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Abstract. We report some results of a rocket experiment flown on 29 April, 1971. A survey of the 
solar corona was carried out with a pair of collimated Bragg spectrometers to study the resonance, 
intersystem and forbidden line emission from the helium-like ions O vii (22 A~) and Ne IX (13 ~). In 
the direction of dispersion the collimator provided a field of view of 1.7'. Also, the continuum radia- 
tion near 3 ~ was monitored by a collimated proportional counter within a view angle of 4.2'. The 
observed X-ray emission came from the general corona, seven plage regions, and one dynamic feature 
- the late stage of a small flare. From the intensity of the O vii and Ne Ix resonance lines the electron 
temperature and emission measure of the individual emitting regions are derived on the basis of two 
models, one (a) in which the region is assumed to be isothermal and another (b) in which the emission 
measure decreases exponentially with increasing temperature. The latter model, which is the most 
adequate of the two, yields for the electron temperature of the time-varying feature 2-3 • 106 K, for 
the other active regions 1.5-2.5 • 106 K, and for the general corona 1.3-1.7 • 106 K. The Ne ix emit- 
ting regions are about 1.5 times as hot as the O vii regions. The emission measure ranges from 0.4- 
2.3 x 1046 cm -3 for all active regions and is about 2 • 1049 cm a for one hemisphere of the general 
corona above 106 K. From an analysis of the ratio, R, of the forbidden and intersystem lines of O vii 
we conclude that none of the regions producing these lines at the time of the rocket flight had electron 
densities exceeding about 3 x 109 em -8. Our data demonstrate a dependence of R upon temperature 
in agreement with the theory of Blumenthal et al. (1971). The wavelengths for the intersystem, the 
ls22s 2 S e_ls2p2s zpo satellite, and the forbidden transition show in the case of Ne Ix improved agree- 
ment with predictions.The observed strength of the satellite lines for both O vii and Ne Ix agrees with 
the predictions of Gabriel's (1972) theory, which attributes their formation to dielectronic recombina- 
tion. 

1.  I n t r o d u c t i o n  

The observat ion of emission lines of highly ionized atoms provides a powerful  means 

for studying the plasma of the solar corona. Many  experiments for this purpose have 

been carried out  with uncol l imated plane Bragg spectrometers. Recent  work includes 

that  of Evans and Pounds  (1968), Batstone et al. (1970), and Rugge and Walker  (1970, 

1971). All of  these experiments respond to the Sun by convolut ing the spatial and 

spectral dis t r ibut ion of the radiation.  Park inson  (1971) has reported results of the 

first solar experiment with a collimated Bragg spectrometer. 

In  this paper  we report  some results of a coronal  survey carried out  with an X-ray 

spectrometer system which permit ted the study of individual  active regions and the 

general corona. In  this experiment  a pair  of large area, collimated crystal spectrometers 

were used to study the resonance, intersystem and forbidden line emission from the 

helium-like ions O vii and  Ne IX. A n  Oda-type coll imator provided a one-dimensional  

+ We are saddened to report the death of A. J. Meyerott on 13 November, 1971. 
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'fan beam' field of view of 1.7' full width at half maximum (FWHM) in the plane of 
dispersion by several degrees FWHM in a direction perpendicular to the dispersion 
plane. While the two crystals scanned over the three lines from each of these ions, the 
field of view passed slowly across the solar disc twice at different heliocentric angles. 
The experiment was flown on a NASA-Aerobee 170 rocket from White Sands Range 
and collected data from approximately 1632 UT to 1637 UT on 29 April 1971. 

2. Instrumentation 

The instrumentation is unique in increasing sensitivity, spatial and spectral resolution 
at the expense of spectral range (Acton et al., 1971a). Figure l shows a schematic 
representation of the payload. The two plane KAP crystals (97 cm 2 each) were mount- 
ed below the large X-ray collimators and were rotated independently in 64 steps 
through the small range of Bragg angles necessary to cover the wavelength ranges 
21.38-22.27 A (O VH) and 13.34-13.78 • (Ne Ix). The crystal rocking period was one 
second for the 64 steps. Photons diffracted from the two crystals were registered in 
proportional counters (crystal detectors) which remain fixed because of the small 
crystal motion. Pulses from these proportional counters were passed through window 
discriminators to reduce the background rate before being accumulated and telemeter- 
ed 64 times per second in synchronism with the stepper motors which rotate the 
crystals. The crystal detectors were continously calibrated in flight with weak Fe s5 

Fig. 1. A schematic view of the primary instrumentation in the rocket payload. The crystal detectors 
are thin window proportional counters. 
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sources. These calibration X-rays did not contribute to the spectrometer counting 
rates because of amplitude discrimination. In addition, the resonance line photon 
energies of 0.575 keV for O vu and 0.923 keV for Ne Ix provided excellent calibration 
during flight. 

