8% at 304A. This
;udicaCes that the filter used in flight has a transmission curve
somewhat steeper than that of Astoin and Vodar, buv below that of
Walker et. al.

The following criteria were used in the present analysis to
construct a curve that would be consistent with the earlier experi-
mental curves and pass through the two measured points of calibration
of the transmission of the filter used in the flight. (1). The
transmission curve should approach zero at 830 to 850A. Siace a
smooth curve fit of the two calibration points with this cutoff
point is possible, and this curve shows a simple monotonic decrcase

with Increasing wavelength as does that of Astoin and Vodar, the

portion of the adopted curve longer than about 300A can be :onsidered




as being known to within a few percent. (2). Shortwards of 300A,

a reliable extrapolation from the calibration points would e
impossible, so a compromise between Astoin and Vodar's and Tomboulian
and Bedo's curves was adopted. This was done rather subjectively,
but any departurés of thé adovpted curve of a factor larger than

about 1.5 from its assumed value would produce a curve differing

significantly in. shape from the eyr.rimental curves.

C. The Grating

The grating empleyed in the spectroheliograph was a Bausch and
Lomb. Catalog #35-62~-27-80 platinum coated grating, with a concave
radius of 998.8 mm, a ruling of 2400 lines mm-l, and a blaze angle
of 2005’. The result of the blaze is a maximum intensity of the first
order image at arcund 300A at near~inormal incidetice, apart from
the variability of reflectivity of the platinum surface with wave-
length. The half-intensity points of the .grating's diffraction
efficiency curve lie at approximately oune-nalf and twice the wave=
length of maximum intensity, i.e., at about i50A and 600A (Purcell
1967).

In addition to the variation of efficiency with wavelenpth
that results from diffraction alone, we must corsider variations
in the reflectivity .of the platinum coating with wavelengtih. The
solid curve in Figure II-3 shows the reflectivity of a smnoth,
platinum-coated parabolic mirror obtained experimentally at NRL by
Purcell (1967).

The efficiency of the grating used in the s=soctroheliozraph

was measured at 304A and 584A at NRL and found to have values in
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the first order of 1.1% and 5.6% at these two wavelengths, respec-
tively. At 304A, the reflectivity of the grating is 0.5 that of
the smooth mirror, and at 5844 the ratio is down to nearly one-
fourth, in agreement with what is expected from the ruling of the
grating. At the short wavelength end of the icalibration, the
extrapolated value of the reflectivity at 150A based on Purcell's
data should also differ from the grating's efficiency by a factor
of about four. We thus have three well-separated points at 1504,
304A, and 584A for which the grating's reflectivity is fairly well
known, and through which we can draw a reflectivity curve for the
grating that is consistent with Purcell's curve for the mirror.
The dashed curve in Figure II-3 shows the adopted values of the

grating's efficiency.

D. The Film

The main problem in the design of films for work in the far
vltraviolet is one of overcoming the high absorption of the gelatin
in these wavelengths. Kodak-Pathe of Paris, by a centrifuging
technique, has produced emulsions consisting of a single layer of
grains. on the outside of the supporting medium (Tousey 1963) ;. thus
eliminating this absorption. Successive modifications of this type
of emulsion have been manufactured under the designations SC-4,
SC-5, and SC-7. A modification of the last of these, SC-7t., which
possesses a thinner emulsion was emploved in the rocket spuctro-
heliograph.

No absolute intensity standards were available for the film

emulsion used. I therefore sought to produce a calibration curve
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in terms of arbitrary units of film exposure, by an analysis of four
spectrolieliograms with exposure times ranging from 0.6 to 10.7
seconds. At four arbitrary points along the continuum, at the He II
304A disk image, and at a limb feature in /Fe XVI at 335A and’ 361A,
and Mg IX at 3684, I compared the film deiisities of .the four dif~
ferent exposures. The film density, D, is- defined in the usual
manner :
) Io
D = loglo"f— )

where I° and 1 are tlie intensities of a standard beam having
passéd through clear film and film -of density D, respectively. When
plotteéd against log E, with E the exposure (intensity x time),
the ¢haracteristic curve of the film results, whose shape is inde-
pendent of the units measuring the expcsure, E. Eight plots of
the characteristic curve at the eight differént wavelengths resulted,
all with nearly .the same shape. A well-defined composite curve
resulted when the separate curves were shifted horizontally (along
the exposure axis) to minimize scatter. Figure II-4 shows this
composite curve with the points obtained by measurement from the
film. Included are some points produced in the laboratory whose
significance will now be discussed.

The method of calibration given above 'gives good values of
the slope of the characteristic curve of the film (often called
the "gamma" of the film) when the variations iz exposure arc pro-
duced by changes in exposure time, If the same variations in

exposure are produced by changes in the intensity, rather than time,
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a: different set of curves may result. This effect is the failure

of the reciprocity lav of film emulsions, and can occur when one
compares exposures of widely differing lengths. Since we must
consider the relative brightnesses of the various points of th.
spectroheliograms as unknown at this point, 'a reciprocity check
necessitates a comparison of a graded series of exposures whose
variations in film density ave produced by variations in beam
intensity with a constant exposure: time. .Such a series of exposures
at 5 and 30 seconds at 304A were recorded at NRL by Snider (1967)
through filters of various transmissivities. Table II-1 shows the
cxposures,; defined in the usual manner but in arbitrary units, aand
the corresponding film densities. It is evident that reciprocity
failure becomes considerable between exposure times differing by a
factor of six. DBoth exposure times taken separately, nowever,
produce a characteristic curve similar to :the ones obtained from the
graded exposure time sequences with a gamma of about 0.5, and are
included in the construction of the curve in Figure II1-4.

ALl vphotometric work in this investigation uses two spectro-
heliograms of exposure times 10.7 seconds and 28.9 seconds corres-
ponding to wavelength regions of 171 -~ 400A and 400 - 630A
respectively. Unfortunately, there is n> usceful overlepping of the
two waveleagth regions to provide a dire:t measurement of rociprocity
failure rrom the plates used in the analysis. The reciprocity failure
of the ilm will, however, be less marheld between these expesures,
which differ by a factor of 2.7 as compared with & Jactor of six

In the laboratory exposures.
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Consider a film emulsion in Wwhich the reciprocity law is
obeyed, that is, the blackening of the film depends only on the
‘total: .amount of energy received by the film per unit arca. 1f E
is the degree of exposure of the film; I, the intensity of the

beam; and t, thée duratich of the exposure, then
E = It (2)

If the reciprocity law does not hold, we may define an effec-
tive exposure, E'; of the film that relates to the film density
by

y log E' + constant = D (3)

and assume, after Schwartzschild (1900) that the cffective exposurc
obeys the following relation:

E' = 1tP (4)
where p is an unknown constant., From (3) and (4) we may elinminate
E', and consider the case where I is the same, but t varies.

This results in the expression
p(log t, = log tl) = (5)
wvhere y is the "gamma" of the film. lor the film used in the

laboratory calibrations, y = 0.5, and log t, - log t, = .7 8.

2 1

Therefore, a value of p 1s specified for cach pair of expcsures

given in Table IT-1 by the following fornula:
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Ppo= 2,57(]32 -D (6)

l)

The values of p so obtained are tabulated in the far right
column of Table LI=l. I(f we.adept a-value of p = 0.30. then the
reciprocity failure o6f the film will lead to6 an -error in the
relative exposures of-CheAtwo spectroheliograms of «a factor of

-0.7

2.7 or 0.5, This is a smgll -enough error that it may be included:

in the empirical correction procedure; described in the next section,

E. Overail Instrumental Effdciency

So far, no allowance has been made for any possible variation in.
the sensitivity of the film with wavelength. Since the intensities
of the 304A and 584A lines produced in the laboratory were not
available on an absolute -scale, an indirect method of checking the
instrumental efficilency to detect a possible variation in wavelength
response of the film had to be used. S8ince the emission from the
lines of the lower-temperature ions comes more or less uniformly
from the entire disk, it is possible to compare the relative surface
brightnesses of these lines as recorded on the film with the line
energy fluxes outside the earth's atmosphere wmeasured by Hall,
Damon, and Hinteregger (1963). Table 1I-2 shows a: comparison of the
surface brightness of the solar disk in the lines He 1 5844,
0 IV 554A, and P. 11 304A with the corresponding f{luxes measured
by the AFCRL group. 1 obtained the relative surface brightnesses
by photometry from the spectroheliograms., using the efficlency curves
of the aluminum filter and platinum grating to convert film densities

to intensities. The absolute values of the brightnesses followed




[ G U A

P

14

from the assumption that the 304A He II line, whose photomctry was

. s A
o Aaraton ot e e e PPN IVF AT B
) \

the most reliable, had .a [lux to surface brightness ratio cqual to

-

- ¥ ,:-r.
r(kglln.UuQZ.Aor 2.15 % 10 J,-the fdux being -based on the AFCRL
observations. The data show unmistakably a strong increase in
éensitivity of the spectroheliograph with decreasing wavelength

that dis..probably due to 4 combination .cr (a) wavelength variation

[T

in film sensitivity, (b) reciprocity failure between the exposures

of. different lengths and possibly variations in the degree of

oyt

reciprocity failure with wavelength, and (¢) variations with wave-
length of the fraction of solar radiation absorbed by the terres-
trial atmospnerc above the apparatus. The total variation appears
to be nearly Linear and can be represented approximuately by the

.. exprossion
X = 1.90 ~ 0.034(4) (")

We then: adopt for the total efficiency curve of the apparatus

ST —

EEf = TRX (&)

where Eff is the total efficiency, T is the transmission of the
aluminum filter, and R is the reflectivity of the gratimg. since
eq. (8) is unknown to within a multiplicative constant, the effic-
lency unics are arbitrary. The absolute briaghinessc., of the coronad
features, which will be needed later, w:ll be tound oy anol wr cow-
parison of the weasured Intensities of the he ol uink oV Lratedegaer
et. al. with the photographic density e tae spoctiviel sogr i,

this time from the correcicd efficieacy funclivi siveid vy 14),

A e i e
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A plot of the efficiency variation with wavelzngth as given |

éq. (89 is shown 4inm Figure 1I-5.
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Table II-1

He IT 304A Laboratoty Film Calibraticns

E by Ey D, P

5 .13 30 .30 s

10 .23 60 .32 .23

25 .34 150 .48 .36

50 .65 300 74 27

100 .78 600 .90 31

250 i1.02 1500 1.16 .36

500 1.24 3000 1.28 —_
5 second exposures 30 second exposures

Table TI-2

Emission from the Sun in Some Low-Temperature lons

Line E(erp cm"Z sec_l) from L(ery cmhzhuu"l) I'rom
entire disk at 1 AU h/hss# spectrone Liogram.; ‘/1534
He [ 58447 .055 5.5 2.94 x 16" 2,2
0 IV 554A .01 1.0 1.3 5 07 Lo

/,
bell 3044 .25 25 1,16 x 10" 80




R,

~
—
§ ‘ndeadoaoyd L1070I0GRT VOAPDSIN ITAVY ¢ ] COg98T
t
H}
X 83 Trady ud 393d0x »2qeasdy ue Jo YITTF TN ay? SuTanp poapaossad sLrd?arrancrissds onp c1-I1 ~angr g

‘Ado> w|qejieae s0q
woly pacnpoidoay

o sttt

«
™~
-
o<f
-
~<
3
wr
©
‘l
4

Iy
os oy o 5 szer v - 9L W2 2y - ” . - : -
- \.rfﬁ...?rw. Y P2, TR T A -~ - .- Fal e T e,
5 s Jeo Vn(-.u- N . 8 o Lo i ’ " : A N
- . M M . ~ PERA 9 A
% N - . .
- . 3 LT - " ' «
¥ , ! - " .- - " . -
35, ] = > . v 3 . - % k4 - "
. . “y ", A
» L - .
M S ive .
20v PR 5t S “OF : “ - C2 3 -
. U3GYO I35 piat o._} pvg? ZZ 34 " ol 2 S x7 T X -a e X AxX PR £

ooy ,}..vudad.vé

[ o T -

.

-~
>

Frew o noe 123N




~4
(&7
_r:;;:> -

—-—-— TOMBOULIAN AND BEDO
——=—— WALKER, =t. al.
oeeeeeee- ASTOIN AND VODAR

- ADOPTED

TRANSMISSION EFFICIENCY, PER CENT

L. l 3 |
200 400 600

A (A)

vigure I{-2. [IhLe percentages of radiation transsdtled by oluainom
filters of thichnesses 1150A for the case of bildwer, Justyi, and
Weisster; LOUOA for the others. The W) points ovtaiaed at 30447
and 584A [ron luboratory measuréments o Lie Jipter used io tiipht
are circled. After Tousey (LY063), excent for tie auopted carve.
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3 Figure II-3, The reflectivity of an off-axis parabolic mirror with

a platinum coating (Purcell 1967). The lower curve
represents the adepied efficiency curve for the gratiag,
; and shows two points obtained from laboratory measure-
ments.
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Figure [1~4. The characteristic curve of tl!.e Shumann-type emuslion
used in flight. The quantity E represents the
exposure, intensity times time, in arbitrary units.
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CHAPTER I1I
APPEARANCE OF THE SUN ON APRIL 28, 1966

A.  The Visible Disk

The solar disk on April 28, 1966 exhibited a considerable
amount of activity in the northern hemisphere as indicated by the
Fraunhofer Institut map for that date (Figure LI-}). The active
regions shown on the map that give rise to noticeable enhancement
of the EUV radiation arc:

(1) A large region near the west limb of the gun with a spot
group of class D7 (Zurich classification)!, The region is centered
at. 19°N, 58°w.

(2) An extended région éncompassing two small spots of class
Al, censered at 29°N, 22°E; and 30°N, 34°E.

(3) A moderate-sized region surrounding a class Jl sunspot,
Position: 22°N, 67°E.

(4) A coronal enhancement at the cast limb which appears to
be associated with an active region that lies just behind the limb,
The [irst suggestion of its appearance in Ca-K is a very slight
brightening of the limb on April 29 at 13:25 UT, or lBhBOm after

the spectroheliograms were recorded. Tie feature is centerad around

17°N, and on April 28 appeared only in :oronal cmission. Ojservations

of the progress of the plage across the disk indicate that che

extreme western portion of the plage lay from 0° to 3° behind the
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Llimb during the rocket flight. On the EUV spectroheliograms, the
feature appears at the extreme right hand position of the limb,
or about 70° from the north pole.

(5) An isolated small center at 25°S, 18°E, in which an Al
spot develops on April 29, 1966,

figures III-1 and III-2 show the solar disk for April 28 in
the light of H;.alpha and Ca-K, respectively. In both monochromatic
images, Feature 1l appears as a fairly compact, intense plage. To
the east of this region lies a region of moderate activity, which is
centered about 25°N, 22°W, and appears to contribute little to the
EUV radiation. This region shows a plage structurc of much greater
complexzty, and has associated with it a filament that extends from
it to the northeast.

Feature 2 appears highly structured in both H-alpha and Ca-K,
and also in the cooler ions radiating in the EUV. A comparison of
the Ca-K picture of this region (Figure I1I-2) with the disk image
of 0 V at 630A shows a quite striking agreement in structure, with
two large plages toward the east, preceded by several smaller ones
toward the west. An example of this feature in a hotter ion is most
clearly seen in the second-order emission of I'e XVI 335A, which
appears at 670A against an essentially zero background. At these
temperatures of 4 to 5 x 106 °K, the coronal cnhancement appears as
two larger, fairly well-defined regions of much less complex struc-
ture.

A quite well~defined plage region appears on the disk at the

same position as Feature 3, and the association of Feature « with a
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plage region just behind the limb has alyxeady been pointed out. The

latter feature shows no evidénce of its presence in the cocler EUV
18 lines such as 0 V. at 630A, and :begins to appear only faintly in
Ne VII at 465A, at a temperature of 5 x 70 °K. As seen on April

28, then, we may consider Feature 4 as being purely coronal.

‘ B. Limb Observations

; A particularly useful comparison of the EUV radiation from the
solar corona would be with limb spectra from a coronagraph-spectro-
graph in such forbidden lines as ¥Fe X 6374A and Fe XIV 5303A.
Unfortunately, the only limb spectra available near the .time cf the

rocket flight were taken on April 27 at Sacramento Peak Observatory,

the day before the flight occurred. The details of the limb enhance-
ment in the visible lines are cthus not directly comparable with the
EUV observations except in a qualitative sense. However, certain
characteristics of the structure of the visible line radiation

are quite interesting and have their evident counterpartsz in thu

EUV spectroheliograms taken on the next day.
E, figures II1I-3 and III-4 show, respectively, Lthe Sacranento Poais
i limb spectra for April 27 taken at high resolution, in the rugiona

s A

of 0374A and 5303A, respectively. The spectra are centescd av o0

position ungle on the solar disk as mea.ured clockwisu rron L
2 north point of the solar limb. The P-correction for tiw dotle.

April 27 and 28, 1966 was nearly -25°, thus the speclra ure centercu

‘5 about a point on the east limb at 20°\ letituae. A point iy oiut

s comparison of the intensity profiles of thuse spectra ouows o ratler

£
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broml maximum at nearly 20°N, with two maxima of Lesser width on
vither side. This .enhancement corresponds closely to the position
and extent of Feature 3 on the same date, and we may safely identify
the forbidden~line enhancement with the active region and Eorbiddén
line enhancement listeé as Feature 3. 1In addition, there appears

a bright knot of emission at 5303A poleward from the other featute.
This emission does not appear in the red line. The overall impres=—
sion gained from the two spectrd is that the green  line, which is
representative of hotter material than the red line, exhibits the
same general variation in brightness aiong the limb in an active
region, but possesses oneé additional dimportant characteristic;
namely, the addition of very bright, concentrated maxima presumably
representing hot, dense "knots" of coronal material.

The quiet corona adjacent to the active region shows a general
increase in red-line emission towards the equator, and an increase
of the green~line emission poleward. The former phenomenon is
similar to the behavior of the solar limb as seen in Mg IX at 368A
on the EUV spectroheliograms. The latter effect appears to be due
to the presence of other coronal activity to the north of the main
feature. Because the axls of solar rotation is ‘inclined to the plane
of the sky with the north pole inclined away from the observer by
an angle of B = 4°, the belt of activity appears to bhe displaced to
the north as one moves in slightly from the limb.

