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ABSTRACT

The analysis of X-ray solar flare spectra obtained by the Bent Crystal Spectrometer on board the
Solar Maximum Mission satellite is presented. The ratio of the Ca Xix resonance line intensity to the
nearby continuum is used to measure the calcium abundance relative to hydrogen (Ac,). A description of
the spectroscopic method of determining the absolute calcium abundance is given. Possible instrumental
and solar effects that might influence the abundance estimates are evaluated. Over 5000 spectra from
more than 100 flares are analyzed. We find a flare-to-flare variation for A, that is not correlated with
flare size, Ha importance, or with several other flare characteristics. For flares observed from two active
regions, the observed value of A, increases as a function of time. The average for all flares is (Ac,) =
(5.77 + 1.41) x 10~°. A discussion of investigated correlations of derived A., values with several flare

characteristics is presented.

Subject headings: Sun: abundances — Sun: corona — Sun: flares — Sun: X-rays, gamma-rays

1. INTRODUCTION

The determination of absolute elemental abundances is
one of the fundamental problems of astrophysics. The com-
position of the solar plasma is one of the primary sources of
information for the cosmic elemental abundances. Several
spectroscopic methods, covering a wide range of the electro-
magnetic spectrum, are available for determination of solar
abundances. At optical wavelengths, photospheric abun-
dances can be determined from the “equivalent widths” of
the Fraunhofer absorption lines of neutral, singly, and
doubly ionized atoms (Athay 1986). Chromospheric and
low corona abundances may be determined from obser-
vations of permitted UV emission lines from various ioniza-
tion stages (Pottash 1964; Mariska 1980; Widing &
Feldman 1989). Coronal abundances have been derived
from the analyses of the solar X-ray and EUV spectra
(Parkinson 1977; Veck & Parkinson 1981; Feldman 1992)
or from optically forbidden emission lines of highly ionized
species (Mason 1975; Arnaud 1984). In situ studies using
spacecraft measurements have been made for the elemental
composition of the solar wind (Geiss 1982; Geiss & Bochs-
ler 1986) and solar energetic particles (Meyer 1985a, 1985b;
McGuire, von Rosevinge, & McDonald 1985; Stone 1989).
Spectroscopic X-ray and EUV research over the past 10
years strongly indicates that the elemental abundances in
the solar corona differ from photospheric values (Feldman
1992; Meyer 1993). The compositional differences may be
organized in terms of the first ionization potential (FIP).
Elements with FIP less than 10 eV were observed to be
more abundant in the corona (by up to an order of
magnitude), with the abundance varying from time to time
and from coronal structure to structure.
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For investigations that are made in the X-ray or EUV,
there are several considerations: (1) the line intensities must
be accurately determined, (2) the atomic data must be accu-
rately known in order to calculate the synthetic spectra
which are fitted to the observations, and (3) the conditions
of the emitting solar plasma with regard to various assump-
tions such as thermal equilibrium must be evaluated. It is
relatively easy to accommodate for these considerations in
the analysis of X-ray or EUV spectra, contrary to the
analysis of spectra from the visible range.

In an earlier analysis on a limited set of data from the
NASA Solar Maximum Mission (SM M) (Sylwester, Lemen,
& Mewe 1984 ; Lemen, Sylwester, & Bentley 1986; Fludra et
al. 1991), we were the first to point out the presence of
flare-to-flare variations of A, from spectroscopic studies.
More recent analyses of calcium data were done by Fludra
et al. (1993) and Bentley, Slywester, & Lemen (1998), who
derived A, using data from the crystal spectrometer on the
Japanese Yohkoh satellite, and Sterling, Doschek, &
Feldman (1993), who studied data obtained with the
SOLFLEX instrument on P78-1. In order to obtain abso-
lute abundances, the latter authors normalized their results
to the SMM—-Bent Crystal Spectrometer continuum obser-
vations. In this work, observations of the line and contin-
uum obtained with the same spectrometer are analyzed.

In this paper, we present a method of determining the
absolute calcium abundance relative to hydrogen using the
data acquired from flare plasmas observed with the Bent
Crystal Spectrometer (BCS) on board SMM. The
SMM-BCS was one of two spectrometers constituting the
X-Ray Polychromator experiment (Acton et al. 1980). We
investigate the flare-to-flare variations of the Ca xix reso-
nance line (w) intensity, 1S,—P, at 3.178 A, relative to the
nearby continuum (Veck & Parkinson 1981; Sylwester et al.
1984). The values of A, are determined for 146 flares
during the decay phase. Contrary to the case for photo-
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spheric abundance studies, coronal abundances are gener-
ally not measured relative to hydrogen; only ratios of heavy
elemental abundances are normally obtained. The only way
to measure the ratio of heavy elemental abundances relative
to H is to make use of the line-to-continuum ratio. The
Ca x1x w line is a particularly good choice for abundance
determinations because the intensity ratio of this line rela-
tive to the nearby continuum varies only weakly with tem-
perature; thus, estimates of abundance may be reliably
obtained within the isothermal approximation. The Ca x1x
line is very bright in solar flare spectra, and so its intensity
can be easily measured. Theoretical calculations are avail-
able for the complex of Ca xvim—xi1x near A = 3.2 A. The
spectral fitting makes use of a semiempirical determination
of the Ca xix fractional ionization as derived by Lemen et
al. (1998).