The rocket pointing control (SPAR CS system) advanced the field of view across 
the solar disc at a nominal rate of 0.3'. During each complete spectral scan by the 
two crystals, the rocket axis moved 0.3' or 18% of the collimator field of view of 
1.7' FWHM. Light entering an aspect aperture was directed through an He filter- 
telescope combination with a nominal 1 N bandpass and produced a solar image on 
SO-392 film. An area of additional exposure approximately 4' wide was superimposed 
on the solar image by light passing through the X-ray collimator grids. The location 
of this feature on the solar image was identical to that of the X-ray field of view on 
the Sun. The camera was operated at a rate of four frames per second so the motion of 
the collimator field of view across the solar disc could be followed throughout the 
flight. 

A beryllium window proportional counter, sensitive in the wavelength range 0.8- 
4.0 A was included in the payload. The field of view of this detector in the direction 
of the spatial scan was 4.2' FWHM and was parallel to the 1.7' field of view of the 
crystal spectrometers. Pulses from this proportional counter were analyzed in six 
differential pulse height channels. Counts were accumulated in these channels and 
telemetered in digital form once each second. 

The payload also carried an ultravioled spectrograph utilizing a diffraction filter 
entrance slit. This spectrograph was provided by the Arbeitsgruppe far Physikalische 
Weltraumforschung, Freiburg, Germany. Preliminary results of their high resolution 
spectra in the 180 A region have been reported by Schweizer and Schmidtke (1971). 

3. Coronal Source Distribution 

An Hc~ photograph of the disc, taken near the time of flight by the Lockheed Solar 
Observatory, is shown in Figure 2. The common field of view of the crystal spectro- 
meters (FWHM) is represented by a pair of dashed lines. It was moved across the 
disc on two separate scans by the SPARCS attitude control system. The scan directions 
are indicated by the solid lines superimposed on the photograph. A number of plage 
regions are visible in Figure 2. The only transient activity on the disc at the time of 
flight came from a small flare ( - F )  which occured about 30 rain before launch in 
McMath plage No. 289 near the East limb. This small dynamic feature will be discus- 
sed in detail in a later publication. No impulsive X-ray or radio events have been re- 
ported during the flight. 

The wavelength resolution of the spectrometers is indicated in Figure 3 which shows 
spectra of both O vIT and Ne IX. The spectra in this Figure were obtained during a 
5 s time interval from the X-ray active region associated with plage No. 281. The 
resonance  ( l s  2 18o-182 p 1p1) , intersystem (ls z 1So-182 p 3p) and forbidden ( l s  2 1S o-  

-ls2s 3S1) transitions are labelled. In 5 s the rocket axis moves 1.5' across the disc, a 
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Fig. 2. A solar disc photograph in Ha taken near the time of flight by the Lockheed Solar 
Observatory. The scan directions and the field of view of the crystal spectrometers are indicated 

on the photograph. 
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Fig. 3. O vn and Ne IX spectra of McMath plage No. 281 accumulated during flight in approximately 
five seconds. Resonance, intersystem and forbidden transitions are labelled R, I and F respectively. 
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distance approximately equal to the full width at half maximum of the collimator 
field of view. The data of Figure 3, therefore, demonstrate the typical sensitivity and 
wavelength resolution of the experiment with counts registered from one instrument 
field of view. 

Plots of counting rate against position on the disc are shown in Figures 4 and 5 for 
both crystals and the proportional counter. In Figure 4, the emission from the three 
lines (R, [ and F) has been added together for the O vH (Figure 4a) and Ne Tx (Figure 
4b) ions and plotted against disc position for the first rocket scan. The counting rate 
from four of the proportional counter energy channels (3.2-7 keV) is similarly plotted 
in Figure 4c. Data obtained during the second scan are plotted in Figure 5a and b. 
The O w[ detector failed shortly after the start of the second scan and so data from 
these lines on the second scan are not available. 
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Fig. 4. Plots of  the total line emission and the forbidden to intersystem line ratio (R) from O vli 
(a) and Ne Ix (b) acquired during the first scan across the disc. The continuum near 3 A (3-7 keV) 
obtained by the Be-window counter during this scan is shown in (c). The solid lines indicate the 
triangular shaped collimator response which has been fitted to the active region emissions with the 
McMath-Hulbert plage numbers of  each region resolved shown above the triangles. Contribution 
of  the general corona, extrapolated over the disc as described in the text, is shown by the small squares 

in part (a). The data gap at plus 10' was caused by a momentary malfunction of  
the attitude control system. 
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Fig. 5. Plots of total line emission against disc position for Ne ix (a) and 3-7 keV continuum (b) 
taken from the second rocket scan. Contribution from each active region is indicated by the McMath- 

Hulbert numbers above each triangle. 