The primary feature in both the red and green lines appears Lo

extend along an arc of about 5° at the solar limb, and is a.tended to

either side by enhancements about 3° in width. The total
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north-to-south distance of Feature 3 as it -appears in the RUV

lines is also about 11°, although filmgrain noise makes the boundary
of the EUV enhancement less well defined than it is in the visible
lines. A localized brightening does appear in Feature 3. soutn of
the brightest portion of the enhancement in some of the brighter
Lines, notably 335A and 361A of Fe XVI. The fact that there is

a di“ference of one day between the two observations makes uctailed
comparisons uncertain, both because of soiar rotalion and possible
time changes in the physical structure ot the wohancement. A look
at the Ca-K picture clYearly shows the part of tie plage closest

to the limb to bo made up of a three-fold structure. The ceatral
maxinmum, which is the brightest portion of the region, conuncts
with another maximum to the soath by a bright chanael, whereas the
northerr. appendage is separated by a dark region.

We cenclude, then, that there is a one-to-one correspondence
between the elements of Feature 3 as seen in Ca=-K, and in tae
coronal visible and LEUV radiation, a¢ least awmong viements of the
order of size of a few degrees on tne sular disk. The coronad
emission, bowever, si.ows little structure co a smaller scale than
this, although tne presence of lines of widely diftering tuiperatur..
in the same region of the corona suggests unresolived coronei strac-
ture on an even smaller scale. There tiwus appoears to be o Jonlinuity
in the gross st-ucture of an enbancement with thoe uaderly: ;o plaps
thi  is preserved across the transition regioir, out =todctnges as
small as the chromospheric newwork are cowpletody savarca sut by

the time they reach the corona.

[E 3N
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C. The LUV Spectroheliograms

1. Lide Predictions and Observations

Tables 1I1-1 to I11-9 list all the predicted lines arising
from the screening transitions*2322pn - 282pn+l of the Be I to
F 'L isoelectronic cequences, and the 2s » 2p transitions of the
Li I sequence for the elements U, Ne, Mg, Si, and S§. 1In addition,
the resonance lines of Al XI, X; 'P X1II, XII; and Na V111 are
included because of the intensity of the resonance lines from the
Li I and Be I sequence. Also included are the lines arising from
the Fe ions, and a few of the stronger nickel lines. All the lines
listed may -be excited directly from the ground term or from some
metastable level. Recent computations by Bely (1966a, 1966b) of
the collisional cross sections of the lithium type ions indicate
that, in these ions at least, the quadrupole excitation tross
sections in some cases are larger thaa the permitted dipole cross
sectlons, Therefore a metastable level might be casily excited andl
could suffer a second collision to the upper level of an enhanced
line. We thus see 1iﬁes of different multiplicity in the same ions,
although the non-resonance lines are decidedly weaker. For the very
high temperature lons, departures from L-S coupling destroy meta-
stability and the enhanced lines must be excited directly from the
ground state. We therefore observe enhanced lines only In a few Lons
whose temperature is rather low (§ 106 ’K).

The quantities fcff represent the effective oscillator
strengths rather than the actual f-values of the lines in question.

The method of calculating them from the actual f{-values is described
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in Chapter V. Tor the sake of consistency within an isoelectronic
sequence, the .wscillator strengths were taken for the most part
from Varsavsky (1961) for .resonance transitions, although more
recent values as compiled by Pottasch (1967) will be used later in
the data reductions. The f-values not directly given by Varsavsky
were obtained from the relative line strengths in L-E& coupling
(Allen 1963). Departures from L-S coupling bezome increasingly
important for the ions of greater charge; however a check is possible
in the case of ‘Fe XIII with intermediate coupling line strengths
calculated by House (1967). The L-5 coupling approximation for

¥¢ XI11 gives f=-values in agreement with House's results to within
a few percent.

Since uncertainties of several tenths of an Angstrom in the
measured wavzlengths of the emission features in the spectrohelio-
grams exist, a somewhat roundabout method of identifying some of the
weaker lines had to be used. When possible, a comparison was made
with slit spectra taken by NRL during other flights to determine the
wavelengths of the emission features more accurately than would be
possible by direct measurement. As might be expected, nearly all
lines observable on the spectroheliograms were also visible on the
slit spectra. The tables at the end of the chapter then confirmed
most or the earlier ddentifications. 1In the longer wavelength
regions (,; 400A) only the very strongest lines were visible in the
slit spectra, imd several low excitation lines were recorded for
the first time on the spectroheliograms as plage~type featires.

A good example is a group of lines of Mg VI and Ne VI at around 400A.
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fi - The following subsections give a description of the identified
hg 5 lines and include several lines in the discussion whose appearance

3 : on the spectroheliograms is uncertain, In particular, lines betwecen
'E‘ i 264 and 304A which overlap the He LI Lyman-alpha image at the east
.é } Llimb may be quite strong yet invisible in the sharp features used

for identification due to the overpowering strength of the He 1I

g . disk image.

‘i , 2. Lithiu& Sequence

'{ The properties of the lithium~-type ion emission have becn dis-
é cussed briefly by C. Pecker (1963) and by Tousey (1963, 1964). 1n

spite .of comparatively small oscillator sctrengths (5 0.1) the

3 2 2

F resonance doublet 2p TP - 28 78,,, is easily scen in Lhe
] ance P Y372, 1/2 172 r8 veslly sue

S more abundant clements. Two effects combine to increase the strengtn
ke

32 . . : . . .

b of the lines. First, the comparatively small value of W/KY resudlts
h; . . =

X in a large value of the Gaunt factor P(W/KT), and this increases

: the collisional excitation rate. Also, as we siail oce later, the
4 relative abundances of these ions dei Jeasses rather slowly with

3

b increasing temperature.

The sequence first appears with the lines 609.8A ana b2y, 33

of Mg X. Tunese lines appear rather weak because of Lhe overiapping

with emission from the OV 629,74 disk, and tae Low transtiiesicn
of the dluminum titter at these wavelen, ths.  Albhswh sost ol Lhe
soiar image at €JY.8A overlaps the sccod order tic 1L Lymar -alpha
& image, the east limb of the Mg X line projects e¢aovara beyoud tiw

helium disk to mahe features (3) guu e visiole,
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The two corresponding lines of Al XI at 550.0A and 568.5A
are not evident due to the low abundance of aluminum on the- sun,
and the fact that they are superimposed upon images of 0 IV at
554A and He 1 at 584A.

Both lines of Si XIL at 499.3A and 521.1A are prominent. The
lines of P XIII at 456.1 and 481.4A are absent, although there is
a very weak line at about 483A that remains unidentified. It is
tenpting to assign this line to P XIII; the other line is however
definitely not present. The 483A line is more likely the second
order image of an unidentified but strong line at 241.7A.

A similar situation exists for S XIV which according to
photospheric abundance determinations by Goldberg, Muller, and Aller
(1960) should emit almost as strongly as Si X1I. A strong line is
present at 422A which could correspond to Ivancv-Kholodnyi and
Nikolskii's (1962) extrapolation of the S XIV K-line as being at
421A, The other iine at around 446A is not in evidence, however,
~=~1 the line at 422A is more likely the second order of a line of
re XIV at 211A.

3. Beryllium Sequence

The resuvnance singlets of the Beryllium sequence (2s2 lS0 -
2s2p lPl) are possibly in evideace continuously from O V at 629.7A
to Si XI at 303.4A with the exception of F VI and Na VI11, although
Al X is very weak. The 629.7A line of 0 V is very strong with most
of the emission coming from the disk, and the active regions showing
considerable plage-type structure, Ne VII at 465.3A is also strong

but shows less disk emission and some evidence of extended coronal
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emission, ‘Feature 3 is evident as a sharp plage at the base of
extended, diffuse corcnal emission. Mg IX appears strongly at
368.1A and continues the trend toward more diffuse radiation
associated with the corona, less emission from the disk, and less
noticeable plage-~type structure. Limb brightening is still very
strong. A line at 330A was observed Ly Tousey and was suggested
by him to be Al X 332.9A; this line is also present weakly in
Features 3 and 4. Si XI at 303.06A falls almost coupletely upon
the He II 303.8A image, but the active coronal emissions are
evident due to the strength of the line. Pottasch (1964) identifies
a line at 278.7A from Hinteregger's (1964) data as arising from

P XII, but the weakness of the line and the presence of the He II
304A disk superimposed on the east limb prevent its appeatance on
the spectroheliograms. The line of § XIII at 257.3A is present
but badly blended with other lines of silicon and sulfur.

The triplet spectra of the beryllium~type ions are seen with
reasonable certainty only in the case of Mg IX. Zirin (1964)
identifies a line at 444A as arising from the Mg IX triplet, and
the spectroheliograms show weakly other lines at about 449A and
440A. The corresponding lines of Si XI lie between 365A and 372A
and are not apparent, Part of the rcason for their absence may be
the wealth of faint lines in this region from Mg VIl, and the strong,
diffuse line of Mg IX at 368.1A.

4, Boron Sequence

The lines of the boron sequence are in general considerably

weaker than those of the lituium and beryllium sequences, largely
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because the large number of transitions possible makes the oscil-

lator strength of cach rather small. The comparatively small term

splitting in this series gives rise to rather close blends of lines

which are difficult to separate in images of extended features.
A . . 2, 2,

In O LV the term splitting is very small. The “P - 7f
transitions produce a blend at around 5544 which is quite strong
due to the high abundance of oxygen. Cunsiderable emission arises
from the quiet regions of the solar disk, but timb brightening is
also pronounced in contrast to the helium images. The 'ines of

. 2 2.
tiie multiplet "P > 78S may be present at 008.4A and GUY.BA Lut are
blended considerably with sccond order hieliun Lyman-alpha anag Mg X
6U9, B8A.

The speetrum of Ne VI is very faint, and the resonance
2, 2 L ‘ . \

P TH Jimes at 44974 and 02\ dare unobservadle in tue spuciro-
auliograms, pactially becduse of overlap with the Lo 1 L0440 divk

« ‘

Image.  The two lines expecteda from the ZP ’ ZS transitions at

4300 and 4327 are not evident with coectainty eitner, but are opo-
cured vy resonance lines of Mg ViI. One line peeseat ot awsout 423
in terrure 3 oas a small, plagu-type featurc corresponds L8 L

) f 2

. . 2 . K
slrungest riue of the 7P > T multiplet at 401,94 ¢ x,/, S N
2l L 3, e
e other 1ines are consideraubly wearer n L=S coupliug ane art
mashed by the resonanee Lines of M VL ik are wiwost fucitaval

fa appearame. A very weak Tlae on the red side ol S0 VO 09030

L/ , “)fi ol No VIoal dYY.ba. o Lawe

povwanly arises froa

relcauian bines, the 3/2 ¢ 1f2 transliion at Al iy becud - aiinoss




exactiy with a Mg VI line of the same wavelength, and the 1/2 »
L/2 transition at 401.1A blends with Mg VI 400.7A.

Lhe spectrum of Mg VIIL is present with a good many lines
Including the resonance doublet at 430.5A and 436.7A. Lines of the

*

2
B 2P multiplet ave present at 311.8A, 313.7A, 315.0A and 317,04,

. 2. 34
but thuse are obscured somewhat by the lines of the 2s72p° 'S5 -

5 b4 - . 2 2 . :
282p° P trunsitions of Si VILT. The "P » “S multiplet is nou
visible.
Tousey, ct. al. (1965) identify a line at 356.0A as arisiug

. g b2 4 34, o

trom the quartet temms 2s2p° P, > 2p° 'S ,,,. This Liue appears
5/2 372
very faintly on the spectroheliograms as o plage in feature (3).  tia
other lines of the multiplet at 352.-a and 353.8A are dlso presunt,
Tae line at 350.0A 1o, however, almost cxactly coinecident wita o
close resonance pair of Si A ZP 2) at 356.1A. omn
LILED L3 S P, RS I RN oL
3/2 3/2, 512
the otuer tine at 347.4A is also preseat,; the %A Line wual ou
cousidered o blend.
uther iaes of toe 5L N douvsee craasitions at 27248 aad 27/
mave bueen observaed oy Tousey et ai. (1962) and tdenb 2soa s Ui
2 2 .

P 8 transitious, vut Luey dare completely wasked oo can ventl dawe
by tue He [T Lyman-alpna fine.  Nedr toe west Liad o Corvaia v g
nent is seen L1 Lhe proper position of Foature (1) u. Lus. W=
sength region, but the Jeature {s oo ealundeu 100 o VaVs cunln
measureiest .

Several lines appear o the spuectrobiviae i des 10 cat v oaon

340 = 2ol widen may oe gttoibuleu padtly Lo tae 0o T raa o L aen
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of Si X. These lines are blended with several lines of the S «
resonance quartet and are difficult to identify individually.
The quartet lines of Si a lie around 290A and the same dif-
2 .
ficulty in (userving them as in observing the "P -+ 7S lines applies.
lhere is an enbancement corresponding to Feature 1 at this wavelcngti,

- 5 .

but othur contributors could be the 25"2p2 3P > 232p3 ’p transitions

o «
-

«¥ 81 IX (a resonance multiplet) and the 3s 231/2 > 3p 293.3A

P,
3/2

transition of Ni XVIII. Also contributing to the emission at 29UA
- . 2 2 -

of Feature 1 could be the resonance multiplet "P > "w of 5 XIL.

No lines of § XII have been observed with aay certainty,
although many predicted lines either lic in tne He il 304A disk at
their east limb, or become difficult to pick out in the shoct wave-
length end of the spectroheliograms. Ik addition, the cnersy levels
are uncertain and had to bc obtained by an extrapolation of Nuord's
(LV49) data.

5. darbon Sequence

The carvon sequeace is similar . o tue boron scquence in taat
naiy close plends are formed by the smald cerm splivtings.

rmission from O 111 i3 completely absent in Lie wavelusuth conge
under consideration nere, altnough Moori's (LY4Y) tavics predict

. B} 3 3. . . g - ‘
three lines trom the PO 1.2’ bl multiplet at 507.4A, JU7.70 aud

LR |
508.2A respectively. L present, these oines soould dppeas as
emission frou the disk; chelr abgsence is a result of Lhe facl that
- . . Re «

the temperatures necessary foc their foraation (LC7 "w) prace thelir
origin low in th: chromospnere-coronzi traasition ceglon. AL wnsuiL

of umitting material in this region ap> ors to be very sl , luio
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conclusion is similar to that of Kozlovsky and Zirin (1968), who
have studied the coronal emission of 0 VI at somewhat higher temp-
eratures. Apparently absent alsc are the lines of Ne V. The
resonance lings at 568A - 572A are masked anyway by the He 1 584A
. 3 3 . . .

line, but the "P = “P lines at 480A - 483A should be more easily
visible if they were present with comparable intensity. The
3 3. . . , , .
P > 7S triplet at 358A - 359A is also not in evidence.

o 3 . .

Ihe resonance “P - 3D lines of Mg VIT range from 429A Lo 435A

- e s . qinn 3 . 3y 4

and are present with fair intensity. Tohe “P - P lines at 3644 -

. , . .3 3 :
368A are also present with much less intensity. The “P » 7§ lincs
at 270A - 278A are badly blended with other lines of Si ViL andg
Si A, and in Features (3) and (4) are obscured by the He I1 304A
disk.

Faint images of the limb at 342A, 345A, and 350A appear to bu
due to the resonance lines of Si IX. Tne first of these, tiowever,
may be blended with second-order 171A emission from foe Ia. boly
Features 3 and 4 are present at 34205, but Feature 3 takes oa more
of a coronal enhancement appearance than that of a plage, wltnoupa

. ; . e 3 3 -
a small brightening remains at the center. The P > P trausitions
suffer from intertference with the e I1 304A disk, aiid possibiy aivo
some resovaance lines of § X1. The "P » 7§ transitions al J24A -
2274 may well contribute to tue very wiav vana of uviendued iiues o
that region. oOther multiplets lying in the same reglon afe Qrom
oy \ " ; 3 3 .
5 IX and S A, The lines or the “P » 78 multiplet ot & ar ua. lodd -

191A do not appear.
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6. Nitrogen Sequence

The ground term 4S of the nitrogen sequence is unsplit; and
connects by permitted transitions with only one other term, 4P.
Although the oscillator strengths are not particularly large, the
splitting of the 4P term is sufficient to make most of the identi-~
fications of these lines fairly reliable.

No lines of Ne IV are evident with any certainty. Mg VI appears
fairly conspicuously at 399A - 403A, but its lines are partially
blended with those of Ne VI in the same region, as described in
subsection 4 of this section. The Si VIII lines at 314A - 320A
are superimposed on a non-resonance Mg VIIL multiplet, but the lower
temperature at which the latter is present (v~ 800,000 °K) makes
these lines fairly readily distinguishable.

The spectrum of S X has been observed experimentally by Kononov
(1965) who fixes the resonance quartet lines at 257.1A, 259.54,
and 264.3A. The last of these is blended with Fe XIV at 2064.54.

The first two may contribute appreciably to the wide, complex blend
of lines at 256A - 258A.

7. Oxygen Sequence

Only the resonance triplet of Mg V at 351A - 355A is evident
with any degree of certainty as a weak series of plage images of
Feature 3. The lines of Si VII at 273A - 278A arc covered by the
He IT disk, and the lines of S IX at 221A -~ 229A (Kononov 1Y65)
are badly blended with other lines of Si IX.

8. Fluorine Sequence

The resonance lines of the fluorine sequence mirror the resc-

9

:) - [ 243 [ i ) ) “p
nance doublets of the lithium sequence; an inverted 13/2’ 1/2
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term connects with a 28 term, The two lines of Mg IV are not appar-
ent at 321A and 323A, but Si VI emits weakly at 246.0A and 249.1A.
The two lines or¥ S VIII occur at 198.6A and 202.7A in a region that
contains a large number of lines from Fe XIII (Fawcett et. al.
1966, 1967) which are very incompletely observed. The second of
these lines may possibly account for a part of the emission of a
long unidentified line at around 202A.