2. THE BENT CRYSTAL SPECTROMETER

The BCS is one of two X-ray spectrometers that make up
the X-Ray Polychromator (XRP) instrument. The
SMM-BCS consists of a collimator, eight curved germa-
nium crystals, eight one-dimensional position-sensitive
sealed proportional counters, detector amplifiers, and pro-
cessing and control electronics. The multigrid collimator
had a 6’ x 6 FWHM triangular response in two directions,
parallel and perpendicular to the dispersion axis; the dis-
persion axis was parallel to the east-west direction on the
Sun. The collimator resolution is sufficient to isolate the
field of view to an individual active region on the Sun. The
observing target was selected by pointing the SM M space-
craft using ground control commands.

The SMM-BCS observed the helium-like Ca Xxvii—xix
lines near 3.2 A in one channel and various highly ionized
iron transitions near A = 1.9 A in the other seven channels.
A typical calcium flare spectrum is shown in Figure 1. The
principal lines are labeled: the resonance line (1s* 'S,~1s2p
1P,) as w, the intercombination lines (1s*> 'S,—1s2p *P, ,) as
y and x, and the forbidden line (1s*>'S,-1s2p3S,) as z.
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FiG. 1.—Example of a Ca xvi—xix spectrum recorded by SMM-BCS
from the decay phase of the flare on 1980 June 29 at 10:48 UT; the
integration time was 23 s. The minimum threshold for detection with this
spectrometer is T > 7 MK, EM > 5 x 10*7 cm™3. The principal line fea-
tures are labeled and explained in the text. The thermal continuum is seen
at the short wavelength side of the resonance line and longward of the j, z
line complex. The insert shows the time history of the count rate integrated
over all wavelengths for this flare, and the arrow marks the time of the
displayed spectrum.
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Besides these main spectral features, numerous blended
satellite lines [e.g, k, 1s°2p*P;,~1s2p**D;;,; g, 1s*2s
%S1/2-1s2p(*P)2s >P5,] contribute to the observed spec-
trum. Low background count rates together with high spec-
tral resolution (1/04 ~ 3450) permit the accurate
determination of the line and continuum fluxes.

The solar X-rays that enter the SMM-BCS through the
multigrid collimator are dispersed by eight curved, germa-
nium crystals (each approximately 15 cm long and 2.5 cm
wide) into position-sensitive sealed proportional counters.
The Ca x1x channel (channel 1) made use of the Ge 220
crystal plane. Because the crystals are curved, there are no
moving parts in the spectrometer, but rather X-rays are
dispersed along the position-sensitive proportional
counters according to the Bragg diffraction condition:

A=2dsin0, (1)

where 2d is the crystal spacing and 1 is the wavelength of
the radiation refracted at the angle 6. Because the crystal is
curved, the Bragg condition is satisfied for different wave-
lengths along the length of the crystal. The position at
which a photon is detected in the proportional counter is
related to its incident energy.

This type of spectrometer provides an advantage over
spectrometers that scan a flat crystal if the spectra evolve
rapidly, as during a solar flare. The SM M-BCS observes at
all wavelengths simultaneously, and so there are no uncer-
tainties about spectral evolution during the acquisition of a
spectrum as there might be if the crystal is scanned over a
range of wavelengths. The SMM-BCS has high sensitivity
(effective area = 0.024 cm?), and relatively short integration
periods, of the order of tens of seconds, are required to
obtain statistically acceptable spectra.

The Ca x1x channel proportional counter had a 75 um
thick beryllium window and was filled with a mixture of
noble gases. The average background level due to energetic
particles was low, always less than 0.03 counts per wave-
length bin per second, normally less than 1% of the
observed continuum. During flight, Fe>> X-ray calibration
sources were routinely exposed to the SMM-BCS detectors
to monitor detector gain, and additional functional tests
were carried out on a routine basis to monitor the linearity
of the signal processing chain. All standard corrections
resulting from the calibration data acquired in orbit have
been applied to the SMM-BCS spectra in the course of our
analyses.

In the other SMM-BCS wavelength channels, an
enhanced background is observed, contaminating the con-
tinuum, especially during the rise phase of flares. This is
caused by the fluorescence of the germanium crystals by
solar X-rays whose energies exceed the 11.1 keV ionization
threshold of germanium (Parmar et al. 1981). Fortunately,
the calcium spectrometer channel is free from this problem,
since the pulse height discrimination of the processing elec-
tronics rejected all high-energy, nonsolar flux.

The SMM-BCS instrument operated during 1980
February—November in the first year of SMM operations
and then again for several more years (1984—-1989) following
the in-orbit repair of the spacecraft.

3. THE LINE-TO-CONTINUUM RATIO

The spectrum in the vicinity of Ca x1x, He-like X-ray
triplet lines (resonance w, intercombination x, y, and for-
bidden z) includes blends of hundreds of satellite lines in
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F1G. 2—Examples of F,/F, vs. T dependence are shown for two pairs
of flares with substantially different line-to-continuum values. Error bars
indicate +1 o uncertainties as determined from the least-squares spectral
fitting procedure. As this data is taken from the flare decay, the time
ordering of the data generally is from right to left in these figure panels.

Ca xvi (see Fig. 1). The upper states of the triplets are
largely populated by direct excitation with some contribu-
tions from radiative recombination. The satellites are
formed by inner shell excitation and dielectronic recombi-
nation.