When the spectrometer's field of view was near the center of the disc during the 

first scan the collimators were pointed at a region free from plage activity�9 For both 

the O vii and Ne ]x data, the counting rates dropped to a minimum at this time as 

shown in Figure 4a and b. The points marked by squares ([])  in Figure 4a show how 

this signal from the 'general corona'  would be modified as the fan beam field of view 

is moved away from the center of the disc to include less of the corona assuming the 

general coronal emission is uniform for the entire disc. 

It may be seen from Figure 4 that X-ray active regions are more easily resolved in 

Ne IX radiation than in the radiation of O vii. This is because the general coronal 

temperature is close to the temperature of maximum abundance for O vii. In active 

regions, the relative emissivity of Ne Ix is increased�9 For this reason, and because 

data were available from two scans, the location of the active regions was carried out 

using the Ne Ix counting rates�9 The signal from the general corona was determined as 

described above and subtracted from the total counting rate at each point on the disc 
to determine the contribution of the active regions�9 The emission observed near the 

beginning of both scans comes from near the Northwest limb and was presumed to be 
from several diffuse plages in that area. These data were treated as a unit for calcula- 

tional purposes and no further attempt was made to spatially resolve them. The other 
active region data were fitted to the triangular response of the collimator with the 
assumption that the regions were small compared to the 1.7' collimator field of view. 
This process was carried out with Ne Ix data from both scans and source locations on 
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Fig. 6. 
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The location of X-ray emitting regions on the disc are shown together with an H-alpha 
photograph. The McMath-Hulbert  plage map is for the day before the flight. 
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each scan were transferred to an Ha photograph as a series of straight lines .The points 
of intersection of these lines were correlated with He features. The McMath numbers 
of  the correlated plages are shown in Figures 4b and 5a. The source locations were 
then transferred to the O vii plot and the amplitude of the contribution from each 
active region was determined. For at least two of the regions, (286 and 289) the triangu- 
lar response of the collimator does not provide a good fit to the data. Perhaps the 
assumption that the source size is small compared to the collimator field of view is no 
longer valid for O vii because the emitting regions may be more diffuse at the lower 
temperatures where this ion is most abundant. This point will be discussed further in 
connection with the values calculated for emission measure. 

The source locations, obtained from the Ne Ix data as described above are shown 
in Figure 6. A McMath-Hulbert  calcium report for the previous day (April 28) is 
shown since no data have been published for the day of the flight. Regions 265, 266 
and 271 have moved onto the West limb by April 29 and are probably responsible for 
the diffuse emission observed near the beginning of both scans. 

Measured values of R, the ratio of the forbidden (F) to intersystem (I) line intensi- 
ties are plotted in Figure 4 at various positions across the disc for both the Ne and O 
data. No variation is found in this ratio which may be attributed to especially high 
density regions (Acton et al., 1971b). 

Figures 4c and 5b show data from the collimated proportional counter. These data 
show the dominance of the small dynamic feature at higher photon energies. The 
emission from region 289 at these energies is at least 10 times that of any other region 
on the disc. The emission in the 3.2-7 keV band from this feature decreases by about 
20% in the two minutes separating scans one and two. 

4. Plasma Parameters 

The intensity of the O vii and Ne Ix resonance lines may be used to obtain informa- 
tion on the electron temperature and emission measure of the emitting regions. The 
number of counts recorded in a line during one rotation of the crystal is given by: 

R~ 
N~ = F~ -W t&p,.,  (1) 

where Nx is the integrated number of counts in the line per crystal scan, F~ is the 
photon flux at wavelength 2 in photons cm-2 s-1, Rx is the integrated reflection 
coefficient of the crystal in radians, W is the angular rotation rate of the crystal in 
rad s- 1, t is the transmission of the collimator, A;. is the effective area of the crystal 
in cm 2 when it is set at the correct Bragg angle for the diffraction of X-rays of wave- 
length )~, and p~ is the photon detection efficiency of the proportional counter used to 
register the photons diffracted from the crystal. The subscript, 2, is used to denote 
parameters which are wavelength dependent. The intrinsic line width is assumed small 
compared with the crystal rocking curve in all cases - a valid assumption for Doppler 
broadened lines from the coronal plasma incident on KAP crystals. 