9. Spectra from n = 3 Electrons

By far the most important contribution to lines of the sodium
to argon sequences comes from iron in the corona. The spectra of
Fe VII1 ~ Fe XIV in the region from 170A to 220A were largely unknown
until comparatively recently due to the long uncertain extrapolations
.required from elements of lower ionization in the same series.
Because of their intensity and strong analogy with the lithium and
beryllium sequences, the resonance lines of Fe XVI at 335.4A and
360.8A and of Fe XV at 284.1A were easily identified shortly after
their first observations. (Hinteregger 1961; Hall, Damon and Hin-
teregger 1963). Another possible line of the magnesium sequence is
Ca IX at 466.2A which is visible in the spectroheliograms as a
faint line just to the red of Ne VIL 465.3A. Diffuse emission from
Feature 1 at about 290A suggests that Ni XVIII 293.3A of the Na I
sequence may be partially responsible; however, Lhe companion line
at 322.0A does not appear.

The remaining sequences, from aluminum (Fe XIV) to argon
(Fe IX) are represented in the spectroheliograms solely by irom,

The lines from these spectra divide themselves into two groups -~
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screening transitions of the type 3523pn > 383pn+l and transitions
involving a p - d jump, 3pn > 3pn_13d. The former arc the resonance
spectra but are quite poorly known. The lines arising from these
transitions lie in the region of 340A - 390A (Varsavsky 1961, House
1967). Several lines of low to moderate intensity are evident in
this region and may in the future be attributed to iron.

The 3p » 3d transitions of Fe IX - XIV span the range of 171A
to 220A and result in strong emission from the corona for which
detailed identification has only recently been established, The
first step in identifying these lines was made by Fawcett ct. al.
(1963) who noticed a coincidence between the solar lines and thosc
present in a Zeta discharge. It appeared that the Zcta iron lines
resulted from contamination of the plasma by the steel walls,
Further work by Elton et. al. (1964), House, Deutschmann, and Sawyer
(1964), and by the Culham Laboratory group in England (Fawcett and
Grabriel 1965, 1966; Gabriel, Fawcett, and Jordan 1Y65, 190663 and
Fawcett, Gabriel, and Saunders 1967) aas resulted in a gradual
identification of the lines in this region, the most recent buing
those of Fe XIIL.

As the n = 3 shell empties from Fe 1X to Fe ALV tne wavediciguis
of the 3p = 3a transitions slowly increase in a regular tialaer.

The Fe VIIL ion, although belonging to tue potassiun suguui v s
a ground configuration of 3p63d rather than 3p045. The Le once

. g ] - . 3 * *‘ 5
lines therefore arise from screening transitions 3p 3d ., ges "
$0 0t
22
l\

572, 7/2

of decreasing wavelength with decreasing loalzation.

3p>3d at 186.6A and 185.25. ‘this reverses Lae trend
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p
kO

Trans

jP »30
0

3, .3
Py 0y
3
)
P+,

1

P Sl 30

) .
Il> Sl 50

n2> DZ 59
52

3Y

0 111

A feff

7.4 .04

7.7 .13

bl 508.2 .21

9‘()

3.8

7'8

Table 1I1I-4

C I sequence

25%2p% » 2s2p”

Ne V

A fegs
568.4 ,02
569.8

P
369.8

2

372.0
.0
572.1

572.3 .09

480.4 ,015
481.3 .05

482.9 .08

358.0 .03
358.5 .08
359.4 14
41e,2
365.6

416.8

Mg VII
foss

429.1 .018
431.2[

.05
431.31
4346

014
434.,7
434.9 .07

363.7 .o0l2
365.2 .04

367.7 .06

276.1 .02
277.0 .06
278.4 .ll

319.0

280.7

Si 1X

oL e

362.6,013
345.0

.04
345.1

349.7‘
.011
349.8]

350.0 .06

290.6 .010
292.8 .03

296.2 .05
L0OL7
225.0 .05

227.0 .08

$ A1
A T
280.6 .01z
284‘01

U4
285.71

287.7
.07
289.5

Y.7 .05

240.5 ,008
243.0 .02

245.7 .04

187.6 .0l4

189.1 .04
10.8 .07
216.2
{yl,0

di7.8




.
]
E Ne IV
: .
‘ rans A of
4, 4 .
b, & . .
53/2> P3/2 542.1 i
} b 4 .
] S0 Pyjg DALl .08
1 2. 2
2 20 o270y, 469.8
1 572" Y372 :
: 2 2 )
j 2 2
2y W2p 358.7
5/2° V302 y
: 2 2
" 03/2" 1)3/2 356;7
2y, %p 157.8
32"t
2p ot 521.8
3727 Y572 0
2” >2D 521.8
f3727 Vygp O
9 ')
) had = 9
Py 2”0y 521.7
2p 3% 421.6
->
: Pys2” S '
! 2 2.
§ P3/2» 5) /9 424.6
2 2 t
3 Pysp” Pypy  388.2
i 2 2
; 1)3/2') 1)1/2 387.2
3 2 2 .
P)jo* Py, 383.2
2 2 .
Py Ry 387.2

Table III-5

N. sequence

;
2522p3 -> 252p+

Mg VI

S NY:
403.3 .18
400.7 .12

399.3 .06

349.2
3491
349.2

349.1

270.4
270.4

269.0

388.0
388.0

387.8

314.6
314.7
293.1
291.5
293.0

291.4

8i VIIX

A
319.8
316.2

314.3

277.1
277.1
276.9

276.8

216.9
216.38

214.8

308.3
308.2

307.7

250,06
251.0
235.0
233.2

235.2

f

eff
14

.095

.048

259.5

257.1

228.7

228.2

150.7
180.4

177.6

g
e
o
s

196.8
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Trans

2
Mg V
A feff
353.1 .14
351.1 .05
355.3 .05
353.3 .02
352.2 .04
354.2 .04
276.6

Table III-0

0 I sequence
[4
322p4 -+ 2s2p”
gi V11

A

275.4
272.6
275.4
275.7
274.2

276.8
217.8

246.1

eff

A1

.04

S Ix

A Legs
224.8 .69
221.3 .03
228.9 .03
225.3 .018
223.3 .02
226.6 .02
179.3
202.0
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E;

»
E
4 5
- Table TII-7
F I sequence
25'}'2p5 > 252p0
Mg IV si VI S VIII
; Trans A feff A feff A feff
: 2, 2 ,
4 13/2 > 51/2 321.0 .15 246.0 1 198.6 .09
2 2
=) S G 7
Pio” 81 323.3 .07 249,1 .06 202.7 .04
£ R N T S .




Fe

Fe

Fe

fo

Fe

Ion

XI1I

X1

X1l

NIII

XIV

Table III

-8

p - d transitions of Fe ions

Transition

2
3p63d2D - 3p53d2 °F

3p6 s o 3p53le
3p5 2P - 3p43d2P
2p 5 2
ALy o 3p33le
3% -+ 3
32 L oala 2,
3p "D-S/2 > 3p 3d’b
‘S »> p
3p% 1p - 3p3dlE
3 » )

4 2
3p P -3dD

aJ

5/2-7/2
3/2-5/2

0

1

3/2-3/2
1/2-3/2
3/2-5/2

2
2
L
0

t~

1

3
3
2

i

[ ¥

1

5/2-7/2
3fa-812
3/2-3/2
3/2-5/2

3

| £~

[ S

o

4

3

I~

i85.2
186.6

171.1

T

B T

Y.L
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Ion

Fe X

Fe XI

Fe X1I

Fe XIII

Fe XIV

Fe XV

fe XVI

3s

332

Table III-9

§ - p transitions of Fe ions

Transition

3p° 2p » 3s 3p° s

3p4 3P + 3s 3p5 3P

//
5p~ 4S * 3s 3p4 P

3p2 3P * 38 3p3 3D

2 2
3p P~ 35 3p” D
3p "P * 3s 3p2 2P

3pm P 3s 3p2 2S

S * 3s 3p lP

'

€ 3p 7P

AJ

3/2-1/2
1/2-1/2

[SS]
1

O = = N
I
O NN

3/2-1/2
3/2-3/2
3/2-5/2

-

0 -
1 - 2,1
2 - 3,2,1
3/2-5/2,3/2
1/2-3/2
1/2-3/2
3/2-3/2
3/2-1/2
1/2-1/2
3/2-1/12

¢ - 1

L/2-1/2
Lf2=3/2

A(4)

347
367

50
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Tue solar disk in H-alpha on April .8, 1Yot. (Sdcra-
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CHAPTER [V
IONIZATION

A.  The Coronal Approximation

The presence of a line spectrum from any source of radiation
offers a means of determining both the chemical composition within
the source and the physical conditions under which Lhe lines are
formed. As a gas is heated, its atoms become ionized to a degree
which, in general, depends both cn the temperature and density of
the gas, and the extent to which the gas departs from thermodynamic
equilibrium, Similarly, the ions become excited to a degree that
also varies with the same physical parameters. Since excitation of
a given ion presupposes that physical conditions necessary for the
ion's formation are present, we shall consider the problem of
ionization first, in this chapter, and treat excitation later, in
Chapter V. It is not immediately obvious that these two processes
may be decoupled; for example, ionization may occur from any state
of cxcitation of the parent: ion, and excitations may occur by
recombinations from the next higher stagw: of ionization to an cxcited
level. For the present, I shall assume that the processes may be
decoupled, and later examine the effects of possible deviattons
from this assumption.

Soon after the high temperature of the solar corona beeame

apparent, Biermann (1947), and Woolley and Allen (1948) realized




that the dominant processes governing ionization equilibirum
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in the

corona are ionization by electron-ion collisions and recombination

ion-elec lati . . d o, .
by ion-electron radiative capture. If q1,1+l and i+, 1

are

the respective rate coefficients for these two processes, and Ne’

Ni’ and Ni+l-represent the number densities of electrons and

ions

of a given element in ionization stages 1 and i+l respectively,

then
No Ngdg ga1 = Mo Nigg %ians
or
N - ai+l,g
N1 9 i+l

D)

(2)

represents the equilibrium population ratio. Ln nearly all cases

the rate coefficients are functions of temperature only; therefore

such an ionization balance renders the ion population density inde~

pendent.

The validity of the form of (2) for computing ionization

equilibria is still recognized today, but computation of the

rate

coefficients has been greatly refined. Larly attempts to calculate

the collisional ilonization rate employed the Borv plane-wave

approximation (Biermann 1947, Miyamoto 1949). This approximation

assumed that the electron energies are large compared to the
Coulomb field potential, and that the clectron thercefore may

treated as a plane wave, This condition is poorly satisfiec

corona where ionization is by thermal electrons with energics

to the thresiold energy at least under non-flare conditions,

jon's
be

in the
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More rigorous classical cross sections were computed by Woolley

i and Allen (1948) and Klwert (1952). Later the cross sections were
- recomputed quantum-mechanically by Schwartz and Zirin (1959) and
. Burgess (1960y. The former computation used Coulomb waves ancd

2 considered only the S angular momentum states, whereas Burgess

considered the general case for hydrogenic ions. The agreement

between the classical and quantum-mechanical. computations with

i SadN

Coulomb field is quite good.

L imint o

3 More recent refinements in coronal ionization theory include
additional processes which affect the ionization in varying amounts.

We shall discuss each of these and its effects in turn.

AT Y
e mage

B. Dielectronic Recombination

3 By the early 1960's a serious discrepancy between the ionization

temperatures computed from the coronal emission lines and the

E temperatures computed from the lines' Doppler broadenings was cvident.
A significant advance in removing this discrepancy was made by

Burgess (1964, 1965a) and Burgess and Scaton (1964) with the proposal
3 that the recombining electron may also excite the capturing ion

é and in so doing form a doubly excited state. This dielectronic
recombination process had been recognized for some time (Masscy and
Buates 1942, Bates and Dalgarno 1962) but Burgess was the first to

show that for electron temperatures nearly equal to the excitation

R T

energlies, dielectronic v wmbination can dominate the ordinary
radiative recombination by as much as one or two orders of magnitude.
2 Calculations of the lonization curves o! Fe made by Burgess and
E Seaton (1964) show that the temperature of maximum abundance for each

AT

e B Ser AT N PN PR St e o~
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ion is approximately doubled, and that the ionization curves are
less sharply peaked than those of previous calculations (Scaton
1962, House 1964).

If the dielectronic recombination rate is included in ai+l,i
of (2) then the recombination rate is density independent only in
the low density approximation. The reason for this is that ions
with extremely large quantum numbers may be formed in the dielce-
tronic recapture process, and these ions may be destroyed by ionizing
collisions before they have time to radiate. The energy level at
which this effect occurs is called the thermal limit of the icn.
Work is now in progress by Burgess and other iuvestigators to
produce ionization curves that properly take into account the
density effects. For the present, we may easily compare the radia=-
tive de-excitation and collisional ionization ratcs of ions of large
principal quantum number n, and find out what sort of quantun
numbevs may exist under coronal conditions.

Consider the classical value for che toitdl oscillator streungta
of an hydrogenic ion for aill transitions from tne n to tue n'

spcll. This is given by

. 1 1 1 1
£y = 1LY6 X =5 ——"—— (3)
nn 0? [l N i,]j 02 a'3
2 2
n n,

The pEinstein A-coefficients follow immuediatiesy srom g (3),
ang are

) I U L ,
= 8,05 x 107 4 v; - 2) Lot 4)

At
nn
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The lifetime of state n against radiative decay is then

n-1 n-1
1 _ © A - l.58x10lO ! 1 (5)
1 ad(n) nn'’ n3 ™ Ry 2—n'2) {
r n' =1 n'=1 b

Evaluation of (5) is straightforward if we replace the summation

by an integration, For n reasonably large, the assumption of

continuity of n' will make no significant difference. We nave

n-l
L. L.s8x10™® 4 J[ dn'
2
Trad(n) n3 1 n'(nz—n'")
4 3 1
o agd .@;Q_i&ﬂlj
=7.9x10 15 In [ 51 (0)

Equation (6) gives an analytic .2presentation of the radiative
Lifetime of the n-shell of an hydrogenic ion. We sce Lnat, apart

. . . 5 .
from a slowly-varying logarithmic factor, «n”, and tne lons

T, .
(n)
of large quantum number become extremely long-~lived if left undis-

turbed.
The destrnction of these large iois is chiuiély vy collisional

ionization, whise rate coefficient is given by (Burgess drua Seaton

1964)

-

8 T8z, vxp(-L1009,/7%)

= K - A - . s »

9, 541 2 x 10 5 7
A
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wvhere L is the number of electrons in the outer shell, x is
the ionization potential in electron volts, and T is the electron
temperature. For an hydrogenic “on, gi = 1. Furthermore, for
lacge values of n, the argument of the exponential is small and
the exponential function approaches unity. We may further express

X, the ionization potential {rom the nth shell by

= 43,39 .2
X, ° 2 Z (8)

If we substitute (8) into (7) anc invoke the approximations

described above we obtain

7 0, 4
T WAt (9)

From (9), we may obtain the lifetime against collisional

ionization of an ion in state n, which is simply,

(n)

. -1
1coll (“e qn) (10)

In addition to collisional ionization and radiative de-excitation,
we need to consider the pgossible effects of collisional excitations
and de-cxcitations in establishing the thermal limit of an ifon. A
collisional excitation viill raise the energy level of the outer
clectron to a higher level which will almost certainly be ionized;
a de-excitation will lover the energy to a level that may casily
decay by either radiation or a further collision. Tnv aduitional
tendency for the ion to undergo further ifonization will thcu be the
sum of all collisional excitation rates minus the wuwm ot ul colli-

sional de-excitation rates from state n. A comparison o .his




differcence with the direct collisional ionization rate will show
whether or not we may safely ignore excitations and de-excitations by
collisions.

We may assume that the collisional excitation rate is that

given by Van Regemorter (1962)

1.7 x 10"3 11605 wnn‘
m' —__—-_*1:-— fnn' expy- % (11)
Nnn ¢ T

with the Gaunt factor of order unity. If the energy of the exci~
tation is small compared with the mean thermal enerpy of the
exciting celectrons, the value of the exponential will be necarly
unity, Upon substituting hydrogenic values for the excitation
energy, Nnn" and the oscillator strength, fnn' into (ll), we [ind
that

-4 3 .5
c - 2.5 x 10 n n R (12)

1 !
nn Z2 12 (n2 L

The effect of collisional transitions will then be given by
the summation of (12) over all n' » n minus the summation over all

n' ~ n., LI we replace the summations by integrations we find that

¥
1

=4 . 5
. 2. x 10 3 ! '
E : Cont ___’4_3__1"_1____ n / '-"Jix"'}l{’}z L)
2N N (n” - n'")

n'=n+l 1

and similarly, we may write for the de-excvitations
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n-1 4 n-1 5
R ] 1
Z ¢, = 2.452x 107" 3 f L dg’Z )
A (n” - n'")
n'=1 1

The aet effect of the collisional sxcitations and de-eacitations
is giver by the difference between (13) and (l4). Evaluation of

the integrals gives
F') _ _ _l, .,
-0 oo = 46x107 279174 07 + 8D (15)
+

nis expression may be compared dicectly with the coa.isiocaai
ionization rate given by (9). We find thac tne lifctime ol the

ion against collisionzl traasitions, <! s d% CORMpUTLCu wiln

COLa
collisional ioarzations is
o @
X 1t q .
coll n =3 = .
Ty " 1 = 2.9 n aU T Ta% (10l
coll /% "y .

This ratio is considerably greater thaen unitly 1o ati ocoual
conditrons. Thus the net effvet of bouad=pound coilisionad raucivoons

in establishing tioe thermal limit as nesligible.
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Table IV~1 shows some typical lifetimes in the range n=2 to

1000, with z=1, 7=10%°

K and Ne=l cm—z. For the lowest energy
levels the exact quantum-mechanical values of the Einstein A's as
computed by Menzel and Peckeris (19Y35) are used. For n=10, both
classical and quantum-mechanical expres.sions agree to within ten
percent; this agreement will improve as n dincreases.