The photon flux for the calcium resonance emission can
be shown to be optically thin for the case of the corona (see
§ 6.2). The flux at the Earth (photon cm ™2 s~ 1) in the emis-
sion line can be expressed as (Sylwester, Schrijver, & Mewe
1980b)

F;= Ac, in(T)q)(T)d T, @

where ¢(T) is the distribution of the emission measure over
the temperature (differential emission measure) in the
source. A, is the abundance (relative to hydrogen) of
calcium. The abundance is assumed to be uniform in the
emitting region. The emission functions f(T) can be
expressed as

AT)=(3.0x10" 28)

H NCa (3)
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where N, and Ny are the electron and hydrogen number
densities, respectively; N,/Ny = 0.85 is assumed, which is
appropriate for a fully ionized solar plasma. The effective
excitation rates &(T) are taken from the calculations of
Bely-Dubau et al. (1982), who take into account contribu-
tions from higher n satellite transitions. The ionization frac-
tion is given by N,/N,. We use values for N¢,,,/Nc.
derived by Lemen et al. (1998) from semiempirical fits to
SMM-BCS flare spectra.

The photon flux per unit wavelength interval in the con-
tinuum can be expressed as

F, = ch(i, T)p(T)dT , “

where the emission function f,(4, T) for the continuum has
been taken from Mewe et al. (1986), who assume standard
cosmic abundances of Allen (1973). Values of the continuum
emission function depend only weakly on the plasma com-
position (see discussion in § 6.4).

The ratio of the w resonance line flux to the continuum at
the wavelength of this line, 4,, = 3.178 A, can be calculated
from equations (2) and (4), assuming an isothermal plasma,
as

Fw/Fc = ACa fw(T)/fc(’lw’ T) H (5)

where f,(4,,, T) is the continuum flux at the wavelength of
the Ca x1x w line. The ratios of F,,/F, are shown as dashed
curves in Figure 2, where the value of A, has been adjusted
to fit the observations. One can see from the plot that F,,/F,
varies by about a factor of 3 over the range of typical flare
temperatures (8-20 MK). The relatively weak temperature
dependence of this ratio means that errors in the tem-
perature estimates of the spectra will introduce only a small
uncertainty in the estimates for the calcium abundance.
Furthermore, a weak dependence on temperature means
that the introduction of an isothermal assumption will
result in only a small error for the abundance determination
(see §6.5).

4. OBSERVATIONS

This study includes bright flares that were observed with
the SMM-BCS in 1980, the first year of SMM operations,
and during 1984-1987, the years following the in-orbit
repair of the spacecraft. Flares in 1980 were selected from
events whose integrated Ca xix light curves had maximum
count rates at the peak of the flare that were greater than 80
counts s~ 1. During the postrepair mission period (1984—
1987), flares listed in the XRP Team Final Report (Strong
1988) were selected that had greater than 100 counts s~ * at
flare maximum. This criterion resulted in the identification
of more than 250 flares. Some flares were subsequently
eliminated because of data gaps.

The present paper concentrates on flare decay phase
data. There are several reasons for this. Generally, most
flares as observed in hard and soft X-rays are seen to have a
prompt energy release, sometimes accompanied by the
acceleration of fast particles. In hard X-rays, the emission
often appears to be nonthermal and intensity increases are
often impulsive. During the decay phase, there is usually no
hard X-ray emission, indicating that flare heating has
ceased or is greatly reduced. As a result, the ionization state
of the plasma is quasi-stationary (§ 6.3) and plasma densities
are higher, so one may neglect effects of transiently ionizing



400 SYLWESTER ET AL.

plasma. An isothermal approximation is also better during
the decay phase. The absence of intense hard X-ray emis-
sion with energies greater than 11.1 keV lessens the danger
of contamination of the thermal continuum from fluores-
cence of the germanium crystals. The continuum is assumed
to be thermal and not a mixture of thermal and nonthermal
emission.

As the intrinsic line widths of the considered calcium
transitions under low plasma density conditions are very
small, the observed line widths are mainly determined by
four factors: Doppler broadening, the instrument response
function, the physical source size within the BCS field of
view, and nonthermal plasma motions. The Doppler
broadening is assumed to be Gaussian and is treated as a
free parameter during the fitting procedure. The instrument
spectral response function is characterized as a Voigt profile
with corresponding Gaussian (FWHM = 0.527 mA) and
Lorentzian (FWHM = 0.612 mA) components. The source
size is limited by the actual flare size, which is generally
much less than the size of the BCS collimator
(FWHM = 6’ x 6¢'). During the decay phase, the non-
thermal widths are small and directed flows are small
(Fludra et al. 1989), which simplifies the line fitting. The
observed line widths during the flare decay are dominated
by Doppler broadening convolved with the instrumental
response. Broadening due to other effects are less signifi-
cant, but their possible presence has been accommodated
by including an additional symmetric Gaussian component
in the fitting process.

From the original set of over 250 flares, 146 flares with
good data during the decay phase were fitted to measure the
line-to-continuum values. Included in our sample are 28
flares that were analyzed by Lemen et al. (1998) in order to
determine a semiempirical value for the ionization fraction
of N¢,ix/Nca. More than 5000 spectra were fitted in total.
Each spectral fit was examined visually, and unsatisfactory
cases were eliminated from the analysis.