CORONAL SURVEY [N X-RAYS OF O VII AND Ne Ix 191 

For the present analysis, we have used the KAP crystal reflection coefficients 

measured by Charles (1968) and by Blake (private communication, 1971). These are 

1.8 • 10-5 and 5.5 • 10-5 tad for the O w~ and Ne Ix spectrometers, respectively. The 

crystal rotation rate W is 0.053 and 0.018 rad s -~ for the O w I  and Ne ix systems 
respectively and the numerical value of the parameter t is 0.3. The parameters A and p 

have the values 52 and 0.095 for the O vii and 51 and 0.42 for the Ne Ix system. 

Table I presents the observational data obtained by this experiment. The counts 

given represent the total observed in one crystal rotation when the source is centered 

in the collimator field of view. The general coronal signal has been subtracted as 

described above and the stated errors primarily represent the uncertainty in this 

process. In the case of the general corona the errors reflect only counting statistics. 

TABLE I 

Experimental data 

Plage region Counts ~ O vii Counts a Ne Ix O/Ne b ratio R ~ Owl R e N e  i x  

289 672• 605_+43 1.11• 3.7• 3.1 :k 0.1 
279, 274B 400• 73 214133 1.87--+0.45 3.7• 3.2• 0.2 
281 365:k 44 148• 17 2.47• 3.6• 2.8• 
274A 473 • 128 148 • 43 3.20 • 1.27 3.4 • 0.15 2.9 • 0.2 
286 492_+ 73 142• 3.46• 3.5 • 0.1 3.3• 
265, 266 427 :k 47 92 i 10 4.65 • 0.72 3.7 • 0.2 3.0 • 0.3 
Gen. corona 225:k 5 21 :k 1 10.71 =0.56 3.4• 2.9• 

Counts in the resonance line (ls 21So-ls2plP1) normalized to one crystal rotation and best col- 
limator aspect. 

b Ratio of counts recorded in the two resonance lines. 
~ Ratio of forbidden (ls 2 iSo-ls2s~SD to intersystem (ls 2 ISo-ls2p3P) line intensities. 

In order to determine the temperature dependence of the ratio of O vii to Ne Ix 

resonance line fluxes, it is necessary to calculate the emissivity of a coronal plasma. 

On the assumption that every collisional excitation of a resonance transition is followed 

with spontaneous decay by photon emission the line flux may be calculated with the 

aid of an approximate expression for the electron collisional excitation rate. The 

approximation (Van Regemorter, 1962; Seaton, 1964) for the line flux is given by: 

F~ = 5 x 10 -31 - - i  ~ 0.5 gfz~o). A~ MAiT- l0 -(50r dT (2) 

photons cm -2 s-  1 at Earth. 

In this expression ~ is the temperature averaged Gaunt factor (which has been set 

equal to 0.3),fz is the oscillator strength of the line, q)a is the photon energy in electron 

volts, A~ is the elemental abundance relative to hydrogen, M is the differential emission 
measure, Tis the electron temperature in degrees Kelvin but to be consistent with our 

definition of M the integration step d T  has the dimension 106 K. A i is the ion abun- 
dance at temperature T. Values of A~ for neon (2.8 x 10 -5) and oxygen (5.9 x 10 -4) 

were obtained from Dupree (private communication, 1971). The ionization balance 

calculations of Jordan (1969) provided the temperature dependent ion abundances. 
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The numerical constant includes a factor relating the electron and hydrogen densities. 
The constant given is for a helium abundance of about 0. I. The emission measure of 
a volume is normally defined as ~ N z dV, the integral of the square of the local 
electron density over the volume of interest. The local electron density, Are, may al- 
ternatively be expressed as a function of the local electron temperature within the 
volume of interest. Thus, the differential emission measure, M(T) ,  is defined: 

d f -2 (10 6 K) -~. (3) M ( T )  = ~ N ~ d V c m  -3 

With two resonance line intensities and Equations (1) and (2) one may derive two 
parameters descriptive of the coronal plasma. For instance, if an isothermal model is 
assumed, the ratio of line intensities may be used to derive the electron temperature. 
The temperature is put back into the equations along with the absolute flux of either 
line to give the corresponding emission measure. Alternatively, one may assume some 
functional form for the differential emission measure and use the observations to 
solve for the functional parameters. 