The next step is to obtain an expression for the ratio of Lhe
radiative and collisional lifetimes. We may assume for any given
ion that the value of the principal quantum number that yields a
ratio equal to unity represents the highest state ol encitation that
can contribute to the dielectronic recowbination process. It is
possible to obtain an expression merely by taking the ratio of (6)
and (10), but pecause of tne presence of the logaritnmic factor in
(6), aad the breakdown of the classica. assumptions for swill n,
it seems better to obtain apn empirical formula that wili muaxe
computation easier, The justification for this wili be apparent vy
the near-linearity of the variation of lrad(n)/Tcoll(n) wita 0
on a logaritimic scale,

L we let Ko(n) =

n) /1 3 N =y T = 10 ‘K
‘rad(')/ coll(n) at e Ly * by

3]

anu = 1, we fina empirically that
log Ro(n) = 8.75 log n - 14.03 (if)

From (6) wnd (9) however, we see that tone rdtio  d(n, 1o any

M, 1, and 2 is

log K(n) = log xu(n) -8 log « + ? Lo T“ + Loz o (1d)




where T6 = 'l‘/lO6 °K. If we combine (17) and (18), set log R(n) =

0 to correspond to a ratio of unity, and solve for log n, we find

fog n = 1,60 + Y13 log Z ~ .0571 log T .1l4 log Ne (19)

6

We see at once that the temperature dependence is so weak
that we may eliminate the third term by assuming TG to be of
order unity. The dependence on Ne is weak also, but the clectron
densiLy can vary by several orders of magnitude in the corona.
Table IV-2 gives values of n under which an hydrogenic ion may be
considered stable against re-ionization, as a function of electron
density and effectlive lonic charge, Note that this charge is one
greater than the charge of the ion as a whole, and is numerically
equal to the Roman numeral designation of the ion Ln astrophysical
notation,

The numbuers given in Table IV-2 show thau collisional destruc-
tion iu the denser regions of the corona may ocevy for ions with
n . 40 for lower stages of coronal ionization., ‘The thoermal limit
rises to n A 80 at densities of 107 and for fons in the higher
stages of ionization,

Table IV-3 lists values of the correction facter, v, by which
the dielectronic recombination coefficient must be multiplied to
correct for the thermal limit, as a function of the quantum number,
n that corresponds to this limit. These values are taken from
Burgess (1965¢), and specifically refer only Luv Ca 11. Since the
recombining electron may be assumed to be hvdrogenic in higa states

of exceitation, the values in Table IV-3 should also be indicative of
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other ions. This amounts to a significant reduction in tne overall

/ r

%341,

cases be as large as 100 to 1000, the reduction is by a small

. X , d
recombination rate, but since the ratio «

. . may in some
i+l,1 Y

enough factor so that for most ions the primary means of recombining
will still be the dielectronic process., The effect of the destruc-
tion of the larger ions will definitely have to be evaluated before
we can justify the statement that coronal ionization is density
independent to a good approximation. In Section D we shall return
to this question after calculating the density-independent ioniza-

tion curves.

C. Two-Step Collisional Tonization

An investigation by Athay and Hyder (1963) considers the
effect of an excitation by collision into an excited, metastable
state followed by a second ionizing collision. If the oxcited
level is not metastable, the probability of a radiative de-excitation
is nuch Larger than that of a collisicnal de-excitation, and
essentially all the ions will be ionized divrectly from the ground
state. If the reverse is true, that is, if collisional de-excitation
is favorea, then a detailed balance is set up between tue ground
and excited states, and a pscudo-Boltzmann population butween the
two states occurs. In this case the ioa behaves essentially as two
separate lons with respect to further ionization, with tne grouad
aud metastable states acting as the respective ground statis, The
result is a lowering and broadening of the ionication curves with a

slight shift to lower temperatures.
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Athay and hkyder applied this picture to iron using an electron

’ and a temperature of 8 x 105 °K. They found levels

density of 10
metastable under these conditions in Fe XI, XI1, XIII, XIV, and

XV, with excitation potentials of 138, 10 and 5.7, 26, 23, and 30
electron volts, respectively. Only Fe XI of these ions has a meta-
stable level whose energy is larger thaa 107 of the ionization
energy. In this particular ion, however, the energy ratio approaches
50%. Athay and Hyder then computed the relative abundances of the
ions at 6 x 105 °K and at 8 x 105 °K, and compared the abundances
with those computed from the one-level ions (without dielectronic
recombination), and from the several-level ions in wnich all luvels
are considered metastable, This third computation represents a
limiting case only., Standaxd theory at the time of the investigation
gave an Fe X to Fe XIV abundance ratio of unity at 800,000 °K.

This is shifted to about 750,000 °K and 650,000 °K for the two types
of computations carried out by Athay and lyder. If we regard tne
smaller shift as typical, we note tne change in temperature is oney
sligiitly more than six percent. Since most coronal cmission, uvven
in normal enhancements, comes from regions of di .sily sumewnat

Lower than 109 cm_z, this ¢! 'nge in temperature is provabuy closce
an upper limit. The effects of a variation of coconal deisily ou
ilonization theory through this mechanism are tuus curtain to be

small compared to observational uncertainties.

.  Autoionization via Doubly bxcitec States
Kecent work by Goldberg, Dupree, aud Aliea (1965%), atu Allen

and bupree (1967) considers the pussitility o1 an clectrv ~ion
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collision producing a doubly excited bound state of the ion with
one of the electrons subsequently yielding its excitation energy
to remove the other. The second part of this two-step process is
the inverse of dielectronic recombination.

In their earlier work, Goldberg, Dupree, and Allen caiculate
the effect of collisional excitation to autoionizing levels for
the ions Fe XV and XVI; O IV, V, and VI, and show that the ratio
of the rate coefficient of autoionization to that of coliisional
ionization is a strong function of temperature, and varies con-
siderably among the ions considered. The later work by Allen and
Dupree included computations of ionization equilibrium for the
ions of oxygen, neon, silicon, and iron. Among these four elements,
only Fe showed a significant change in the ionization equilibrium.
Curves of Fe XIV, XV, and XVI are narrowed as a result of the inclu-
sion of autoionization, whereas others, such as those of Fe IX and
XVII are broadened. Temperature shifts to lower values, which
may be expected, are small when they occur, and lie between shirfcs
in the logarithm of 0.2 to 0.15 (a factor of from 0.96 to 0.71.).
The greatest shift in the maximum occurs for the ion Fe XVI. The
significance of the shift is somewhat questionable, however, since
it reflects more a change in the skewness of the curve than a
change in its overall position along tie temperature axis.

In ¢ umary, then, the statement ¢f Allen and Dupree .hat
"the process of autoionization camnot be ignored in the imization
equilibrium of certain elements" is ccctainly true in general. fFor

many types of investigation of corona.. structure, however, incluaing
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the presenrt one, the observations are simply not accurate or unam-
biguous enough as yet for this refinement to have any effect on

the conclusions.

E. Computation of Ionization Curves

Of the three additional processes recognized in the last
decade as peing possibly significant ir cheir effect upon coronal
ionization, that of dielectronic recombination produces by far
the largest change in the picture. In addition, it is the only
one of the three whose rate coefficient has been put in a simple
enough form for a relatively fast computation for large numbers
of elements in various stages of ionization. We tnerefore include
in tne computations which follow only the following processus:
(1) direct collisional ionization, (2) radiative recombination,
and (3) dielectronic recombination. The neglect of two-siep col-
lisional ionization, autoionization, and the effect of the thermal
limit on dielectronic recombination cannot affect the total ioni-~
zation rate coefficient by more than a factor of two a: most, and
in many cases these effects are nonexistent or negligible. The
effects on the resulting equilibrium will be small and of the
following nature: (a) a slight lowering of the temperatures of tac
ionization curves, and (b) the introduction of a small degree of
sensitivity of cthe ionization to electron densicy.

The quantum-mechanical expression approximatiag the collisional
ionization rate coefficient is given o) eq. (7). ‘Tue rate coef-
ficient for ordinary radiative recombination is given by surgess

and Seaton (1964) as
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2 i
Z X
r _ a9 il
Oiq1,i = L3 %10 ———T (20)
in the hydrogenic approximation, where Zi+l is the charge on

the recombining ion.

In his earlier papers, Burgess (1964, 1965a) derives an expres-
sion for the dielectronic recombination rate coefficient for the
individual doubly excited states. We may denote the initial state
cf the recombining ion as j, and the doubly excited state of the
product ion as (j',n2), where j' is the quantum state of the
excited core and (n,%) the quantum numbers of the outer electron.
From the doubly excited state, the ion may auto-ionize with a
transition j = k in the cere furnishing energy to the outer
electron causing it to undergo the transitioa to the continuum
ng - EL'. The transition probability for this reaction (the Auger
process) is given by Aa(j', ng -+ k, E2'). O~ (ne other hand, the
inner core may de-excite radiatively to quantum state k, ana .vave
the ion in a bound state. We denote this radiative transition
probability by Ar(j', ng >+ k, n&')., TFor a band of incident uice-
trons of energy E and energy interval dk, Burgess gives tuc
following expression for the mono-energetic dielectronic ¢« comoiidiion

coefficient:
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3 dN .
G G dtan = oo alnn

a, ; .
it+1,1 ST!sz chh g3
e

Y OA_(3ing 2 §,EL') ] A_(jink » k,n2)
gr @ k r
(21)
§oA(Gin2 > k,nt) + ) A (3imL > k,be")
kK F gr @

X

where the g's are statistical weights., The summation over '

gives the total probability of the occurrence of un autoionization
following the recapture, and the summat.un over K represents
a sum over all possible means of de-excitation of the corce of the
doubly-excited ion. Burgess points out that earlier assumptions
that autoionization is far morc likely than radiative decay are
valid only in thke low temperature (E/KT >> 1) approximation. In
the corona this condition certainly is not present.

As it stands, Equation (21) is too cumbersome to be of much
use for a general computation, and it demands a knowluedge of transi-
tion probabilities which are poorly known. A wore tractablu expres-

sion with an accuracy of at least 10% is given also by Burgess

P

{1965b), for a Maxwellian distribution of electron enetgies. 1t iy
as follows:
a - -3 . =3/2 . R o =b/RY e
ﬂi+l,i = 3 x 1071 b(&i) ;lf(J AR (22)
for the recombining ion initially in state j. Also,
!
AR) = e (23)

1+ .105x  .0L5x%




. _,1/2,, 5/2,. . -1/2 o
B(Li) = Zi (&i + 1) (&i + 13.4) 24)
= i _ .1 5
X = (&i + 1) ) 5 (25)
v, V.|
J J
Gy~=1,1 1

158(z, + 12 (/109 s - =
- i NN
E/kT = Jo . (26)

1+ .015 2.° (2, + 1)2
1 1

The quantities vj, vj, represent the effective principal
quantum numbers of the initial state j and the excited state j'.

Equation (22) still suffers from tine necessity of determining
accurate oscillator strengths for the excitations ol the «llowed
doubly excited states. We can make a somewhat futner simpl. ficatwica
by invoking the foitlowing three assumptions:

(1) The recombining ion is in the ground state. Tois iapliies

dd

. . it ] reoresent:
i+l,i 3 J e

that eq. (22) will represent completely «
the sround scate.

(2) <{ne expression for A(x) is a slowly varying funciiun oi
the degree of excitation of the ion over most of the inpursiunt
transitions. Under assumption (1), 1/vf = l/vi y dlid an biic
level of excitation oY the recomvining ion iacredsews, llvj, rapadly
approaches zero. In general, the f-valu:s deeceese tor Lo ore

nighly excited lovels, aad the rusonance traasiiivns furasst the

lacgest single contribution to tae sdidacion ca (L2), although not,
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final word cf warning, however, it should be noted that at present
there exists no set of computations that includes dielectronic
recombination and also includes simultaneously the effects of two-
step collisional ionization, collisional excitation plus auto-
wonization, and the effect of the thermal limit. Although these
last three effects may be small individually, they will tend to act
tegetiier in reducing the ionization temperatures rather than cancel
one another out, and their combined effect may well be appreciable.
Lt is doubtful that any future refinements will revolutionize the
state of the theory to the extunt that surgess' inclusion of diecive-
tronic vecombination has done. The present tread appears to b
leading to slightly lower temperatures which, however, are -till

significantly higher than those of the pre-Burguss vra.
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field. This approximation is most .accurate when the stage of
ionization is relatively high and. the outer electron shell of the
ion is nearly empty.

Assumption (2) will lead to an overestimate of the value .of
ug+l,i’ due primarily to.an overestimate of E/KT in eq. (26)
through the factor (\)-.‘2 - vg%)q which is set equal to VIZ. A
replacement of vy by n, as indicated in assumption (3) will,
on the other hand, tend 'to decrease E/kT, since in all cases
n> . Since the magnitude of the rate coefficient in the case
of coronal ions -will be affected by only a few percent either way,
the combined errors will tend. to cancel.

As a result of these three assumptions we can finally write

eq. (22) as follows:

5/2

,1/2
r ka0l @Y ) Ay
S B “ D) > 3
itl,i T3/2 (Zi + 13'4)1/2 n 2 i+l

%

2 3 -2
ny {1+ .015 zi (zi + 1) 9

158(z, + 1% (1/20

X exp { -

3 -1
‘em” sec .

We can now compute the ionization curves of the variou, clements

from eqs. (7), (20), and (28) substituted into eq. (2), with

ur + 1d
i+l,i © Yi+l,i

the relative abundance of each ion wita vespect to the total abun-

The results »f che computdations for xion’

T 4,4

dance of its parent element, are showa In Figures IV-o tnrough IV-1U
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, Hgs Alv Si“s —S, Ca, Fe, and Ni, in the

G 2% 10° to: 107

pefatire

ure range fr °Ks

é-wost obvious feature of the §ét of curves. in Figures IV-1

v'ﬁhiéﬁéhfiVéiO‘iS'fhé fact that the curvés vary greatly in both

éight, and .that in generdl the broader the curve, the

. Wiideh and_h

<%

‘-_vThéwgé§é§ioﬁugf ;bé‘ygééﬁﬁhggf‘t§§&¢ﬁfﬁes oéviously
1rﬁ}ég%géigféfbﬂﬁémiﬁédqyéﬁ@ibﬁ#gflhq&{ﬁQéﬁ édéfgy is necessary to
sdegt%Oy‘the ions relative to‘the amount necessary to produce them.
The broadest curves, tho, - of the He and Ne isoelectronic sequences,
represent ions that are formed by relatively low-energy collisions,
but destroyed only by collisions of much higher energy. This is

the result of the extreme stability of the closed electron shelis,
and results in a high degree of stability of such ions over a large
temperature range. 7The fact that their curves are also higler is
simply the result of the fact that at their peaks, their neighboring

ions are either largely destroyed or unformed.

Because the He and Ne-type ions require energies for excitation

%

3 ) 3 3 3 ]

% that are a substantial fraction of their ionization energies, no
% significant emission from these ions is observed. Thuy do make

e

e their presence felt in a sccondary way, however. ‘The stability of

these fons insures a large reservoir of ioms which may recombine to

oo form Li and Na-type ions, and we note that the ionizatioa curves

for these ions are also considerably bro.adened. These ions ire

B3
H

iy ¢

s 1 relatively easy to excite, and the broad :ning of tneir ionicition
§

¢ curves contributes significantly to thei stroug emission.
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F. Evaluation

figures IV-11 to IV-13 show an enlargement of the ionization
curves of Si XII, Fe X1V, and Fe XVI from the present investigation,
indicated by alternate dot-dash curves, The solid curves show the
corresponding curves of Allen aad Dupree (1967) for the same ions,
and include the effucts of collisional excitation to autoionizing
levels, Where these effects are appreciable, as with the Fe ions,
the dashed curve shows the Allen and Dupree calculations with the
autoionization through collisions omitted. Also shown are ionization
curves recently computed by Jordan (1967) both excluding and
including the effect of destruction of jons whose excitation energies
lie above the thermal lumit,

It is evident that the changes in the ionization curves that
result from there refinements are not large. The high-temperature
approximation which I used in the present computations likewise
seems to have no effect large enough to be significant, in view
of the limited accuracy of the observations that are to be inter-
preted through coronal ionization jheory.

As it stands, then, coronal ionlzation theory appears to be
in a pretty strong position generally, although numerous re’.ne-
ments 1re still pociible and desirable. The present computations
were carried out in the year 1966 with the goal of obtaining a
reasonably good represemntation of the ionizution features of a larpe
number of ilons with a minimum of input data. The subsequent compu-
tations weich include the refinements mentioned above hear out the

Sbadity of my peaeral formulation as a first apprexiwation, Ag a

Kb et st A
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@i there exists no set of computations that includes dielectronic

recombination and also includes simultaneously the effects of two-
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step collisional ionization, collisional excitation plus auto-
ionization, and the effect of the thermal lim.t. Although these
.last three effects may be small individually, they will tend to act
tegether in reducing the ionization temperatures rather than cancel
one another out, and their combined effect may well be appreciable.
It is doubtful that any future refinements will revolutionize the
state of the theory to the extent that Burgess' inclusion of dielec-
tronic vecombination has done. The present trend appears to be
leading to slightly lower temperatures which, however, are still

significantly higher than those of the pre-Burgess era.
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Table IV-1

Lifetimeés cf ions of principal quantum number n with T = 106 °K,

Z=1, N =1,
e

Radiative Classical

Menzel & Peckeris
(Quatitum mechanical)

1(2) 2.14 x 1077
7(3) 1.01 x 1078
T(4) 3.33 x 1078
T(5) 8.71 x 1078

1(6) 1.94 x 1077

6 6

1(10) 1.92 < 10” 2.09 x 10”

T(14) 8.97 x 10°°

1(30) 3.25 x 107%

1(100) 9.65 x 1072
1(300) 1.90 x 10
1(1000) 6.31 x 10°

Collisional

2.30 x 102

4.54 x 10

3.68 .. 10~

4.5 x 10
3.68 x 10°

§.54 x 107

3.68 x 107

3

V)

7

9
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Values of the tnermal limit,

multiply by 1.04, For T = 5 x 106, multiply by .913.

Z

10
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Table IV~-2

s for T = 106 °K.

For T= .5 % 107,

log N, .