5. CALCIUM ABUNDANCE RESULTS

The calcium abundance was determined by fitting the
theoretical value of the line-to-continuum ratio, F,/F,, to
the line-to-continuum observed during the decay phases of
our set of flares. The value of the resonance line intensity,
F,,, and the continuum flux at line w are obtained in the
following manner. First, the spectrum is fitted with a com-
plete spectral model, including all line blends and nearby
satellites, in order to determine the best value of the electron
temperature T and the isothermal emission measure. Under
the assumption of an isothermal plasma, the emission
measure | ¢(T)dT becomes EM = | N2dV, where | dV is
the volume of the emitting plasma. Values of F,/F, were
computed (eq. [5]) from the fitted T and EM results,
assuming for consistency the same A., that was used in the
fit. By these means, the intensity of F,, itself can be esti-
mated without the contribution of the nearby dielectronic
satellites. Systematic uncertainties in our derived theoretical
values for F,/F, will lead at most to 20% errors in the
estimated values of A, (Lemen et al. 1998). In our synthetic
model, the theoretical spectra were convolved through the
SMM-BCS instrument response function. The fitting code
fits the resonance line (w) and wavelength region near the
dielectronic satellite line (k). Further discussions about the
fitting approach are given in Lemen et al. (1998), Fludra et
al. (1989), and Lemen et al. (1984). The results of our fitting
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program have been compared with Antonucci et al. (1982),
who use the same atomic data and are shown to be in
relatively good agreement, except that the temperature
values obtained by Antonucci et al. (1982) appear to be
systematically lower by ~1 MK. This is probably caused
by the different method of fitting spectra used by Antonucci
et al. and their assumption that the thermal continuum is
approximated as a constant in wavelength over the limited
range of the SM M-BCS calcium spectrometer. In our fitting
algorithm, the continuum spectrum is explicitly computed
and a least-squares fitting method is used to chose the best-
fit parameters. However, the small difference in the esti-
mated temperatures from the two fitting methods is not
significant in terms of the present analysis, and the use of
the Antonucci et al.’s results would have resulted in sub-
stantially the same estimates for the A,.

The derived F,/F, values are shown for four flares in
Figure 2 as data points. The values of F,,/F are plotted as a
function of electron temperature T, and thus the time order
of the measurements generally proceeds from right to left in
the plot. The error bars represent 1 ¢ uncertainties that are
derived from the estimates of the goodness of fit by the
spectral fitting code. The F,/F, curves for the two flares in
the upper panel, observed on 1980 June 29 at about 10:44
UT and 1980 November 6 at about 17:28 UT, differ by a
factor of about 2, although their shapes as a function of
temperature follow a similar trend. From equation (5), one
interpretation for this behavior is that the calcium abun-
dance relative to hydrogen is different for the two cases. The
values of A, are estimated by fitting the predicted F,/F, to
the observed F,/F,. The dashed curves are the best-fit
values of F, /F ., where the value of A, has been allowed to
vary. The fits result in 4., = (7.30 4 0.16) x 10~ ° for 1980
June 29 at 10:44 UT and A, = (3.40 + 0.09) x 1075 for
the flare on 1980 November 6 at 17:28 UT. The uncer-
tainties in the measurements of the abundances come from
the fits of the observed values of F,/F, to the theoretical
values. These errors take into account both the uncer-
tainties of temperature and continuum level determinations
(see Lemen et al. 1998). The lower panel in Figure 2 gives
two more examples of flares with significantly different line-
to-continuum values. The upper set of data was also taken
from 1980 June 29 but from a flare that occurred later in the
day at 18:26 UT, and the lower data set is for the flare that
occurred on 1985 January 20 at 20:51 UT. The derived
values of A, for these two flares are (8.06 + 0.17) x 10~°
and (5.15 + 0.08) x 10~ °, respectively. Note that the uncer-
tainties in the individual abundance measurements are
much smaller than the flare-to-flare variations for these
cases.

In this analysis, it has been assumed that the calcium
abundance remains constant during the decay phase of each
flare. This assumption appears to be justified by the fact
that a comparison of many flares shows that most flares
have approximately the same shape of observed F,/F, as a
function of temperature (see Lemen et al. 1998 for more
details). In some cases, one or more additional heating epi-
sodes are observed during the decay phase; these cases are
treated as separate flares.

When comparing flares with widely different abundances,
it is possible to visually identify the difference in the spectra.
Figure 3 shows two spectra taken from the flares shown in
Figure 2, plotted as histograms. The solid curves super-
posed on the observed spectra are the best-fit synthetic
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Fi1G. 3—Comparison of two spectra observed for flares with significantly different F,,/F ratios. The solid curves superposed on the observed spectra are
the best-fit synthetic spectra. The spectral fitting routine adjusts the electron temperature to match the temperature-sensitive intensity ratio of the dielectronic
satellite line k to the resonance line w to the observed spectrum. These two spectra have nearly the same fitted electron temperatures and line widths. Note the
different values of the w line-to-continuum ratio that are seen for these two spectra. The inset is as in Fig. 1.

spectra. These two spectra were chosen because their fits
resulted in nearly the same electron temperatures and line
widths. The plot shows the different resonance line-to-con-
tinuum ratios for these two flares.