We have analyzed the data by both methods. For the emission measure distribution 
in the non-isothermal case, the exponential expression 

M (T) = C x 10 - r / r~  cm -a (106 K) -~ (4) 

proposed by Chambe (i971) has been adopted. Here Tis the electron temperature and 
the constants C and To, which are related to the total emission measure and the steep- 
ness of the emission measure distribution, are parameters determined from the analysis. 
Such a distribution appears to be consistent with the data of Batstone et al. (1970). 
However, the value for 70 which we derive from their data on three active regions is 
approximately 7 x 106 K, a value somewhat higher than Chambe's 1.5-3 x 106 K. 

In Figure 7 the calculated O vn/Ne ix resonance line ratio for our spectrometers is 
plotted versus T (for the isothermal case) and T o (for the exponential distribution). 
Note that in the case of the exponential distribution of emission measure the minimum 
ratio is more than ten times larger than in the isothermal case. This is a consequence 
of the large amount of low temperature material always present to produce the O vii 
line in this model. 

The results of the isothermal approximation are given in Table II. The derived 
electron temperatures have a formal uncertainty of about 105K arising from the ex- 
perimental errors in the data of Table I. The inadequacy of the isothermal model and 
possible systematic errors introduce additional uncertainty in the derived plasma 
parameters. The electron temperatures of the quiescent active regions cluster about a 
common value with the general corona substantially cooler. The emission measure 
for the general corona contains a factor of 20 relating our field of view to the whole 
coronal hemisphere on the basis of a spherically symmetric model. The general coronal 
temperature is consistent with that derived by Jordan (1966) from EUV data but 
below the value of 1.8 x 106K obtained by Withbroe (1971) from a study of Li-like 
line ratios. Widing and Sandlin (1968) have found that the spectrum in the 61-110 A 
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region is best fitted to a general coronal  temperature of 1.4 x 106K but  comment  that  

all of their data cannot  be fitted by an isothermal model. The temperature of 2.4 x 106 

K and  the associated emission measure for the dynamic feature of region 289 are 

insufficient to produce the observed emission at energies f rom 3.2-7 keV. Material  at 
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Fig. 7. The ratio of O vii to Ne Ix resonance line counts plotted against electron temperature for 
an isothermal model (a) and against the parameter To of Equation (4) for a model (b) in which the 

emission measure decreases exponentially with a slope determined by To. 

TABLE II 
Isothermal model 

Plage region Electron temper- Emission 
ature (106K) measure 

(1047 c m  -3)  

289 2.40 16 
279, 274B 2.15 8 
281 2.05 7 
274A 1.95 9 
286 1.90 9 
265, 266 1.80 8 
Gen. corona 1.45 140 a 

Emission measure of coronal hemisphere facing 
the Earth. 
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a considerably higher temperature is required to explain this emission which serves 
to emphasize the inadequacy of the isothermal model. 

The temperatures given in Table II  for the isothermal model are in general lower 
than the preliminary values given by Catura et al. (1972) on the basis of  the same 

experimental data. The reason for the difference is that the earlier values were derived 
using the peak KAP crystal reflectivities of Liefeld et al. (1970). Liefeld's results are 
based on measurements using a double crystal spectrometer. A correction for polariza- 

tion effects and convolution of the two rocking curves must be applied if these data 
are to be used in analysis of single crystal measurements. When such corrections are 
applied there remains a disagreement of a factor of approximately two between the 
reflection coefficients of  Liefeld et al. (1070) and those of Charles (1968) and Blake 
(private communication, 1971). Because of this confusion, and because of the dif- 

ficulty in relating two crystal measurements to collimated single crystal measurements, 
we have chosen to reinterpret our data on the basis of integrated reflection coefficients 
as given by Equation (1). This approach also facilitates comparison with earlier work. 

The exponential distribution of emission measure in Equation (4) (Chambe, 1971) 
provides a means for treating the emission of non-isothermal regions. The data of  
Table I and the appropriate curve of Figure 7 have been used to derive the parameters 

given in Table I I I  for each region. Although To has the dimensions of a temperature, 
it is merely a scaling factor and its absolute value depends on the choice of 10 as the 
base of the exponential function. Once T O has been determined, the observed intensity 
in the resonance line and the solution of Equations (1), (2) and (4) may be used to 
determine the constant C of Equation (4). 