5 6 7 8 9 10
55 42 32 25 20 15
63 49 37 29 22 17
70 55 43 32 25 19
79 62 47 36 28 21
87 68 51 40 31 23
95 74 56 b4 34 15

105 79 62 47 36 28
117 91 69 54 42 32
123 96 72 56 44 33
126 98 74 58 45 34
135 105 79 62 48 36
141 110 83 65 59 38
151 118 89 69 54 41

79
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Table IV-3

The reduction D in the dielectronic recombination coefficient

PR L TR

as a function of the principal quantum number of the thermal-limit,

06.

n ot iR ot

n, D
200- 91
100 .62 ~
60 43
20 W15
10 .06
8 .04
6 :62
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Ionization curves of some of the more commo@ elements. The quantity
Xi..irefeté to the fraction of the atoms of the elegent in question
in the state of ionization represented by the curve. Although Arabic
numerals are used for improved readability, the numbers represent
astrophysical rather tﬁan spectroscopic notation. For example,

curve 14 in the Fe graph represents Fe XIV, not Fe+14.

Yy

LR

wr weneda ey, o degeate e




B I R

-AT Aan38t

; L
.-
L
B
. N .
T 00
. -4
- N -
N (—
k|
N _ 1
s . .1
B -8
Lo 1
Wb - M
L 4
o H
R H
K B
DA | H
J N H
A 35
IR * R N P
Lol , R &
- A
P [ +3
~ . =
. I
o N e
B L IR
£ ) S
- . e
R
HH
: AN R £33
€. A e
PN P s
N i K &
- 3 4
o . e
4
oLt H &3
PN i
>fm ! )
, T He
2
- oy
: fl 18
’ i
: .o 3
- . o A.w
3 . 3
. N o
. 1
. :
, . i}
S g
' H
e aE
- - kB
. \ <y
P . B! IS
- e L JW
SN - - o
IR . ME
7 . R
I R B
. [ . )
S TN ?

i

o b i

i
ks
.
Bt B
A 1N
N
]
A B

Y

V]

R .,vwmmw
et
Ve Sl
R
34y

ity iy

S e g

AT 7 A s R T Fermh T A 2T Vet D R




83

0

~i

Lo




84

0

£-A1 *and1y

el

]

Ol

ON

w

/

LY




85

0L

G9

1 boj

Aanbr g

~r
-
-

GS

al

Ol

%]







P

wﬁ . @/_ o0 T
W
U//&me\\ 1
















Lo ke

92

Figures IV-l1ll tc IV~-13.

Tonization curves of Si XII, Fe XIV, and Fe XVI respectively, frow
the present calculations, and from calculations by Jordan (1967),
and Allen and Dupree (1967).
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CHAPTER V
EMISSION LINES IN THE EXTREME ULTRAVIOLET

A. General Remarks

Since the emission lines in the extreme ultraviolet arise from
permitted trausitions, the very low coronal densities imply that
the chance of an ion suffering a collision with an electron while
in an excited state is very small. Thus every ion in a rermitted
(non-metastable) excited state will have time to radiate. The
problem of predicting how an opticall; thin sample of the coronal
2as will radiate in a given line thus reduces to one of calculating
the rate of population of the upper level of the line, if ve assume
that the compesition and state of the gas are known.

Unce a photon is created, we must consider the possibality of

its being absorbed and re-radiated .n a different direction. This
process, called resonance scattering, results in no nel ioss of

energy in the radiation field. However, a sufficient numbcr of

sc' terings before the photon leaves the corona may result in onc

of the absorbing ions being de-excited by a collision with an ¢lectrom.

The photon is then destroyed, and its eaergy is returned to the

therwal energy i1eservolr of the gas. Tais will happen under coronal
. . . - 4
3 conditions if optical deptiws approach a value of 10 (lvancv-Kholodaya

and Nikolskii 1961). This situation neser occurs in Jhe ¢crona,
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Therefore, optical dipth considaratione become unnecessary if one
merely wishes to consider the total amount of emission from the
entire solar disk. A study of the resolved solar disk in the EUV
lines, acwever, requires knowledge of whether the optical depth in
the lines is less than or greater than unity, since even if all
radiation may ultimately excape, appreciable scattering destroys
information of where the photons originated.

The absorption coefficient per ion st the center of a line

is given by

£ (1)

and if we assume that the line broadening is purely thermal this

becomgs
- 1
a, = 9.03 x 10 15 ¢, & (2)

(A in Angstroms, u in atomic mass units)

Here f 1s the absorption oscillator strength of the line, ana

u 1is the atomic weight., In the case of the Fe XVI line at 3354,
the strongest line used in the prerent investigation for stuay of
the structure of coronal featu.es, e 2.9 x 10'15. An ion dens.ty
of about £ x 104 cm-B, and a path length of 5 x 109 cm, which are
close to the maximum values encountered luter, give an optical depth
of about 0.). Thus some scattering may occur in the denser rpions
in the strongest lines, but the effect shculd not seriously orscurc

the feature, and we are justified in treating it as being opt:cally

thin.
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B. Eacitation Me thanisms

in principle a coronal ion may be exacited by two mechanisms
if we assume an optically thin gas. The ion may suffer a collision
by an electron resulting in an excitation, or the excited ion may
be formed by a recombination from the next higher stage of ionization
plus a cascade to the excited state of interest. The ratec coeffi-
cient of the former process can be represented reasonably well by

an expression derived by Van Regemorter (1962)

-3
107 X 10 "y
=1 e P(y)
ij 4T 1 ij

ij
(3)

11605W,
i

y = ——ii
T

where fij is the oscillator strength of the transition i -~ j,
W 1is the excitation potential in elect:on volts, and P is a
Gaunt factor averaged over a Maxwellian electron-velocity distri~
bution. 1t is possible (Pottasch 19A4, Jordan 1966bL) that the
expression for P as gpiven by Van Regemorter may be low by a factor
of 1.5 to 2. Typical values are of order unity,

We may easily estimate the relative importance of radiative
recombination plus cascade as compared with collisional excitatica
in populating the upper level of a resonance line. lhe collisional

ionization rate, NeN must, in secular equilibrium, cqual the

1%, 11

tot .
recombination rate NeNi+lai+l,i' We wish to compare the latter
with the collisional excitation rate, NuNiCli' pecause the colli-

sional 1onization rate coefficlient is similar in its mathematical
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form to. the rate coefficient for collisicnal excitation, and since-
the ratio of excitation .and ionization rates is indepéndent of Né

and N, it is.ccwenjent to use NN in place of

1%, 141

N N tot as -a measure of the recombination rate. This will

e i+1%+L, 1

serve as an upper limit to the rate of population of an upper level
of a line by cascade. If, for the moment;. e cousider all exci- A
tations as -arising from the ground state, andrasspmé that P, ¢,
and. { are all of order unity, then division of (3) by Iv-(7)

gives the following result for the ratio of the rates of the two

processes:
c 32
—L . 5.5 x 10° w} 1;1 exp (~11605(W,, = x; 1)/ (4)
9,141 ij o 2T

In the extreme ultraviolet spéctrum from 171A to about 700A
the corresponding excitation energies range from 17.7 to 72.6
electron volts, The ionization potentials of the dons giving rise
to rhe lines range from 208 to 523 V. Let us consider the possi-
biltty of making the ratio in eq. (4) as small as possible, in order
to favor recombination as a means of populating an excited level, We
may take in the exponent x small, W lafge, and T large; and in
the rest of the expression x -small, W large, amd T small,
(This last assumption on T contradicts the first, bul this can
conly strengthen the argqment). Substdtution yields C/q &= 5; with
the exﬁqnentiaiauear un.ty, The actual ratios will be a gocu deal
larger than this since our assumptions are to n Iarge~ez{:nn exciy~

sive of one another. Thus we may neglect any osnsgideration of
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:rgcqmbinagiqn—éswa mechanism contributing to resonance line emission.

K further justificatiod for this is seen from the fact that all

.direct excitations result in an emission of a photon of the line

in“Qués;iQn;~$bﬁtodlyua part of thé total recombination coinisidered

.in. the aboveé .argument will cascade via any given line.

‘There renains the question gfiwhethgr or .not excitation=of a

" . resonance liile may' occur by a collision to 4 higher state plus a

cascade, f?rqm.eq; IV-(3), it is evident that the oscilladtor
strength, fn;'~f6ri§n,hydfdgenic ion varies approximately .as a3
for fixed n. Although oséi;latpfrstreng;hS'of many transitions
are poorly known, -as an order-of-magnitude estimate this statement
is valid‘aiaq %ﬁf<many-élegtron sonfigurations. The collisional
excifasién'fateévthergfore may be expected to decrease with increas-
iné eﬁergy due to the decrease in f-values, and also the decrease
ihlthe quantitf éxp(-llGOSWij/T)wij, From these semi-quantitative
arguments we conclude that direct excitation is considerably more
important in populating the upper level of a resonance line than is
indirect excitation plus cascade. The fact that very féw lines
which do not connect with the ground term are observed (Wiuing 1966)

gives observational support to the assumption that direct excitation

is the dominant process.

C. Emissivity of the Coronal Gas
The rate coefficient of population of a permitted excited level
by direct collisional excitation is given by Eq. (3). If we assume

that this is the dominant process, and that all ions so excitad will
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radiate gfﬁhotdnvbf energy hv, then the emissivity -of the .gas in

that particular line is

N hv erg cmé3 sec (3)

If we let A=Y /N, , the relative concentration of the

el W

element with respect to-hydrogen, and & = the fraction of the

ion
element in the stage of ionization giving rise to the line, then
for a hydrogen density equal to 0.8 times the electron-deusity, (5)

becomes

2
E 0.8 Xion Aei Cij,Ne

15 2 -k : . ] . -y
Ne T xion Aez Ilj P(yle

hv
(6)-

-

= 2.2 %10

erg cm = sec

-Both the emissivity ‘and ionization curves cledrly show a
feature which can in principle severely complicate any- analysis
of coronal structure from a study of line emission. The ions
with closed shells, because of the large difference between the
energies needed to credte and destroy them can exist over an
extremely large temperature range. Although they are difficult
to excite, and ‘by themselves emit almost no .observable lines in -the
EUV wavelengths, they provide a tremendcus raegervoir of ions from
which neighboring' stages of ionization may be formed. Thus the
lithium-type and sodium-type ions experience a much slower decrease

in their abundances with increasing teuwperatures than would otherwisc

be the case. Good examples of this car be seen for Si XII anu Fe XVT.
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In the case of Fe XV, the effect is still présent even two stages
of ionization removed from a clcsed shell.

As a result of this .state of affairs, significant emission
in1a'1iﬁe can -occur at‘témpenatures=fat removed, from the temperature
of maximum abundancé. As an.example, consider 'Si XII which maximizes
at 2 x 10° °k. at 8 x 10% %K 2ts emissivity hae dropped to 0.1 of
its maximum. Thus, if one considers a non-homogeneous gas in which
densi‘ty correlates positively with temperature, an increase in
density by only a. factor of ;0% will completely compensate for the
temperature increase, and a larger rate of increase of density with
temperature will shift the temperaturés of maximum emission quite
rapidly toward larger values, aﬁd greatly increase the range of
temperatures at which significant emission occurs. The conclusion
is that a strong tendency for high temperatures tu be assoclated
with«high densities in the coronal material would result in a
strengthening of the lines from the lithium- and soaium=-like ions,
as compared with other iomns whose temperatures of maximum abundance
are 'the same, This effect should be most noticeable in the hot,

dense regions of an enhancement,

D, Extension to Multiplets

The precediag discussion applies directly tu transitions which
arise from aun unsplit ground term. If the ground term is sy Lit,
two medifications must be made in the argument. First, the argument
in favor of treating the gas as if it were opticaliy thin it no
longer strictly appropriate since an excitation py & photon frem ovne

level of the ground term may result su 1adiuvlon to a dirftecent level.
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The second alteration produced by the split ground- term is
that we are now forced to make an ‘assumptidi .conceining the relative

popuiations of the levels within the term in order to predict the

line intensities. The simplest assumption would be that the density
is sufficient to populate the levels irn equilibrium with the kinetic
temperature. This is more likely to be true in the dense ennance-
ments than in the quiet corona. Since the term splitting is much

less than kT, we may write for a given level 1

: 8.
> (7)

i gterm

z where Ni is the relative population orf the level in guestion.
From eq (3), the rate of excitation from level i to level j
; by collision is .proportional to the oscillator strength fij' The
rate of population of any given upper level j by all the lower

levels 1 will be proportional to

iZ' fi9 8
Bl =V yof, (%)
4 Bterm 1 M

and the rate of depopulation, once the excitation nai vecwired will

N

be proport anal to

b

A g, T ’
U L. S Kby (9)
z A s z g,

i<y ji 1<5 io4j

If we multiply expression (8) by () aau mahe uwde of tae fact

that the f-vaiae times the stavistical werght for a line 1s the same

ey
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for emission and absorption, we obtain an expression that replaces

flj in eq. (é). Thus

f . = (10)
eff ,jk gterm )

The intensity of each line is 'therefore reduced in proportion
to the relative population of its lower level compared to the
entire population of the lower term.

It must be remembered that eq, (107 is definité&y a limiting
case in the sense described above, and is also »n approximarion
in that the summation 72 fg in (8) only represents an approximate
expression of the collision rates, whercas the same summation in
(9) is exact, if the lines in the multiplet are close in wavelength,
The result of a strong underpcpulation of the upper levels of 'the
ground term would be a marked reduction in the strengths of lines
whose upper ievels cannot be populated by collisions from the ground
level, relative to the total multiple: strength,

The preceding .discussion does not consider the possibility ol
excitation of a forbidden level since the excitation cross sections
are very poorly known., Recent work by Bely (1966a, 1966b) shows
that these are in some cases quite large and may give risc to strong

non-~resonance line emission.
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CHAPTER VI

EMISSION WITHIN THE LIMB ENHANCEMENT

AS A FUNCTION OF TEMPERATURE

A, General Remarks -- Mathematical Difficulties

The emissivity of the coronal gas as given by eq. V-(6) may
be integrated over a line of sight to give the surface brightness
of the feature in question. If the emissivity, E, is taken as z
function of position, x, along the line of sight, then the

€

brightness, I, in erg ¢m-2 sec’l,radiated in-all directions is given

by

1 = [E (x) dx (1)

Substitution of V-(6) into (1) gives a general cxpression for
1 in terms of the ionization and excitation conditions of the gas:

2

15 ~y o
Ayy fags [ B(y)e Xjon (DT K, ax (2)

I = 2.2 x 10

Eq. (2), althougt exact insofar as the excitation rates of
the emitting jons are «<nown, is not in a particularly useful form
for interpreting the ol'served brightness of a feature in various
tines. We therefore proceed to transform the 'ntegral over path

-ength into an integral over temperature, in a manner similar ‘to




Wi g
o~

Tk

R

-’

S\
p

e et o e s R - s A S Al > e B et tiroe, 4 2

107

what Athay (1966) hds done. Let us make the following substitutions

in eq. (2):

. Vx, (m 1t
6(T) = B(y)e’ X, (T T" (3)
ax = =g ng T W

d log T

and we find, upon substituting (3) and (4) into (2):

2  dx

15 2 _dx__
Bog fapr | 6O N, 327

I = 2.2x10 d log 7T (5)

The quantity (dx/d log T) as a function of position may pass
through many singular points along the line of sight as local
maxima and minima of temperature are traversed. In temperaturc
spaceé, however, (dx/d log T) is no longer interpreted as an inverse
logarithmic tamperature gradient, but rather corresponds physically
to the total increment of path length, dx, along the line of sight,
per unit increment in log 1 as a funccion of temperaturc. Since
log T is the independent variable, (dx/d log T) - ~ implies that
dx » o, This is ruled out by the geometric limitations of the
problem.

The rather inelegant use of a common logarithm as a variable
of integration in eq. (5) will perhap: be justiiied by it. cpnveni-
ence as a physical quantity. We make two further definit.ons in

the following analysis for the purposc of simplifying our notation:

g = log T (T in °K) (6)
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g2 _dx - no dx
b = N d log ¥ e do ™

In writing eq. (7), we have tacitly assumed that we can -express

¢ as .a point function of temperature. In a very simple structure

this may be obviously true, but in a complex structure with many
streamers representing strong density and -temperaturce fluctuations,
eq, (7) must be more carefully vefined.

Consider as an example a case in which T 1is a monotone func-

1 tion of the position along the line of sight, x. Then we may

{ )
% easily-write Ni = Ni(T) and x = x(I), and the interpretation
] of (7) remains completely unambiguous. If, however; .given values of
o T are encountered many times along the line of sight, then Ni

and x will not be single-valued functions of T. The definition

of ¢(8) will then be arrived at in the following manner.

©

We may divide the line of sight up into intervals, i, within
1 each of which the condition of single-valueduess described above is

satisfied. The .boundaries of the intervals are specified by the

ey

following consideration A boundary will occur whenever the

temperature reaches a local extremum. Both position and deunsity

r
O E I
Lol

will then be single valued functions of temperature within each
interval. Next, consider a temperature, 1, Our method of sub-
dividing the line of sight assures us that within -each interval,
i, the value of T, and the correspondiug value of ¢ may bé

realized elther once or not at all. Each time T wovccurs, it will

have associated with it a value of (Nz), and a value of (dxz/de)
e’ i, 1,0

for the particular interval, 1. We then detfine 4(u) in the

following fashion:

[ R RN G o TN Y S T A ey
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20) = Z(xﬁ)” Tastan], - ®
i .

When defined in this manner, thé qdanCity ¢QQ)‘;H45 the
following physical interpretation: Any set of lines, j, Qhoéé
emission characteristics differ only iun theitempg;aturgs,’ ey,
at which the lines vccur, and whose gmisSivity-durveg‘apptoximdte
a d-function :about these temperatures; will have relative bright-
nesses of Ij « ¢(0j). The absolute value of the derivative in (8)
assures us that the net effect of increasing and decreasing tempera-
ture gradienfs along the line of light will be cumulative.