Table 1 summarizes the results for 146 flare decay phases.
Included in the table is the NOAA active region number,
the location on the solar disk of the flare, Hx and GOES
X-ray flare classifications, and number of spectra included
in the determination of each abundance estimate. The
values of A, have been multiplied by 10 to facilitate the
display in the table. The values labeled +1 ¢ are the uncer-
tainties that were described above. The times given rep-
resent the approximate peak of the flares as observed in the
SMM-BCS. The average abundance for all 146 flare decay
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F1G. 4—Distribution of calcium abundance estimates for the studied
flares. The width of a histogram bin corresponds approximately to the
mean rms uncertainty for an individual abundance estimate. The width of
the A, distribution is over 6 times greater than the average uncertainty for
a single abundance estimate and indicates a substantial variation in the
calcium composition—by over a factor of 3.5—between flares. A system-
atic uncertainty of up to 20% may be assigned to the abundance scale.
Differently hatched areas correspond to distributions of A, for flares from
active regions AR 2779 (at lower values) and AR 4474 (at higher values).

phases is (5.77 + 1.41) x 10~ °. This is greater than the typi-
cally quoted photospheric value of A, = (2.6 +04)
x 107 or the coronal value determined by Veck & Parkin-
son (1981) of A, = (3.2 + 1.2) x 10~ ° but is similar to the
value of 5 x 10~ ° of Sterling et al. (1993).

The variation in the values of A, is much larger than the
typical errors of the abundance determination, which sup-
ports the hypothesis that the SMM-BCS observations
demonstrate flare-to-flare variations in the coronal calcium
abundance. Figure 4 shows a histogram distribution of the
results organized according to abundance value. The width
of each bin is chosen to be approximately equal to the
average root mean square (rms) uncertainty for determi-
nation of the A,. The differently hatched areas correspond
to subsets of flares from two active regions: Active Region
2779 and Active Region 4474. The width of the distribution
for entire sample is much larger than the rms error for
determining the abundance for a given flare. In case of the
flares observed from AR 2779 and AR 4474, the distribution
of A, is narrower than for the entire sample and their
centroids differ substantially.

6. DISCUSSION

A major result of this analysis is the finding of a system-
atic flare-to-flare variation in the Ca x1x line-to-continuum
ratio during the decay phases of flares, which we interpret as
a variation in the coronal calcium abundance. Meyer
(1985a, 1985b) pointed out that the abundances of low-FIP
elements (less than 10 eV, such as calcium) are larger in the
corona compared to the photosphere. As mentioned by
Sterling et al. (1993), this suggests that the composition of
the solar corona depends upon some mechanism that is
acting on the ionized plasma, although there is no generally
accepted mechanism to explain this phenomenon. The
present results suggest that the situation is even more com-
plicated and that the mechanism responsible for the varia-
tion of A, for different flares is time- and active
region—dependent.

Solar cycle effects were investigated by comparing the
average abundances recorded from flares observed in a
single active region. Only active regions with four or more
flares observed were considered. Table 2 shows the average
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TABLE 1