The mean emission temperature, (T~), for each ion is defined 

f TBz dT 
(Tz)  - K ,  (5) 

f BzdT 

TABLE III 
Non-isothermal (exponential) model 

Plage region To C �9 EMtot b ( To w1 ) ( T~e ~x) EMz~e ~x 
(106K) (1047 cm-3) (10610 (106K) (1047 cm-Z) 

289 3.15 3 23 1.95 3.10 13 
279, 274B 1.80 6 13 1.80 2.70 5 
281 1.50 8 12 1.70 2.55 4 
274A 1.25 18 16 1.65 2.40 4 
286 1.15 24 16 1.60 2,30 4 
265, 266 0.95 42 15 1.50 2,20 3 
Gen. corona~ 0.60 170 170 1.25 1.70 10 

a The constant of Equation (4). Units: 104s cm-3(106K) -1. 
b Emission measure above 106 K. Essentially equal to O vii emission measure. 
c All values refer to coronal hemisphere facing the Earth, 
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where B~. is the integrand of Equation (2) with M in the form of Equation (4). The 

emission measure for each ion, EM~., is given by: 

Te 

EM~ = i" M dT cm -3 , (6) 

TI 

where the limits of integration have been arbitrarily set at the temperatures where the 
emissivity of the gas for the particular resonance line is 10% of its peak value. The 
emission measure defined in this way has a wavelength dependence which enters 
through these limits of integration. The total emission measure of each region, EMtot, 
is obtained by integrating Equation (6) from 106K to oo. The lower temperature limit 

is arbitrarily set to approximate the temperature at the base of the corona. 
The errors in To are in general unsymmetrical because of the shape of the curve in 

Figure 7. These errors are on the average 30% on the high temperature side and 15% 
on the low temperature side. The mean emission temperatures given in Table III are 
in general determined to better than 10% and the emission measures to about plus or 
minus 50%. 

Because the exponential function of Equation (4), the basis of our non-isothermal 
model, decreases monotonically toward higher temperatures, the derived emission 
measures of Table III are naturally greater for O vii, the ion formed at the lower tem- 
perature. However, this result is consistent with the data of Figure 4 which show that 
the O vii regions are larger than the Ne Ix regions, relative to our 1.7' F W H M  field 
of view. For example, taking a typical O v~r emission measure of 1.6 x 10 *s cm-3 and 

a mean emission temperature of 1.6 x 106K from Table III and an electron density of 
2 x 109 cm 3 from the results of Section 5, and assuming a uniform source region one 
scale height (3.5 x 10 ~ km) thick, we find that the characteristic lateral dimension 
of the O vI1 regions are of the order of 2'. For a similar geometrical model and electron 
density the characteristic lateral extent of the Ne Ix regions turns out to be about 1'. 
Such source sizes are consistent with the data of Figure 4. These results are not unique 
to the particular non-isothermal model chosen but it is clear that a model is required for 
which the source regions are more compact at shorter wavelenghts. 

5. Spectra 

The high sensitivity of our instrument has provided spectra of high statistical accuracy. 
Also, the narrow collimation employed limited degradation of the spectra resulting 
from source extent. For this study, the spectra of Figure 8 have been obtained by sum- 
ming together all useable data from the flight, excluding only that from the dynamic 
feature associated with plage 289. 

Analysis of these spectra is complicated by the possible presence of unknown line 
blends in the data and by lack of presicion in the published wavelengths of the known 
lines. Furthermore, we do not have a detailed rocking curve for the flight crystals and 
attempts to derive such a curve from the flight spectra have been only partially success- 
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Fig. 8. Spectra summed to include all useful data from both scans of the disc but excluding the 
flaring region (plage 289). Position of reported satellite lines are indicated by Sl-S4. Line widths of 
the Ne Ix lines are determined by the collimation while those of O vii are essentially the rocking 
curve of the KAP crystal, Intersystem line of Ne Ix is broadened relative to R or F lines by the fine 
structure of this transition or because of an unreported blend. The double width steps seen at 13.47 
and 13.69 in the Ne Ix spectra are caused by the treatment of these data in the flight data processor 

and not by errors in the crystal scan. 

ful. The rocking curve is found to be unsymmetrical ;  near the peaks the line profiles 

drop off more steeply on the long wavelength side in agreement with theory (Compton  

and Allison, 1935). 

Results of  our analysis are presented in Table IV. Except where noted the wavelengths 

are determined f rom the laboratory angular calibration of  the spectrometer scans. 