Having tnus, defined $(9). in a: suitable fashion, we ‘may
rewrite (5) in the following manner for a line denoted by j:

15

L, = 2.2x 10

’ Aog Eegs g | G5 (0 o(0) do (9

and define an average value of ¢ in the following manner:

[ G, (8) ¢(0) do
* 101 (0) do

O (10)
Thus far, the development has consisted only of physical: state-
ments and mathematical definitions, with no description of how
observed values of Ij for the various lines may be used to obtain
empirically the structural function, ¢(0). Although ¢(0) is well

defined, its interpretation in terms .of the obsesved brightnesses

of the lines made use of highly idealized assumptions concerning
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i ifﬂ%iéﬁ§§§@gn‘§fbperti§§'cf,xhgigiges. In practice, the emissivity

—Tm

7 Curves are not sufficiently marrow: to be c¢onsidered d-functions,

<:'épduaLgo:exniBff’é‘éignifigapt variety of shapes as -well as magni=

tudes. We can, howéver, -define a quantity, <¢>j~ feas.”
- - - 3 adadid

tefiis -of -the measufed: brightness of line j, I as follows:

jsmeas.”™

@ L — ) o :ﬁimeag» .. _—
25, meas.. 1ok T e o
Y S22 x 20T A Lo | G, (o) do

11)

~Wéiﬁé§ntben compute (¢>3_ meas for each line for which
- ) L]

yeliable photometric measurements of Ij neas.. 2re obtainable,
9y .

and plot these values of <¢>j‘ neas against 6., The assignment
RS » , .

—dfxa~v§lue of 0, is somewhat arbitrary; we shall define Oj as

3
% ‘ the centroid of the function ~Gj(6). Af ter evaluating the uncer-
:{ tainties in the abundances of the elements, Aez’ in the next
% section, we shall calculate values of <¢)3’ neas. from the observed
a3 lines, atid discuss how accurately a plot of the points (ej,

‘<¢>j, meus.): would be expected to represent the function (4).

3 B. Relative Abundances

In addition to the mauner in which cmission of a given jon

Y

varies with temperature, knowledge of the relative abundance of the

LN

parent element, Aez’ and the effective f-value of the line in
questioh is necessary before we can infer the amount of radsating

material within an enhancement from its orightness profile. The

3 ,

3 f-values of most of the important EUV transitions afe now rcasonably
g well known and are tabulated by Pottasch (1967) in his most recent

1

E £

. determination of clement abundances fyom coruviacl EUV lines,
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The question of eleiment abundances raises more serious uncer-
tainties, particular@y,since there exist uncxplained discrepancies
between measurements: of photospheric and:.corognal abundances. The
Jatter have been cilculated by Poéttasch- in his severai\papers,
using an-equation similar ‘to (2) with ke temperature-dependent

factors taken outside the integral and zeplaced by the following

average:
-y %
= y v N p
G(M> = 0.7 B(y)e™ X, (2 T %, (12)
max
and therefore
2 TS S
Ao [N dx = (13)
et s e 1.1 x 1072 e e

The right-hand side of (13) is completely determined from
tlieory and from observations. Note the difference of a factor of
two between (13) and «(2). This difference arises from the fact
that Pottasch considers the emissidon from the total sum emittead in
all directions, of which half is radiated tvowara the photosphnere and
is never observed.

Pottasch assumes that the quantity ./ Nﬁ dx, where R is the
region oves which the line in question cf?ectively emits, is a
function of temperature only., He then :onsiders the quanti:zies Aex’
which represent the elemental abundance:, as unknown paranmeters
which may be adjusted such that a plot »f [ Ni dx versus temperature

)

from all available lines shows a minima. amount of gcatter. The

Eesulting;abundances, shown in Table VI-L show the most recent values
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of Pottasch (1967) as compared with the photospheric abundances

of Goldberg, Muller, and Aller (1960). Both sets of abundances

are expressed with: that of silicon set at 100 as a standard. On

‘the basis of a com@g?lsén of the radio solar emission with that of
4

the emission  lines, Pottasch:had concluded that Asift 10,

Pottasch's most recent analysis (1967) employs data from both
photoelectric and. photographic observations of the solar disk as
a whole (Hinteregger, Hall, and Schweizer 1964; Austin, Purcell,
Tousey, and Widing 1966; Blake, Chubb, Friedman, and Unzicker 1965;

Hall, Schweizer, and Hinteregger 1965; and Hall, Schweizer, Heroux,

and Hinteregger 1965). These data are undoubtedly more accurate

than the values of the surface brightness I measured photometrically

from the spectroheliograms, which are given in Table VI~2., Because

of this, I felt it most prudent to make no initial assumptions

regarding the abundances, or ‘to attempt to re-derive them, but rather

to investigate how the assumption of each set of abundances in

turn will affect the conclusions rega.ding the structure of the

enhancements, and to evaluate each set on the basis of selif-
1 ]

consistency of the results,

C. Computations of ¢(b)
Table VI-2 lists the values of the maximum brightnesses of
Featurey 3 and 4 a5 measured photometrically from tiwe spectrobelio-

grams 1n the various lines., The absenct of a measurement oi the

Fe XIV 2654 line in. Feature 4 is due to overlapping with the te Ii

304A disk image. The emission from Fe XV at 284A also over.aps the
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He 1L 304A disk, but the line is strong, enough to yield: a reliable
measureément of its maximum brightness in spite of the high back-
ground.

The Ni XVIII lines are conspicuous by their absence. Since
we observe strong emission from the lines of Fe XVI at 335A and
361A, we should also- expect to see emigsion from Ni XV1i1l fairly.
casilv at 322A, unless a rapid decrease in ¢ (V) occurs somewhere
between the témpératures characteristic of the two ions. The
stronger Ni XVIII line at 293A overlaps the He 1T disk. .Observations
of some of the fainter lines in this wavelength region, whose inten-
sities could not be determined reliably but could be estimated

theoretically, indicate that we may place an upper limit of I for

Ni XVIII 322A at around 4 x 10° erg cm ~ sec , or about 0.01 that
of its ¢urresponding line of Fe XVI at 361A.

Examination of Table VI-2 shows that there is very little
difference between the brightnesses of Features 3 and 4 in the various
lines as compared with the differences in the brightnesses among
the lines. themselves. The one exception to this is the 465A line
of Ne VII which shows up much more strongly from Feature 3 than
from Feature 4. The spectroheliograph picture of the Ne VIT line
shows at the pasition of Feature 3 a small, well-defined bright spot
on the disk That has no counterpart in Feature 4. The corochal
emission, on the other hand, appears to be very similar for the two
features, and is measureable quite unambiguously from Feature 4 in
all given lLines. 1 shall therefore consider only Feature 4 for a

structural analysis, To be sure, the marked limb brightening of
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the sun in Ne VII must be subtracted from the photometric tfaces

of Feature 4, but the Iimb appears distinctly enough: in the tracings

" that no ‘ambiguity arises:

Figures VI-1 and VI-2 show the points (Oj, <¢>j ) calcu-

,meas.

lated from. the values of I, listed in Table VI-2, a graphical

j, meas.
integration of the ci(e), for the relative abundances of -Goldberg
et. al. (1960) and Pottasch (1967) respectively. The f-values -are
the same as used by ‘Pottasch (1967) in his most recent analysis of
coronal element abundances, and represent a-compilation of the work
of several authors. The error bars included represent an estimate
of the combired -uncertainties of excitation and ionization theory,
f-values, and errors arising from uncertainties in the photomectry.
In the case of Ni XVIII, since the line at 322A is not actually
observed, the puints plotted represent an upper limit, Altaough
Goldberg et. al. (1960) give no abundance results for ncon, the
value obtained by Pottasch (1967) is consistent in general with
values Obtained by other investigators, and: no serious uncertaifucy
in the neon abundance is evident at present. Therefore; I include

the Pottasch value of -on both plots.

Ne
Both sets of abundances allow a reasonable curve ¢(8) to be
fitted to the -diata, and both curves shew .the same gencrat tharacter.
A rapid rise in the emitting ability of the features occur.. from
temperatures of about 5 x lO5 °K to about 2.5 x 106 °h.  Thre curves
then begin to flatten out and reach a naximum around 3 x 1)° °K,

which is followed by a rapid decrease «t higher tewperatur:s,

-
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As I have drawn it, the: ${0) curve obtained from the Gold~
berg abundances shows a much steeper initial rise and a lrn¥ger
maximum than does the Pottasch curve. It may be argued thu! the
former curve should have been drawn to pass between the ranges uf
values of Fe XIV and Si XII, instead of effectively ignoring the
latter. A curve thus drawn would more rearly resemble the Pottasch
curve. Since the Si XII lines were made from a different exposure
than any of .the other lines in the same temperature region, it secmed
more prudent to place faith in the Fe XIV and XV measurements to
eliminite ‘the possibility of an unknown. source of systematiz photo-
metric .error.

Although they allow a 'reasonably good curve to be fitted to
the points, both sets of data produce inconsistencies that make it
impossible éor such a curve to pass through the error bars of all
lines. As compared with Goldberg, the high Pottasch abundance of
iron removes the discrepancy between Si XIT and twe higher ionization

stages of iron, but introduces one be.ween Fe IX and Mg IX.

D.  Theoretical Uncertainties in ¢(0)

Although most of the scatter in Figures VI-1 and Vi-2 is
undoubtedly due to observational errors, and, to a smaller extont,
to uncertainties in the ionization and excitation theorievs there
remains -an additional source of error Lhat is non-random a.d arises
from variations in the shapes of the emissivity curves of .ue lons.
To illustrate the nature of this uncer.ainty, consider * w Yollowing

hypothetical example,
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Assume we have two ions which have the same values of Gj,
f'GjKO» d8, and-all atomic parameters included in€q. (9). Ve
then should require that (¢)3 would be the same for both ioms,
sifice we are associating it with ej in both cases, and we wish
to establish a procedure by which ¢(9j) = <¢>j £6r all ious.
However, eq. (10) clearly shows that we are not able to do this.

If ion #1 has an emissivity curve Gl(e) that posesses a long tail
on the low temperature side, and ion #2 has a similar tail on the
nigh temperature side, then if ¢(6) is an increasing function of

6, (¢>2 will be greater than (¢>l, whereas if ¢(8) is a decreas-
ing. function, the reverse will be true. It follows that the points
plotted in Figures VI-1l and Vi-=2 will not yield the actual curve
$(8):, but a curve subject to a systematic error, particularly

where its slope is steepest,

We may make an approximate correction to this error, provided
the changes in the curve implied by these considerations are not too
severe, The following steps will outiine the procadurc used in
making the corrections:

L. FErom the curve, ¢(6), as we have drawn it, compute cdch
<:¢>j from eq. (10).

2: Plot each point, (ej, <¢)j) on a graph., These points in
general will rot lie on the curve ¢(6). Instead, taey repsesent
the curve we should expect to obtain by ideal measurcmeats ‘rom a
line of sight whose emission efficiency with temperature ac:iuully

cbeys the function, ¢(0).
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3. Since ¢(0), as we have showa it, is actually a curve
derived from observations, the corrected curve, which we denote as
¢cor(e), should be defined by points lying the same distance from
$(6)- on a logarithmic scale as <¢>j? but in the opposite direction.

Figures VI-3 and VI-4 repeat in solid lines the same curves
$(0) that were given by the data points in Figures VI-1l and VI-2,
respectively. The tail of each arrow corresponds to the point

)) for each ion, whereas the head corresponds to the point

(Gj, ¢(0j

(Oj’ (¢>j). The dashed curve drawn shows the curve ¢cor(0), We
note that the changes appear to be relatively small over the ascen-
ding branches of the curves, but are somewhat larger over the much

steeper descending branches., 1In addition, the point at which the

maximum of ¢c0r(0) occurs is shifted to 5 X 109 °K from 2.5 X 106 °K,
and at temperatures above 5 Xx lO'6 °K, ¢cﬂr(0) decreases extremely
rapidly. This rapid decrease becomes all the more significant if

we remembér that the value of <{¢> is an upper limit,

Ni XVIII, meas,

and that the high<tenperature decrease in ¢ may actually be much
steeper. We thus have rather definite cvidence that strong decreases
in the amount of material in the two coronal features observed occurs

6 . .
at around 5 x 10~ °K. To support this conclusion, we note that the

visible coronal lines of Ca XV, which correspond to temperatures
between 5 and 6 x 106 °K are generally not observed in long-lived
enhancements of the type we are discussing here. On the other hand,
observations of Fe XVI in the EUV, an ion not much cooler tnan Ca XV,
have long shown that emission from this ion depends very sensitively

on the degree of normal solar activity present.
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Ne
Mg
Al

Si

Fe

Ni

Table VI-1
Relative Abundances (Si = 100)

Pottasch (1967) Coldberg. et. al., (1960)

1000 1600
120 300
500 2800

70 —
60 7%
4 5
100 100
40 63
100 12
9 2.5
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} Table VI-2

i Maximum brightness of Features 3 and 4 in the various lines.

I(erg cmm2 sec-l)

Ion . (A) Feature 3 Feature 4
Fe IX 171 6.6 x 10° 7.7 x 10°
Fe XIV 211 5.0 x 10° 2.0 x 10°
Fe XIV 265 1.5 x 10°
Fe XV 284 1.2 x 10° 6.3 x 10°
Ni XVIII 322 $ 4 x 10° <4 x 102
0 Fe XVI 335 1.0 x 10° 9.7 x 10%
Fe XVI 361 4.9 x 10* 3.8 x 10°
Mg IX 368 1.1 x 10 1.3 x 10%
| Ne VII 465 4.9 x 10% 7.2 x 10°
b Si XII 499 6.0 x 10° 4.4 x 10°
L si XII 521 2.4 x 10° 1.8 x 10°
%ﬁ N
4

[
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Figures VI-1 and VI-2

, <. ) as determined from measured brightnesses,

The points (0,
j j, meas
1j neas’ of Feature 4 in various EUV lines, Included aliso are the
bl

curves ¢(0) drawn to approximate the distribution of these points.

The abundances assumed are those of Goldberg, Miiller, ang Aller

(1960), and Pottasch (1967) respectively.
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5 . T/I08 °K .
1 ' T v ] 1 | |
B Fe XIV

® s5ixli

Ni Xvill %

2 1. 1
56 58 60 6.2 6.7 6.6 6.8

; Figure VI-1
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B ¢ FeXIV -

’-

- FeXVl

NiXVlH‘

|
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Figure VI.-2
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Figures VI-3 and VI-4.

The curves . 6(06) repeated from Figures Vi-1 and VI-2 respectively,

are shown ds solid lines.

¢cor(0)b inferred from the errors implied by the shifts indicated
by the arrows (see text).

The dashed line shows the corrected curve,
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CHAPTER VII
STRUCTURAL DETAILS OF THE LIMB ENHUANCEMENT

A,  Computation of the Emissivity from Brightness Measurements

A series of isophotal maps of Feature 4 in all the lines intense
enough to yield reasonably good photometric data is shown in Figures
VII-) to VII-7. From these maps I obtained distributions of bright-
ness of the feature in the various lines along the limb at .several
different heights. 1In an opticaily thin emitting gas, such a
brightness distribution gives the total emissivity of the gas along
each line-or sight. In order to obtain the emissivity at any given
point within the feature, it is necessary to either have some
additional information of the three-dimensional shape of the feature,
which we cannot directly observe, or to fall back on some plausible,
but still arbitrary symmetry assumption. bMost active features
seem to possess an approximate axial symmetry with cither a roughly
circular or elliptical cross section. The extension from circular
to elliptical geometry is: easily made by multiplying all dimensions
along the line of sight by a constant svale factor, b. The emis-
sivities calculated will then be proportional to h~l and the
corresponding electrap densitiss will vary, less sensitively as b—&.
Since an extension frem circular to elliptical cross section is
trivial, 1 shall assume for the preseat that circular-cylindrical

symmetry exists in the following development.
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Consider a cylinder of radius r cof an emitting:gas which is
optica¥ly thin, Let r be the distance from the azxis of the
cylinder. Assume that the emissivity ol the gas £  is a function
of r only. Then, if we view the cylindir perpendicularly to its
axis, the brightness 1 as a [unction of thg’di§tancg % of the

line of sight from the axis is, given by

X

0

I(x) = zf.g.gﬁ)_l‘j_r___ (1)
BT 2 %

We may invert eq. (1) aund obtain

r
o
: = L _L'(x) dx
E(r) = nY 2 2)5'_; (2)
. r

In principle, éq. (2) affords a possibility of numerically
computing the emissivity by direct substitution of measured values
of d1/dx into a numerical integration formula. In practice, one
would wish to obtain a series representativ, of eq. (2) that would
allow direct substitution of measured values of 1(x) rather than
1*(x). Such a series of the form

B, = r—l}:a L (3)
J o n jk 'k
has been derived by Bockasten (1961), with the a]k tabulatud for
ten and twenty points between x = 0 and x = ro. bockasten also
calculates the coefficients for the points numberced from 30 to 40

in the edge of the distribution for improved accuracy at the edge
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of the cylinder. The accuracy of the numerical approximation is to
within a few percent at worst, provided the quantity I'(x) does
not appreciably change within a given pair of points..

Figures V11-8 to VII-14 show the emissivity -curves, obtained
by an inversion of the brightness curves using Bockusten's method.
The accurdcy of these curves decreases outward from the axis from
an increasingly .unfavorable signal-to-noise ratio in the photometry
in the fainter regions. In the caée of the Si XI1I lines, the
northern edge of Feature 4 was subject to severe contamination
by emission from the southern edge of Feature 3; thus the values
obtained from these lincs may be quite uncertain.

The computation of the emissivity of Feature 4 in the different
lines affords a means of partially checking the relative abundances
of ions whose variations in emissivity with temperature are similar,
Such a pair of ions belonging to different elements is Mg 1X and
Fe 1X. Computations show that the ratio of the nmormalized emissivity
curves of th. two ions varies somewhat irvegularly between 0.4 and
1.6 between temperatures of 4.5 x 105 °K and 2 x lOb °k. Thus
we may conside, is range of temperatures as characteristic ot
both lines, and assume an average tempervature of avovut 106 °K for
Feature 4 as observed in the two lines. From eq. V-(6), we then
obtain AFe/AMg = '20(El7lA/h368A)' A casuﬁl compar ison ol Figure
VIi1-8 with Figure VI1-12 shows that although the emissivity of
Mg IX appears subject to more sensitive variaticns throughout the
feature, the emissivities of the two lines are about equal in

magnitude. This would indicate a ratio of AYL/AW = 0,20, By
Al & i)"
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comparison, the same ratio is 1.67 from Pottasch's (1967) data, and
0.15 from Goldberg, Miller, and Aller (1960).