Active Region Location

Date/UT Number (deg) Ho GOES Ac,t 10 N

¢Y] @ 3) (©) ) O] ™

1980 Apr 7/01:08........ 2372 N10, E03 1B M4 5.70 + 0.09 45
1980 Apr 7/05:41......... 2372 N12, E01 1B M8 5.51 4+ 0.07 59
1980 Apr 8/03:07......... 2372 N12, W13 1B M4 6.49 +0.12 32
1980 Apr 10/09:22 ...... 2372 N12, W42 1IN M4 6.82 4+ 0.16 30
1980 Apr 13/04:08 ...... 2372 N10, W77 1F M1 6.44 + 0.16 49
1980 Apr 30/20:25 ...... 2396 S13, W90 SN M22 6.22 + 0.15 26
1980 May 7/14:57 ....... 2418 S22, W12 SB C7 7.30 + 0.51 9
1980 May 9/07:15 ....... 2418 S21, W32 1B M7.2 6.37 + 0.10 32
1980 May 21/21:05...... 2456 S14, W15 2B X1.4 5.94 + 0.07 58
1980 Jun 4/09:11 ........ 2490 S13, E58 SB M4 7.09 +0.10 85
1980 Jun 13/22:34 ....... 2502 N17, E11 1B 6.21 + 0.46 7
1980 Jun 21/01:02....... 2528 S12, E17 2N M2 5.79 +0.11 51
1980 Jun 24/15:24 ....... 2522 S29, W15 SB M1 6.27 + 0.26 11
1980 Jun 25/15:55....... 2522 $29, W28 1B M4.8 6.43 + 0.33 5
1980 Jun 29/02:38....... 2522 S27, W90 M3.6 691 +0.14 36
1980 Jun 29/10:44 ....... 2522 S27, W90 1F M4.2 7.30, 0.16 32
1980 Jun 29/18:26....... 2522 $20, W90 SN M4.2 8.06 + 0.17 32
1980 Jul 1/16:28 ......... 2544 S12, W38 1B X2.5 6.72 + 0.14 29
1980 Jul 5/22:45 ......... 2550 N28, W31 1B MB8.9 5.62 4+ 0.05 97
1980 Jul 7/11:53 ......... 2550 N26, W49 SB M2 7.91 + 0.40 11
1980 Jul 11/22:18........ 2562 S10, E70 2B M5.3 5474+ 0.13 55
1980 Jul 12/11:21........ 2562 S14, E56 SB M4.3 6.91 +0.15 60
1980 Jul 12/16:00........ 2562 $10, E60 1B M3.2 6.86 + 0.39 19
1980 Jul 12/17:38........ 2562 S09, E59 SB C7 5.90 + 0.54 8
1980 Jul 12/19:25........ 2562 S12, E60 SN C5 6.01 + 0.98 5
1980 Jul 12/19:33........ 2562 S14, ES3 1F C4 6.55 + 0.99 5
1980 Jul 13/06:33........ 2562 S13, E48 SN C4 7.98 +0.57 14
1980 Jul 13/14:34........ 2562 S15, E49 SB C6 7.50 + 0.77 6
1980 Jul 13/17:33........ 2562 S10, E46 SB M2 6.74 + 0.37 20
1980 Jul 13/18:03........ 2562 S09, E49 SB C6 9.14 £ 0.75 6
1980 Jul 13/19:19........ 2562 S13, E50 SB C9.2 6.95 + 0.50 8
1980 Jul 13/19:22........ 2562 S13, E50 SB 9.2 6.40 + 0.59 3
1980 Jul 13/19:32........ 2562 S13, E50 SB 9.2 8.86 + 0.71 10
1980 Jul 14/01:52........ 2562 S10, E43 SN C4.7 6.56 + 0.78 5
1980 Jul 14/08:27........ 2562 S13, E43 1B X1.1 5.88 4+ 0.18 16
1980 Jul 15/22:48........ 2562 S15, E18 SB C44 5.74 + 0.94 4
1980 Jul 17/06:11........ 2562 S12, E06 1B M3.4 5.23 + 0.08 88
1980 Jul 20/19:26........ 2562 S19, W45 1B M14 5.84 + 041 6
1980 Jul 21/03:00........ 2562 S14, W60 1B M8 7.32 +0.27 13
1980 Aug 23/21:30 ...... 2629 N16, W39 1B M2.1 5.34 + 045 23
1980 Aug 24/16:12 ...... 2629 N17, W52 SB M1 6.31 4+ 0.27 19
1980 Aug 24/16:35 ...... 2629 N17, W52 SB 5.77 +£0.70 7
1980 Aug 25/13:05 ...... 2629 N18, W62 SB M1 5.70 + 0.16 45
1980 Aug 31/12:49 ...... 2646 N12, E28 SB 8.88 + 0.47 7
1980 Aug 31/12:52 ...... 2646 N12, E28 SB M2.8 6.03 + 0.66 5
1980 Aug 14/06:14 ...... 2725 S09, W07 3B X3.3 421 +0.05 50
1980 Oct 20/18:34....... 2744 S17, E45 SN M1.0 517 +£0.29 8
1980 Nov 5/22:29 ....... 2776 N11, E07 426 +0.14 8
1980 Nov 5/22:34 ....... 2776 N10, E07 1B M4.0 452 +0.31 7
1980 Nov 6/10:12 ....... 2779 S11, E71 SF C7 417 £0.32 3
1980 Nov 6/11:25 ....... 2779 S13, E66 1F C7 294 +0.18 8
1980 Nov 6/11:45 ....... 2779 S12, E66 SF C9 2.56 + 0.26 2
1980 Nov 6/12:36 ....... 2779 S09, E65 M3.1 2.78 +£0.12 13
1980 Nov 6/14:13 ....... 2779 S09, E65 M3.1 3.46 +0.15 9
1980 Nov 6/15:26 ....... 2779 S09, E65 2B X1.2 4.24 + 0.04 86
1980 Nov 6/17:28 ....... 2779 S09, E65 2B M4.2 3.40 4+ 0.09 21
1980 Nov 7/04:47 ....... 2779 S11, E57 4.03 + 0.07 41
1980 Nov 7/04:58 ....... 2779 S11, E57 SN M2.5 392 +0.18 8
1980 Nov 7/09:41 ....... 2779 S06, E59 SB Mi1.2 476 +0.24 12
1980 Nov 7/11:37 ....... 2779 S11, E50 SN M1.0 4.66 + 0.21 14
1980 Nov 7/14:41 ....... 2779 S07, E56 SB M4 3.84 + 0.23 8
1980 Nov 7/15:35 ....... 2779 S07, E56 SB 4.00 + 0.35 3
1980 Nov 7/15:37 ....... 2779 S07, E56 SB C7.6 391 + 081 2
1980 Nov 7/15:39 ....... 2779 S07, E56 SB C7.6 3.17 +£0.31 3
1980 Nov 7/22:30 ....... 2779 S10, E47 1IN M1 4.36 + 0.07 62
1980 Nov 8/11:26 ....... 2779 S15, E43 SB C6.2 4.50 + 0.36 6
1980 Nov 8/16:19 ....... 2779 S08, E42 SN C49 428 + 041 2
1980 Nov 9/04:30 ....... 2779 S09, E36 SB M1 454 +0.23 15