These were normalized at the given wavelegth of  the resonance lines. Except for pos- 

sible unknown systematic errors, these relative wavelengths are estimated to be accu- 

rate to 0.004 ~ for the O vn  system and 0.002 A for Ne  Ix. The wavelengths derived 

for the I and $3 lines of  Ne Ix are in better agreement with the interpolated values 
f rom Flemberg 's  (1942) data than previous values which are summarized by Parkinson 
(1971) and Walker and Rugge (1970). The derived wavelengths are in excellent agree- 

ment  with the recent theoretical work of  Gabriel  (1972) when the Ne  Ix wavelength 

scale is re-normalized to his resonance line wavelength. 
According to the theory of  Gabriel (1972) the upper level of  the $3 satellite line is 

formed by dielectronic recombinat ion and the strength of  this line relative to the 
resonance line decreases approximately as the inverse square of  the electron tempera- 
ture for the range of  temperatures encountered in Table III .  We have scaled S3/R 
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Relative strength b 

Line Transition 2-O vii This work 
(Figure 9) (~) 

Relative strength b 

2-Ne ix This work 
(X) 

R lszlSo-ls2plP1 21.602 
S1 21.642~ t < 0.04 
$2 21.677~ 
I ls 21So-ls2p aP1, z 21.805 
$3 lsZ2s~Se-ls2p2s~P ~ 22.024 ~ 0.025 
F ls~lSo-ls2s3St 22.103 
$4 1 s22p 2p o_ 1 s2p21) 2De 22.108 n 

13.447 
13.469a~ ,,~ 0.06 0.016 a 
13.488a~ 0.012 ~ 
13.551 

<0.04 ~ 13.651 ~0.09 ~0.04 a 
13,700 
13.703 ~ 

Parkinson (1971). 
b Strength of satellite line(s) relative to resonance line. 

ratios from Gabriel 's theoretical curves for O vii and Ne Ix at temperatures corre- 

sponding to the mean emission temperatures of Table III.  Weighted averages of these 
S3/R ratios were computed with weights assigned according to the relative counts 
recorded f rom each region as given in Table I (listed general corona counts were 
multiplied by 20 to include entire hemisphere). These average S3/R ratios may be com- 

pared directly with the experimental values of Table IV which are derived from the 
integrated spectra of  Figure 8. The computed ratios are 0.025 and 0.08 for O vii and 

Ne Ix respectively. Such precise agreement with the observed ratios is fortuitous but 
lends credance to Gabriel 's theory. 

The S3/R ratios averaged as above but for the isothermal temperatures from Table 
II  are 0.018 for O vii and 0.115 for Ne ~x. Thus agreement with the observations is 

poorer in the case of the isothermal model and for Ne IX this disagreement is larger 
than our estimated experimental error. 

The work of Gabriel and Jordan (1969) demonstrated that the ratio, R, of the inten- 
sities of the forbidden (F) to the intersystem (I) lines of helium-like ions is sensitive 
to electron density for sufficiently high densities. More recently, Freeman et aI. (1971) 
and Blumenthal et aI. (1971) have reconsidered the problem. 

The values of R derived from our data for different coronal features are given in 
Table I and indicated in Figure 4. We have concluded earlier (Acton et aI., 1971b) on 
the basis of  these data that the absence of statistically significant variations among the 

R values implies that all regions observed are below the low density limit of 6 x 109 
cm -3 given by Freeman et al. (1971). It  is worth re-examining these data in view of 
the work of Blumenthal et al. (1971) which explicitly includes temperature dependent 
effects. 

For the case in which the radiative excitation of the ls2p 3p levels from ls2s aS 1 is 
negligible, the dependence of the electron density, Ne, on R may be conveniently written 

Ne = N c [ ( R o / R ) -  1] cm -3 .  (7) 
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Blumenthal et aL (1971) give curves of R o and N c versus temperature for O vii. Their 
pedicted variation of Re, the low density limit of R, for the 1-2 x 106K range is repro- 
duced as a solid line in Figure 9. Over this range their value of N~ is approximately 
constant at 3.4 x 101~ cm 3. Also plotted in Figure 9 are the R values from Table I versus 
the mean temperature of O vii line formation from Table IlL Although the experimen- 
tal accuracy is limited the experimental R values tend to follow the trend of the R o 
curve but to fall systematically below it. For the apparent decrease of R below Ro of 
about 5% Equation (7) indicates that the electron density within the O vii line forming 
portions of the active regions is of the order of 2 x 10 9 c m - 3 .  

> 
O 
, -3 .5  

3.2  
1 2 

T (iO S K) 

i i 

.3.8 

Fig. 9. The solid curve is the forbidden to intersystem line ratio in the low density limit (R0) taken 
from Blumenthal et al. (1971). It is plotted versus the electron temperature of the line forming region. 
The experimental data points are the O vii R values for the coronal regions listed in Table I. In this 

case, the abcissa is ( To w1 ), the corresponding mean emission temperatures from Table IlI. 