Table VII-1 shows the calculated values of the abundance ratio
‘AFe/AMg .at various points within the enhancement. The figures in
parentheses denote the weighting factors assigned to each point
for a st .tistical analysis, and are proportional to the averages
of the brightnesses of the two lines at each point. We find a
weighted mean value of .25, with a dispersion of .17 from the cata
of Table VII-1, for the ratio of the iron-to-magnesium abundance.
Thus the amount of scatter is not sufficient to admit to an error
large enough to allow the Pottasch abundance on the basis of random
photometric error alone., The calibration of the photometry is
particularly uncertain in the wavelength region of 170A, however,
due to strong variations with wavelength in the transmissior coef-
ficient of the aluminum filter (Figure II-2), Nore impurtaat is
fact that the random errors in the relative emissivity measubremeats
within a feature are small enough thac we may use these measutenciils
for other ions, whose emissions differ greatly amony oue anotaer,
to determine a set of temperature and density profiles ol tue

enhancement as a function of distance from the axis of sywactry.

B,  Temperature and Density Structure

1, Method of Analysis

In principle, we can write down eq. V-(6) for any two i{uves and
compare the theoretican emissivity ratio with that casculatcl U cacn

point by the methods described in tne priceding scction. W Luen
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have two equations in the two unknowns, temperature and electron

deusity, and can solve for both of them simultaneously. If there

is no unresolved coronal structure, then at each point in space

the emissivity ratio of all possible pairs of lines -should give a

unique set of values for the temperature, to within the limitations

of our ionization and excitation theories, observational accuracy,

and symmetry assumptions. Conversely, any unresolved inhomuoguneily

in a coronal feature should show two effects, namely:

ta) The temperatures and densities computed will nut cefivec

the structurc of the region as a whole, but will tead Lo map tin

relative degree of occurrence of temperatures and densities racec-

nediate between those characteristics of the two lines uvauer Cuisiu-

eration, Since a point in space can now no longer be associdteu

with a single temperature, radiation from ions of widely ditfecueit

lonization potentials may be seen together,

(b)- The radiation of all lines will be ennancod ovesr wadi

i
it would be in an homogeneous gas. T.is ig due to tne &

of tne cemissivity of the gas. The electron densit™ woe hracusv

ML Lot syt
o

R

line emission excited by collisions is thus the rool=avdiieogeass

.

density at an unresolved velume within tne feature. iocr

—— 921 -

) Syt ‘ N
8as, Ne = (Ae) , Wwhereas for an inhomogencous a., &
LS

We are now in a position to obtain tuu Laapirucire

¢

at cach point in space from emissivity :atio neasurciwat: «
emissivity curves in Figures VII-8 to V L-td. i ciuwes i

the uncertainties resulting trom rathe. poocly rbowe 5 oo

dances, 1 restricted the comparisom o '1nce ¢ s weu

ran
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of lines were compared ‘for their emissivity ratios throughout the
enhancement, namely, Fe IX at 171A with Fe XIV -at 211A, and Fe XIV
at 211A with Fe XVI at 361A., These lines give good coverage through-
out the usually-encountered rangé of coronal ‘temperatures.

2. Temperature Structure

Figures VII-15 and VII-16 show th¢ temperatures at various
heights above the solar surface plotted as a function of distaunce
from a line extending outward from the limb from the point of
maximum brightness of the feature., The dissimilarity of pboth the
shape of the curves.and the temperatures themselves indicates that
we indeed are not viewing an homogeneous structure. Several
characteristics of the temperature plots, however, suggest some
large-scale structures that might help to explain the discrepancy.

Along the limb, both the Fe IX/Fe XIV and the Fe XiV/Fe XVL
emissivity ratios indicate a markea rise in temperature toward luw
axis of the feature. This temperature increase is particutarly
marked in -the hotter ions, both in tirs magnitude and in the deytec
of centrelization of the higher temperatures. In the cooler iuns,
the inferred temperature appears ‘to decrease slowly outwarc [row iiw
axis to a minimum at a distance of about 40,000 km. from tals value
outward, the temperature begins to rise again. The hotter ions suww
somewhat sunilar behavior qualitatively, but with a greater asywouooy
jn favor of higher temperatures t« the north,

As we move outward from ‘the surface, the temperaiurc incruasu
towards the axis of the feature continues in the measarements Loow

the cooler ions, but is reversed in the hotter fons. ALl Ui curve.
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continue to show an increcase toward the edge of the feature which

moves in toward the center as the height increases. The preceding
description of the behavior of the measured temperatures from the

line emissivity ratios suggests a picture of the enhancement that

includes the following:

(a) A hot "core" is present that contains considerable material
favorable for emission in all three lines., This core is probably
roughly hemispherical and cuts off rather abruptly somewhere around
20,000 km above the surface.

(b) The core decreases rather strongly in temperature out to
about 30,000 km f£rom the center. At that point an "envelope" begins
which starts increasing in temperature outward. From about 1 - 2
b lO6 °K, the distribution of temperatures in the material in this
envelope appears symmetrical about the axis, to a good approximation,
Toward the north, however, there is a disproportionate amount of
material above 3 x 106 °K compared with that toward the south.

(c) As we move upward from the core, the envelope closes over
it. Towards the center, the temperature range appears Lo be rather
narrow, but as one goes outward, both Fe 1X and Fe XVI emissions
increase relative to Fe XIV, This shows that the envelope becomes
less homogencous as one moves outward from the axis.

An investigation similar to the present one conducted earvlier
by Nishi and Nakagomi (1963), arrives at conclusions concerning a
two-component enhancement that are very similar to mine., ‘The earlier
Investigation used measurements of forbidden line emission trom the

red, green, and yellow lines of Fe X, Fe XTV, and Ca XV, rvespectively.
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3. Density Structure

Figurés VII-17 and VII~18 show the root-mean-square density
structure of ‘Feature 4 as iinferred from the line emissivity ratios.
The results are much more nearly consistent with each other than
was the case with the temperature measurements, although the
increase in the amount of hotter material toward the center is
evident in the sharper maximum of the Fe X1V/Fe XVI curve at the
limb., A sharp decrease of these curves toward the south at 20,000
km and &t ‘40,000 km also reflects the cooler envelope that exists
particularly toward the south.

The inhomogeneity of the feature is suggested sLrongly by the
fact that the densities recorded approach higher values than those
generally associated .with white light measurements of coronal
enhancements (Newkirk 19619 and approach values normally reached
only by sporadic condensations (Waldmeier and Mifiller 1950, Saito
and Billings 1964)., 1In the hotter ions, the inferred densities
drop off more rapidly with height than in the cooler ions. This
phenomenon is also easily seen in the measured brightness scale
helghts which are available from the isophotal contour maps (Figures
V1ii-l to VIL-7).

Figure VII-19 shows a comparison of the brightness gradieunts of
Feature 4 in several lines of various temperatures. For reference,

the Newkirk (1961) density model along the axis of the feature,

104.32/r )

is shown, squared, to represent the brightness gradient that would
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result from a cylindrical feature whose .density out from the limb

varies as Newkirk's model, ahd whose temperature structure is
’

Lines of temperatures of between one and two million

isothermal,
degrees agree most closely in theif brightness profiles. The con-
1 tining of hotter material to regions closer to the surface is, of

course, contrary to the predictions one would make by assum.ng

a purcly hydrostatically supported atmospliere.

F
4 C. Comparison with Radio Observations
S vbservations of the sun at radio frequencies of Y.l em at
N stanford provide a gooa means of comparison of the brightness
|
{ E temperatures inferred from the temperature-density structurce ol
E : the enhancements, and the brightness -temperatures actualiy cbservea,
A
f A contour map of the northeast quadrant of the sun with the contours
l ' duenoting constant brightness temperatures is given in Figure Vii-Zu
f for April 28, 1966, based on the Stanford radic duta.
Let us consiuver at first cemission from the coronu only. i
%’ difterential optical depth at radio wavelenglhs as piven oy surlfov.on.i
¢ (1951) 1is
i dt = 1.65 x 1077 (39?}‘19)*‘/2 Loy o
r T : NI
i It we allow the temperature to vary alony the line ol @ight, daa
consider vnly raiio emission at 9.1 em, the wavelenpih at w oich the

stanford interferometer operates, (5) bccomes

- D)
dt = l.02 x 10 20 k; ‘¢ 312 ()

F
|
|
|
F
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From (6), we can obtain an expressiop for the radio brightness

temperature of the feature by the relation

1 t
Ty £ T exp{ - dr'}rdt

it

‘e
- (7)

9 —1/2
X NZ T 1/2 d
e

o v R
1.52 x 10720 [ exp {1.52 v 10720 [ % 1732 q.\"}

3

where the path of integration is taken along the line of sigit.
Although we do not have a really self-consistent model of tue
coronal enhancement that specifies uniquely a temperature aond
electron density at each point within Feature 4, the temperatures
and densities obtained from the Fe XIV/Fe XVI line emissivity
vatios should reflect fairly well most of Lne material that contii-
butes appreciably to the radio emission in the ennancoement.  Tuo
Fe ia/Fe NIV emissivity ratios reflect some additional, coociur
material, but the two temperature regimes overiap conslderanly in
the samples of material they contain., Therefore, by saapir wadia;
the two densities at each point and taking an average temperaturs
oav almost certainly would overestimate thi amount of materia
wctually contained in the enhancement., [ thercefore couside  tadat Lia
hotter material, from about 2 x lO6 °K uvpwards, wiil provia o juower
limit to tne predicted radio brightness temperaturcs Lhat 1 cwriiy
close to the actual values.
The results of a numerical integration of tue woder of cae

enhancement implivd by the temperiater ol @ owures VEI-1D wiad Vit-

¢
Yo
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and the densities of Figures VII=17 and V1I-18, according to eq.
(7), are shown in Figure VITI=21l. The values of Nz from which
the integration was made were thoce inferred ffom the Goldberg
abundances of iron as given in Table VI-1. The abundance of Fe
according to Pottasch is larger by a fazactor of 8.3, and therefore
the inferred values of Ni are smaller by the same amount. Ia a
feature that is optically thin in the 9.1 cm fadio region, tue
predicted brightness temperatures would be reduced uniformly by o
factor of 8.3 as a result of the increasc in abundance of Fe. osince
the feature is not necessarily optically thin, however, the reduc-
tion may be ;maller, particularly along the line of sight tiat passes
through the greatest amount of material, as: a result of more seli-
absorption occurring in the denser regions. The brightest point
differs in the two models by a factor of 6.0, and tue ratio of
course, approaches 8.3 for the fainter regions. This indleates tuat,
although self absorption is significant, it does nut greatis change
the brightness profile of the enhancement over the range o) aunsicics
we are considering. We may therefore assume for tuv purpune ol L
discussion that follows that the Pottascn abunduance oF Fu pieadct..
brightness temperatures in the 9.1 em emission Lual are ive.. oo o
factor of seven compared with the Goldberg abundanceos, aad tauat Liaw
surface brightness distribution of the faature iz e-wentiaf:y
unchanged.

We arc now in a position to estimate the brigoulpeis Loeociaiuic,
that would be maezsured by the Stanfora radice fatesiecometer wale oo

main lobe centered on the enhancement  .Jthough e it oo .
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along one of the two axes of the cross is that a modulated sine
curve, we may approximate the main lobe by a Gaussian curve provided
the scale of the feature is somewhat less than the beamwidth of thc
antenna. The width of the beam of the interferometer is 3'.1l at
the half-power points; this corresponds to about 1.5 x 105 km at
the solar surface. The corresponding Gaussian width is 9.2 x 101i km

which we denote as Y, and along the y and z axes respec-

Zl,

tively. We can represent the radio brightness of Featurv & quite well

by a doubly infinite Gaussian curve along the z-axis with cnharacter-
istic width z; = 2.6 x 104 km, and a half-Gaussian curve infinitc
in the positive y-direction with width Yo = 104 km, The observed

brightness temperature of such a feature against a zero bacwngrouna

will then be

I 2, -2 =2 2, -2 =2
{ f exp {— y (y0 + Y1 )} exp {- 7 (zo T2y )} Gy us
* 0

= . — 5 o7 = ¥ —— R

MmuXx w W 2 2 ] 2
f f exp(- y /y7) expl~ 27 /27) dy dz (o)
- 1 L
-2 0
sor 1 = 1,98 x,l06 °K -this becomes
max
N 2.8 x 104 °K  (Goldberyg abundancs)
T = ()

8.3 x 103 °K (Pottasch abundances)

A cumparison of these values of tht predictea prigutoe,s (viper-
ture with those shown on the Stanford ridio maps 1s inturce tap. o
April 28, 1966, a radio enhancement witl a maxinune cecorava igiyha

ness temperature of 125,000 °K is evident at the position o Featas
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3. The position of Feature 4 is marked by a dotted circle on
‘Figure VII-20, and. is shown to be at a position of brightness

4 °K. Comparison of the positions of the

temperature around 6 x 10
two features: with the theoretical response pattern of the antenna
to a point source (Swarup 1961) shows that when the beam is centered
on one of the two features, the other is close to a null point and

therefore should not greatly affect the measured values -of ‘the

maximum radio brightness temperatures. On the other hand, Features

2 and 3 are so situated with respect to the aficenna pattern that
when the beam is centered on one, the other is within a positive
side lobe. The response pattern at this point is down by a factor
of about ten; this indicates an error of about 10% in the brightness
temperature would result from considering the response of the
main lobe only,

In- comparing the observed brightnesses of Features 3 and 4,
we must also consider the variation in the amount .of observed back-
ground from the quiet solar disk when the antenna is trained on the
two features, and the possibility of a chromospheric contribution
to the radio emission from Feature 3. Observations of the radic
3 limb well away from active regions show that a difference of about

104 °K could result from the disk of the quiet radio sun not entirely

s S

filling the main lobe where the interferometer is trained on Feature ¢

4, T1f we subtract the two spurious effects of sidelobe emission

rig

from Feature 2, and the increase of background emission from the

5

solar disk, we get a radio brightness of about 10 °K for Feature

I/
3 as compared with about 6 x 10" °K for Feature 4. The ratio of
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these figures should be approximately the same .as the brightness
ratios we would obtain from the photometric brightnesses in the
extreme ultraviolet listed in Table VI-2. The agreement is quite
satisfactory.

Althougli most of the emission in the 9.1 cm region from the
quiet sun comes from the chromospheric layers, it is doubtful that
chromospheric variations in temperature and density can account for
a significant amount of the radio enhancement in an active region.
A number of plages appear on the .solar disk on Aprii 28, 1966 from
the Fraunhofer maps; these plages do not in gencral correlate well
with the radio enhancements unless there is obvious EUV enhance-
ment in the lines -of the hotter ions as well. To some extent this
is a result of the fact that the chromospheric layers are optically
thick at 9.1 cm and the temperatures associated with the clitomo-
spherc, by the usual definitions, do not go above a few 104 “K.
Such variations in -temperature of features the size of the unhance-
ments we are considering would be sca.cely noticeable above bacl
ground variatious in the observed brightness temperacures.

Although the presence of r strong coronal EUV cnhancvieni kay
be a neccessary condition for one to observe a strong vauiu briypnt-
ening, it is doubtful that it represents a suificient condation.
ubservations of the radio enhancement associated with Feature 4
stiow a progressive increase in intensity for several days alter ie
initial appearance at the limb, This inlicates tual wmucu of the
additional radiation comes from low in tae corona rom « refativefy

shallow layer, and is therefore subjec' Lo foreshortenlny at Liw i,
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Billings and Hatt (1968), after a study of the correlation of radio

. . . . . 2, .
noise in the 10 cm region with the quantity NQT ? as inferrea
from coroilal linc -apservations, cenclude that the low level of

correlation (about 0,25) suggests that most of the radio emission

[

occurs from levels lower down in the corona than those accessible

to the coronagraph.

FE T —

D. Comparison with K~Coronameter Observations

; In addition to checking our temperature and aensity wodel of

i \ Féature 4 against radio observations, data obtained by the K-

- *  coronameter of the High Altitude Obscrvatory at Mauna Loa, hawaii
give us the possibility of independeutly checking the electron
densities. An interesting possibility exists, in theory at lcast,
Jf obtaining a measure of the degree of inhomogeneity of the corona

by comparing the densities, Nc, measured by the K~coronameter

1

3

] with the root-mean-square deasities, (Ni)“ inferred from rudio unu
ciission line observations. Because of uncertainties in tie: pace=
grouna. from tne quiet K-corona, however, the actuul contriostiova oo
the total reading from TFeature 4 is quite uncertain, anu (oo Lieisveu
resolution of about one minute of arc (hansen 1Y07) dis0 COalibueca
to making the data insufficiently accurate for a deirinfte comipuacs, Ju,
1 Nevertheless, the K-coronameter observacions provide anuthivd cuven

! on the clectron density that is essentially indepeacenc @i .av

- relative abundances of the peavy elements.

The theory of the polarization of the radiatioa ivowm b

K-corona has been developed in detail by van de Hulstl (B9%000 i

T
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the assumption. of sphérical symmetry, he derives an expression for

the polarization times the brightness which, in Newkirk's (1961)

notation reads

-6 2
_ 3.44 x 10 _ P dR
p = S jNe[A(R) B(R)] =5 (10)

R(R™ = p7)~
where p is the polarization, or the ratio of the intensity of

the radiation component transverse to the solar limb minus the
radial component, to the total intensicy. The quantity i is
directly proportional to the K-coronameter reading. here, § i»
given in units of 10"8 times the solar disk brightness.

The constant, c¢, normalizes the expression to the uecad
brightness of the solar disk at 5200A, and is equal to 1.32 (Newhirs
1961). The functions A(R) and B(R) contain both the allowunce fug
the finite size of the apparent solar disk at a distance R in
determining the polarization, and also the effect of limb darhtiiiug.
The coordinates p and R refer to che projected distance of o
point in space upon the sky from the center of the solar diss, wue
the distance of tiwe point {rom the sun's center, ruspect.ved..