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1980 Nov 9/17:21 ....... 2779 S11, E21 SN C5.3 392 +021 8
1980 Nov 10/08:12 ...... 2779 S12, E14 1B M14 437 +0.11 19
1980 Nov 10/09:37 ...... 2779 S15, E11 1F M1.5 405+ 0.11 29
1980 Nov 11/06:29 ...... 2779 S12, E06 SN Mi1.2 4.69 + 0.24 8
1980 Nov 11/10:32 ...... 2779 S12, E02 1IN M3.6 470 + 047 3
1980 Nov 11/15:17 ...... 2779 S12, W01 1B M1 5.37 £ 0.46 14
1980 Nov 11/15:54 ...... 2779 S12, W01 SB M2 4.50 + 0.14 13
1980 Nov 12/02:51 ...... 2779 S13, W06 1B M19 4.66 + 0.11 45
1980 Nov 12/08:10 ...... 2779 S12, W10 C8 401 +0.23 5
1980 Nov 12/09:24 ...... 2779 C8 3.79 +£0.35 3
1980 Nov 12/11:06 ...... 2779 S12, W10 1F C8.6 549 +0.33 18
1980 Nov 12/17:04 ...... 2779 S14, W11 1B M1.4 527 +£0.37 14
1980 Nov 12/17:37 ...... 2779 S13, W15 SN Cc7 4.52 4+ 0.25 10
1980 Nov 12/23:35 ...... 2779 S13, W18 1B M3 429 +0.24 5
1980 Nov 13/01:03 ...... 2779 S11, w21 1B M9.4 4.38 + 0.06 85
1980 Nov 18/14:55 ...... 2779 S10, W90 SB M3.0 5.64 + 0.13 29
1980 Nov 19/05:44 ...... 2779 $10, W90 M6.0 5.26 +0.10 32
1980 Nov 22/05:38 ...... 2793 N12, W02 2N C9.0 4.82 4+ 0.26 10
1984 Apr 25/00:22 ...... 4474 S12, E43 3B X10 599 +0.14 10
1984 Apr 25/00:57 ...... 4474 S11, E42 2F 5.28 +£0.08 69
1984 Apr 26/09:03 ...... 4474 S09, E34 1B M2.5 7.02 +0.17 20
1984 Apr 27/05:40 ...... 4474 S10, E24 SB M2.3 5.04 +0.19 9
1984 Apr 29/02:50 ...... 4474 S13, E12 SN C4.8 6.61 +0.24 39
1984 Apr 29/07:44 ...... 4474 S17, E02 IN M1 9.39 + 0.57 9
1984 Apr 30/05:57 ...... 4474 S14, W34 1B Mi1.1 6.88 + 0.20 41
1984 Apr 30/12:13 ...... 4474 S12, W31 2B M23 747 £ 0.20 64
1984 May 1/01:34 ....... 4474 S14, W32 2B M4.0 6.70 + 0.10 96
1984 May 2/16:17 ....... 4474 S14, W54 SB C19 6.58 +0.20 31
1984 May 2/19:25 ....... 4474 S11, W58 SB M3.0 6.31 +£0.10 37
1984 May 2/20:23 ....... 4474 6.73 + 0.40 22
1984 May 2/20:58 ....... 4474 6.99 + 0.43 18
1984 May 3/03:18 ....... 4474 S12, W67 SB C7.1 7.83 £ 0.34 18
1984 May 5/01:07 ....... 4476 S11, W64 SF C4.7 8.38 + 0.53 12
1984 May 5/18:24 ....... 4474 S11, W90 M71.5 7.84 £ 0.10 31
1984 May 6/01:45 ....... 4481 NO06, E83 SF Cs5 9.60 + 0.68 11
1984 May 6/08:23 ....... 4481 NO07, E89 SB C3 5.58 +1.36 2
1984 May 6/16:25 ....... 4481 NO08, E89 SB C31 10.2 + 1.44 3
1984 May 6/19:04 ....... 4481 NO5, E78 SN C38 9.44 + 0.59 11
1984 May 19/21:55...... 4492 S10, E66 2B X4.1 3.93 + 0.04 65
1984 May 20/01:29...... 4492 S10, E64 1B M2.9 6.64 +0.13 38
1984 May 20/03:01...... 4492 S13, E62 SB M4.6 6.33 +£0.10 40
1984 May 20/03:02...... 4492 S13, E62 SB M4.6 5.01 +0.32 9
1984 May 20/05:42...... 4492 S08, ES7 1B M5.4 6.20 + 0.12 35
1984 May 20/22:53...... 4492 S08, E52 2B X10 535 +0.10 47
1984 May 20/23:11...... 4492 S06, E53 SN X10. 4.76 + 0.09 22
1984 May 21/17:47...... 4492 S06, E42 1IN 6.06 + 0.29 14
1984 May 21/18:10...... 4492 S08, E42 1B C9.7 543 +0.12 24
1984 May 22/15:01...... 4492 S09, E24 2B Mé6.3 519 +£0.13 15
1985 Jan 20/20:51 ....... 4617 S09, W24 1B M4.1 5.15 + 0.08 40
1985 Jan 21/03:53 ....... 4617 S10, W28 SN M22 495+ 0.13 15
1985 Jan 21/14:19 ....... 4617 S09, W35 SN M24 6.80 + 0.41 14
1985 Jan 23/07:33 ....... 4617 S10, W56 IN 6.01 +0.31 9
1985 Jan 23/07:43 ....... 4617 S11, W58 IN M13 5.86 + 0.21 11
1985 Jan 23/07:52 ....... 4617 S11, W58 1IN M1.3 6.94 + 0.39 6
1985 Apr 24/01:52 ...... 4647 NO05, E26 IN C8.8 6.32 +0.23 14
1985 May 2/08:19 ....... 4647 NO03, W86 1B 6.11 +0.12 60
1985 May 21/09:55...... 4656 NO5, E27 SN 5.54 +0.53 3
1985 Jul 2/21:26 ......... 4671 S14, ES7 2B M4.5 6.75 + 0.10 39
1985 Jul 7/05:28 ......... 4671 S15, E00 SN C3.0 429 + 044 3
1985 Jul 7/20:28 ......... 4671 C2.7 5.87 £ 0.61 3
1985 Jul 9/02:10 ......... 4671 S13, W25 IN 5.60 + 0.27 8
1985 Jul 13/06:59........ 4671 S17, W86 SN C23 5.76 + 0.50 3
1985 Jul 13/13:21........ 4671 C2.0 6.23 £+ 0.64 2
1985 Oct 26/04:34 ....... 4698 NO06, W58 IN M1.8 6.46 + 0.25 23
1986 Oct 7/10:56 ........ 4711 S11, W21 2B M52 575+ 0.16 18
1986 Oct 19/00:46....... 4750 N23, E62 2N M4.7 5.61 +0.23 9
1986 Oct 19/01:41........ 4750 N23, E62 2N M4.7 6.28 +0.17 32
1986 Oct 24/12:40....... 4750 ey e C24 4.99 + 0.68 3
1987 Apr 5/19:37........ 4787 S29, E90 SN Ml1.1 4.99 + 0.51 3
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TABLE 1—Continued