The values of the parameter G, the ratio of forbidden plus intersystem lines to the 
resonance line, for the data of Figure 8 are 0.92_+0.01 and 0.90_+0.02 for O vii and 
Ne IX respectively. Corrections have been applied for the $4 satellite line under the 
assumption that it is equal in strength to $3 (Gabriel, 1972). The quoted errors are pu- 

rely statistical. 

6. Summary and Conclusions 

The results of this rocket experiment show that much of the X-ray line emission from 
the solar corona may be unambiguously associated with corona overlying calcium 
plages. After the radiation from these compact regions has been accounted for, there 
remains a residual signal which is attributed to diffuse emission from above old plages 
and from the general corona. The compactness and contrast of the coronal sources 
increase with increasing energy. In this regard the coronal structures inferred from 
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our monochromatic measurements are consistent with those seen on heterochromatic 

X-ray photographs obtained with high-resolution imaging systems. (Van Speybroeck 
et aL 1970). 

The changing geometry of the source regions with photon energy as well as the 
X-ray spectrometery of Batstone (etaL 1970) indicate a need to go beyond a simple 
isothermal model in the interpretation of line ratio data. On the basis of an assumed 
emission measure distribution which varies as an inverse exponential with electron 
temperature, the following characteristics of the coronal plasma have been derived. 

(1) The decrease of the emission measure with temperature is 2-3 times as steep 
in the general corona as it is over active regions. Furthermore, the decrease of emission 
measure with temperature in a small dynamic feature is only one-half as steep as in the 
quiescent active regions. 

(2) Although there is a spread in To among the active regions, they seem to cluster 
around a value giving a tenfold decrease in emission measure for a 1.4 x 106 K increase 
in temperature. This fact, when considered with the small signal observed from these 
regions by the proportional counter spectrometer, is not compatible with the results of 
Batstone et al. (1970). We conclude that the three active regions which they describe 
are all higher energy features. 

(3) Under the assumption of spherical symmetry, we find the rms electron density 
in the general corona is of the order of 4 x 108 cm -3. The total emission measure of 
the coronal hemisphere above 106 K is about 2 x 1049 cm-  3. This value is in agreement 
with that derived by Elwert (1954) on the basis of the Baumbach model of the quiet 
corona. 

(4) The active regions contribute about one-third of the total coronal emission 
measure but less than 5~ of the total coronal material. 

We find that the trend with temperature of the ratio, R, of the forbidden to intersystem 
lines for O vii agrees with the work of Blumenthal et al. (197l). Although it is at the 
limit of our experimental accuracy, the apparent systematic departure of R below 
Blumenthal's Ro may be interpreted as indicating densities of the order of 2 x 109 cm- 3 
in the O vii emitting portions of active regions. This electron density with the total 
emission measures of Table III indicates emitting volumes of the order of 4 x 1029 cm a 
for characteristic dimensions of 2'. This is consistent with the data of Figure 4a which 
show the O vii sources to be somewhat extended compared to the 1.7' field of view. 

Comparison of the S3 satellite to resonance line ratios from our integrated O vii 
and Ne Ix spectra with suitably averaged theoretical values from Gabriel's (1972) work 
relating satellite strength to dielectronic recombination shows good agreement for 
data reduced on the basis of the non-isothermal model which we have used. Discordant 
results are obtained when the comparison is based on data reduced according to an 
isothermal approximation. 

Wavelengths have been assigned to the principal emission lines in the 13.34-13.78 
and 21.38-22.27/k ranges based on the angular scan calibration of our Bragg spectro- 
meters. In general, these wavelengths agree well with previous results (Walker and 
Rugge, 1970; Parkinson, 1971). Wavelengths for the intersystem and one of the satet- 
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lite lines of  Ne Ix are in better agreement with interpolated predictions than previous 
results. 
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Note added in proof: It  has been pointed out to us by Dr Carole Jordan that the mean 
emission temperature (Ta)  for O vn given in Table I I I  for the general corona (i.e., 
1.25 x 106 K) may be unrealistically low because its determination is unduly influenced 

by the low temperature end of the exponential emission measure distribution (Equation 

(4)). Physically, this is a valid criticism. However, it is not possible to devise any dis- 
tribution of emission measure, including an exponential distribution arbitrarily 

truncated on the low temperature end, which may be used with our data to obtain a 
mean emission for O wI higher than that derived from an isothermal model (i.e., 
1.45 x 10  6 K). 
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