Both are given in solar radii.
If we wish to drop the assumption of spuerical symaetm

write a general expression for pB :long a linc «of sigi 4 ¢ vy,

becomes
1.72 x 107° g
pb = -4———f§—-—- f Ne[A\R) - B} -, ue (i)

o
where x, as before, it taken as the varlable ol iategrataoa

the line of sight, in solar radii.
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The ratio, p/R may be assumed nearly equal to unity along
the axis of lFeature 4. Since the enhancement is relatively small,
both R and the ratio p/R will change but little along a line
of sight through the thickness of tne enhancement. Values of
A-8 are tabulated incvan de Hulst's paper (1950). At the two
distances from the solar ldmb for .which tracings are availaole,

1.125R0 and,l.ZSRe, eq (11) reduces to the following:

ft

3.0 x 1077 pB (o = 1.125)
[n, ax = (12)

3.3 % 107 pB (o = 1.25)

with x now expressed in centiveters.
2,2

The justification for taking A-B and " /R” outside the inlegral
is that tunese quantities vary little over a line of signt turouga
the featureq

A major difficulcy in applying (12) to u singiv feature lies
in tne fact thac it is difficult to justify u vackgroune level for
tne quiel coruna and parts of any other strudtiers Lhat wmay Pappts o
iie aiong the line of sight. We can teatatively assigy o iower
bound to this background, in view of tiwe fact that tnere war veoy
little activity in the southern hemispuere on April 2%, 1Yoy, i
therefore tie emission in the southern uZmisphere ot Lac cone guis-
tude as Feature 4 should provide a lower limit o Luc quice conpu-
aent in the nortnern hemisphere, The values of f Auuh tht & cuaputen

will thererore represent an upper limit of tue quattity , .vdh

tiwvough Feature 4 only.

Table VII-2 shows the K-goron ..o roadings vl g G Wb

10 7 times the solar di.' brightaess db pooaticuw adpacs o1 L Toddn
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70° at l.l25kO and l’ZSRoe where the signal waximizes. Values of

25 and 15 were chosen to represent the background values oi pb

at these two distances, respectively. The corresponding values of
f Nedx are plotted in Figure VI1-22, along with the values of

f (NZ)%dx obtained from the photometric analysis of the LUV line

emission. The scatter in the points results in a band of values

that spans a factor of about 3 in uncertainty. I shall now discuss

the significance of the quantities plotted und tneiyr effect un tue

degree of uncertainty and the tentative conclusions that nay oe

drawn regarding coronal fine structure,

i s e

The poines represented by dotted circles and dotted squates

]

s R .
represent the quantities f (Ne)zdx along the axis of Feature §

¥ computed from the density mudels inferred from the Fe IA I714 ana
A Fe X1V 211A; and Fe XIV 211A and Fe XVI 361A line ratios respectivery.
a Lach of these provides a lower limit to tne true value, since Ui
observations on waich they are based oily reflect a portion of Liw

’ material in the enhancement. Their sum, which more or lese culpleuesy
o spans the range of temperatures in the feature, is represcatea oy
a circled cross, and serves an an upper limit to the quaatity
f (ki)udx.

The K-coronameter measurements represent an upper iimt. Lo i
quantity [ N,u» as described above. since Featuce S fuay vidi iave
emission in the continuum cxtending outward frowm Lt tudal i unreso.ved

from that associated with Feature 4, { 1ave divideu the vasaes of

f Nedx by two and included them on itae graph as a lower liat., e

¢ uncorrected and corrected K-coroname® . values are vepruser tvd by
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dotted and crossed triangles, respectively. Within this band «f
unceptainty of about a factor of three, the K-coronameter vali.s
join quite nicely with the EUV values.,

From the agbove considerations we can set an upper limit to
the degree of inhomogeneity in the coronal, feature. Consider a
sample of gas that is compressed to a value 1l/k of its original
volume. The maximum density will then be increased k-fold anu Jhic
maximum square density by a factor of kz. If we Lhen comparc ihe
root-mean~-square density and the mean density, both averageu cver

(\‘2)’IIN 2 % x
& - l: ('LJ)

1f k!i were much larger than about 3, we should see a dubinite
discontinuity in the points of Figure VII-22, in spite of the
aforementioned uncertaincies., We therefore conclude that at a
distance of about 80,000 km from the solar surface, the acnsity

inhomogeneity factor, k, cannot be greater than about ten,

E.  Structurc of the Magnetic Fields

‘The observations of the distribution of matter in Feaiure 4
at various temperatures, as. described in Chapter VI, furnisis con-
clusive evidence that the material is not 1n nydrostalic equalibriuc,
The observations of the EUV lines show an unmistakable deccuast in
the scale height of the emission with increasing temperaturc, iu
iu lines with temperatures greater than about 106 YK, the cmis:ion
scale height is smalle. than that predicted from hydrostatac cyusl.-

briuwm of a gas at the temperature appropricce to the existence oi
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the ion producing the line, There is evidently a sharp decrease in

temperature with height, with wost of the hot material being confincd

ratiier low in the feature in a hot, dense, "core', as we have already

i seen.  Such a temperature st.ucture cannot exdst in the corona due
3
t Lo the high conductivity of the coronal material unless the material
' is held down vy transverse magnetic fields, which also reducs the
conductivity of the material across the field lines.
3 . o
For the woment, let us assume that the magnetic ticlas arc

static and imbedded in the enhancement. The magncto-uydrostatic

force equation that must be satisfied at every point witniln tae

cnpancement is

é; g x (v x ﬁ) = gé - Vp (14)

LR

it we assume that the pravity force, acting in tne negative
direction, is tne only citernal force acting on the eubancegent.

We may expand eq. (14). in cylindrical coordinates, wad Lhus
; pake use of the assumed symmetry properties of the ecahanccicial. o
aymmecry assumptions we shall make are (&) the maguetic il win
uo azimuthal cowponent, f.e., 3 = 0, and (2) the ieabure aas Coa-

¥

plote anial symmetry aboul the y-axis, i.e., all derivatove ©owiin

T

i

respect to ¢ are zero. With these wsampiions, cy. (1%)

raduces to the two following scalar cquitions:

4 P IS}_ ( dl%r o ;))
oS an\uy T g ()




ap ti‘r (‘)‘151 Z)Br )
ay A WY oy B (16)
A similar palr of equations relating the pressure gradicents

along tue vertical and tangential to tiwe solar limb were aerived
by billings (1966). Lnder ou. symmetry assumplions, tne raiial
coordinate plays the same role mathematlcally in (13) and .0)
as does Lthe tangential coordinate in Billings' cquations. e iy
elininate the magnetic tield derivatiives from (15) and (1v) aag

obtain the following relation

b

) T3 i)
By vy + oploy ‘

AL tals posat, Jor Lhe sake of simolicity, woe dusuwie o Conslan
cOcerdture lor the emitting material o any given don. io Vit
ot tae detailed consideration of the shdpes of Lue tonilcation
Curven adde 10wl earlier cadpler, btois assuapt.on e cori o
Jie caollaode, bul bt s adequate for d deturmdaatson o o,
S Lae Dacdu ostructure over a wide tuapiratule fac, oo a0 U L
vy e b propuortiondgt to the square cool ob e v Lo v

we then vy

il ..‘ ’
S N S g o, .
RS = - e e
¥ o ay oo
AY )
e cgibdb ioa 2ives Ll paepe ol Lo oo e 0 0 e [N
iU VB aes ol othloupndy T Calv i vt g S 0 0 L e

NN ul...,\.llcd. \ sioilar (SRR NN B YN ' ' [ . .
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may ve used if one assumes translational symmetry along the line ol
sight. bSuch an analysis was made of an enhaucement vy daito anu
Billings (1964) using white light observations of tne 1962 New
Guinea solar eclipse.

Note that one ambigulty exists in the applicability of eq. (18)
in mapping tue magnetic field, and that arises when uin i/ r = 0,
at waich point Br/hy would, taken literally, become ingi ite,
Tue treld would thon nave no vertical component. Suca o wiludlion
could also arise, however, by a nearly radiul ficld whose -lope s
cidnging sipn as it passes through the point ol which 11 veadhes
a local waamun,  The lines of force will then vutline a cusp suape
wiich ooars o strong resemblacce to tie siapus 01 moad corcial
Streadaers.

rigures V1ii-23 through V11-26 show aiagrams oif (e saooer o,
tie wagnetic fields inferred through eq. (L8) trom the liic Cosmoion
ol seature 4 in Mg Ia, Fe IX, Fe AIV, and Fe sVI, 4o oraer o
inereasing temperature,  fne £irst or Luese extabils o i . i
1> nvarly vertical, indicating that the aistrioutaen ol Loe o,

b o,
N LL'I‘-}‘L‘I-&LLIK’L"S near 10 0‘\ is cluse to Loat “l\ux(l YRV VIS

Calse curliorian,  The Fo Ja endssion is quile s et vo Gl
cioMp IN, but tie anterred tield shows e bopaia s vl e ioap
strevtuce aid 0 saall tangentiai compon ut Lo coe iavewas w0 Feoaad
Chile SOl SHOWs ©Ven more loop structure dnd o0 sltoe, o e csontal
cong oot to the magnetic Pield, and a0 o O S FRITTR

tne aads of the Jeature. e intensley ol Lac e e el

WLOUU w10 La wodblhe oL Lhe s ar T Y GNP
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greater heights, indicating a great deal of conlinement of the

material below heights of about 30,000 km., Tine {ields governing

the e XVI emission show a still stronger loop structure and appear

to resume tne approximate symmetry about the axis of the feature,
An interesting feature common to «ll the field profiles is

the loop structure close to the limb centered at the axis ovi the

enhancenent, or very nearly so. There apparently exists o core of

material which contains a wide variety of temperatures wvut favors

the hotter material more than the cooler. This conciurion, oot
surprisingly, is very similar to that iuferred fron the tenper.iure

stractute within the enhancements based on line eminsivitly ratius,
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Table VI1-2

K-coronameter brightness readings, and correspunding

26

values of 5 Nedx

pﬁbkg = 25 Pbﬂkg = 15
P 1.125 v = 1.20
pB-25 | N dx pb  pb=id D e
s s.ax 10t 2 7 T
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Figures VII-1 to Vii~7

151

Isophotal contours of leature 4 in several LUV emission iiave. 1o

brightest point is indicated by the tick at the limb,
interval represents a brightness ratio o1 l/e.
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Figures VII~8 to VII-14

fhe emissivity of the gas within Feature 4 in the same emission
lines as in Figures VII-1 to VII-7,
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Figure VII-1f. The temperature of Feature 4 as a functiou of
position along the limb at several heights above
the solar surface. The data are based upon Fe IA/
Fe XIV line emissivity ratios.
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Figure VII-17,

179

The densities within Feature 4, based on the absolute
emissivities and temperatures of the lines of Fe IX
and Fe XIV,
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Figure VII~-18. The same as VII-]7, but with the lines of Fe XIV
and Fe XVI,
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Fe XVI NEWKIRK !

| j
Il 1.2 .3
R/Re

Figure Vie=1'. Brightness variation: of redatur. & with reroio o
Jrstanee fror the limp in solar radi.. The curve io;loes o
wivh's tivelt density model is given for cowpurisov., .

are noraalized to equal Newkirk's at the limb.




Figure VI1-20. A radio brightness tuemperature wap o, o osortiuon
of the east limb of the sun on April 28, i%66. 1le aap o~ drawn
from btanto .1 cm data. The posi.ion of teature 4 1~ natked by
4 dotted circle.
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Figure VII-22. The values of the Integrated electron denmsity,
' 2,
f Nidx, and root-mean-square electron density, f (Ne)ﬁdx, along

the line of sight,
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Figures VII-~23 to VIL-26.

Representation of the slope of the magnetic field within Feature 4,
: as inferred from the emissivity distributions of Mg IX, Fe IX,
3 Fe XIV, and Fe XVI.
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CHAPTER V11

DISCUSSION

A. Summary of Results

In an effort to enhance the readability of this thesis, perhaps
at the expense of compromising the objectivity of the presentation,
I have both anticipated, and stated or implied various conclusions
throughout the text. Most of the remarks in this section will
therefore serve mainly to summarize the more important conclusions,
and may be found also in earlier chapters.

Perhaps the most gratifying result of this investigation is
that no glaring discrepancies between observations of the solar
corona in the EUV and by other methods were found. The association
of enliancements of the hard radiation of the sun with increased
activity has long been known, so the association of EUV enhaucements
with plagc regions is not at all surprising., The same associdt.on
is predictable on theoretical grounds from the fact that coruuul
forbidden-line emission shows enhancement when active regions uro
on the limb.

In going bevond the obviously good superficial agreemert of tuc
coronal enhancements with chromospheric plages, we note tuat e
lines of lower excitation such as O V tead to show plage-tyje

structure simiiar to that of Ca-K. The )aygen line correspuic..



to temperatures of between 1 and 2 x 105 °K, and therefore may be
thought of as belonging to the lower part of tue tranmsition region
between the chromosphere and the corona. The morphology of an

active region in this temperature range is thus expected to be
strongly influenced by the chromusphere, and indced the chromospheric
network appears to be still faintly visible. Ne V1[ represcats

an ion whiose temperature (5 x 105 °K) lies pretty much in t.e niddle
of .ue transition region. The highly structured plages are now
piving way to larger, less structured enhancements, althougn 4 suarp
Llimb indicates that the radiation is till fairly low in the solar
atmosphere. At temperatures of between | and 2 x lUb °n the emission
is becoming more diffuse in the active regions, and at the sane time
less obvious on the solar disk as a whole. At the hLighest tempera-

tures (C 2 x lO6

°K), background emission becomes totally ubscit
and we see essentially only the active regions of the coron..

I'ne i{ncreasing concentration of coronal material in tue altive
recions at highoer temperatures shows .p quantitatively Lo v
analvsls as a sharp increase in the amount of emittiug natecial
wittidn tne cunancement ds one goes up in temperature, up Lo an
Jqbrupt drop at a temperature of about 5 million deprees (Chapter V1),

Tite morv detailed analysis carried out in Chapter VI audicaces
1 tendency for tne not material te conf.ne itself tu a wenss cor,
fairsy low 1u tue enhancement. The existence of such loce tized
Ligb-tesperature cegions in a highly cenducting acuium can ondy ov
eaplained by the confining action of .agnetic ficias.  aas wnrupt
!

teuperature rise is noticeable in the olative ancreasne In bigntnens
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.of emission of the ion.re XVI relative to Fe X1V, but is less appar=-

ent when one compares the ratio of emission of Fe IX and Fe XIV.
The temperature and density structures of the.enhancement .at the
limb predict radio and K-coronameter -enhancements consistent in

magnitude with those observed on the same day as the spectrohelio-

-~

-grams were ‘taken (April 28, 1966). -

The facst that the obsérvational inaccuracies were just gréat
enough to frustrate any attempt to resolve the question of coronal
abundances is gisappointing. Fortunadtely, however, the major
conclusions concérning the temperature and demsity structure are

not sensitive to this uncertainty.

‘B, Future Worl.

The future course of solar EUV ind X-ray astronomy is likely
to be a very interesting one. Péfhaps the most accurate esktimate
of the nature of the future development of this field would result
from a consideration of the questions the present data did uot
answer,

A first look at the spectroheliograms suggests a significant
difficulty in disentangling overlapping images, and in distinguishing
a continuum from the line emission from the disk. As a result, only
a few of the strongest lines were intense cnough to yield meaningful
photometric intensities. An increase in the dispersion relative to
the image size would have the effect of reducing the contiraum
relative to the line intensities recorded on the film, as well as

reducing the overlapping of the images themselves. An effect that
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would partdially negate thé advantage .gained would be a decrease in
the resolution from the increasingly evident thermal Doppler broad-

ening. Thé present spectroheliograms show. resolution down to

about 10" of arc which equals on thé film the distance corresponding.
to 0.22A. This is nearly equal to the half-width of a 700A line
arising from an ion. of mass number 16 at a temperature .of ‘4 million

degrees. Since these conditions outlined fepresent a rather extreme

—

set -of circumstances, it would appear that the dispersion of ‘the

present setup could be increased 'by a factor of five or more without

a noticeablée increase ‘in Doppler blurring.
All the above refinements will undoubtedly be realized in the
near future. An NRL experiment in the Apollo Telescope Mount (ATM)

projéct should provide spectroheliograms of better purity and

resolution., Alchough the chromospheric network is evident in the
images of He I, He 1I, and to a lesser extent O IV, no fine Struc-

ture of the coronal features similar to that observed at ec.ipse

s kB s ih e K ey

in white light is as yet visible in tye EUV.
An ubiquitous problem in astroplysics is the need for more
accurate atomic transition tate«co€ffiqieﬁts of all types. In

particular our konowledge of the rate coeifficients Lor excitation of

R K-

SR

forbidden .levels by electron: impact can only be described as unsatis=
factory at present. In addiéioﬁ many of the livtter ions depart
appreciably from L-§ coupliag, and a thorough. recomputatior. of
f-values taking into account intermediate coupling and con “iguration

interaction will be necessary before solar ektreme ultravislet
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- 7 spectroscopy can advance beyond a semi-quarntitative stage. Our
knowledge is slowly but steadily increasiﬁg in tliis area both.-

from experimental and theoretical studies currently being undertaken
at .the Joint Institute. for Laboratoty Astrqphyéiés (JILA) in
Boulder, Colorado.

Finéliy; the exciting pgésibility'existscthat‘futureuobsen=

' vations'of thé high energy radiation from the corona may in .turn

oot P+ e

contribute to-our knowledge of ‘the atomic .transition parameters

as our knowledge of the detailed .structure.of the -corona improves,

There is no 2 gribr% reason why astronomical observations cannot

aid in the development -of physics Just as physics has aided astronomy.

§ > ‘ The reason that' they have not to such a large extent as might be
hoped is simply that a controlled experiment has only recently been

J possible in astronomy. Continued exploration of the corona. by

i . satellites and space probes or by a permanent observing station will

certainly not .only increase our knowledge of the active sun, but

also use the outer sun. as a valuable laboratory to study detailed

properties of highly stripped ions.,
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