Active Region Location

Date/UT Number (deg) Ho GOES Ac, 1o N
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1987 Apr 6/04:33........ 4787 S28, E86 SN 9.2 5.65 + 0.45 10
1987 Apr 17/02:38 ...... 4790 S30, W56 SN C19 5.61 +1.15 2
1987 Apr 18/14:37 ...... 4790 S30, W74 SN 4.63 +0.76 3
1987 Apr 18/14:58 ...... 4790 S30, W75 SN C2.8 5.52 4+ 0.55 1
1987 May 25/03:43...... 4811 N30, W48 2B 4.54 +0.50 4
1987 May 25/03:48...... 4811 N30, W47 2B M1.3 479 +0.71 7
1987 May 25/18:56...... 4811 N29, W56 1IN Cs59 5.51 + 0.60 5
1987 May 26/20:00...... 4811 N28, W70 1IN C8.1 496 +0.74 5
1987 May 26/20:22...... 4811 N29, W73 1IN 5.20 + 0.65 8

Note—Col. (1): Time of the flare maximum intensity as recorded by the BCS Ca XIx spectrometer.
Col. (2): NOAA active region number. Col. (3): Heliographic coordinates from Solar-Geophysical Data,
US Department of Commerce. Col. (6): Values of A, and the corresponding uncertainties have been
multiplied by 10°. Col. (7): Number of individual flare spectra that are used to determine A,.

calcium abundance, Ac,, for 10 different active regions
observed in 1980 and during 1984-1987. The standard devi-
ation to the mean value of A, is labeled as 1 rms. The
number of flares averaged in each active region is given in
the last column. These flares represent approximately 70%
of our total sample. There does not appear to be a strong
dependence on the average of A, with activity cycle.

The time-dependence of A, for flares observed from an
individual active region was examined in detail for the 10
active regions listed in Table 2. The column P, gives the
probability that a trend is not observed for the flares in a
particular region. A trend is not likely to be present in most
of the cases except for AR 2779 and possibly AR 4474. For

TABLE 2
AVERAGE CALCIUM ABUNDANCES BY ACTIVE REGIONS

Active Region

Number Observing Period {Ac,y £ 1rms P, N
) @ ) @ o

2372 ... 1980 Apr 7-10 6.19 + 0.56 0.22 5
2522 ... 1980 June 25-29 6.99 +0.72 0.19 5
2562 .......... 1980 Jul 11-21 6.73 + 1.07 058 19
2779 .......... 1980 Nov 6-19 423 +0.72 <001 36
474 .......... 1984 Apr 25-May 5 6.84 + 1.06 004 15
4481 .......... 1984 May 6 8.70 + 2.10 0.72 4
4492 .......... 1984 May 19-22 5.49 +0.83 090 10
4617 .......... 1985 Jan 20-23 595+ 0.81 0.25 6
4671 .......... 1985 July 2-13 5.75 +£ 0.82 0.88 6
4811 .......... 1987 May 25-26 5.00 £+ 0.37 0.42 5

Note—Col. (3): Values of A, and the corresponding uncertainties
been multiplied by 10°. Col. (5): Number of flares included in average.
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these two cases, a slight increase is seen in the estimated A,
as a function of time at the rate of 1.52 x 107 day ! and
1.48 x 1077 day ! for AR 2779 and AR 4474, respectively.
Figure 5 illustrates the trend for the abundance to increase
for flares observed from AR 2779.

Statistical tests were performed to check for significant
differences in the average A, between different active
regions. Table 3 presents the results of a null hypothesis test
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Fi1G. 5—Values of A, plotted for 36 flares observed from AR 2779 as a
function of time. The trend for the abundance to increase with time, for this
active region, may be seen. The slope of a fitted line gives d(4,)/dt = 1.52
x 1077 day~ L.

TABLE 3
PROBABILITY OF CHANCE OCCURRENCE OF OBSERVED ABUNDANCE DISTRIBUTIONS FOR PAIRS OF ACTIVE REGIONS

Active Region

Number 2779 4811 4492 4671 4617 2372 2562 4474 2522 4481
2779 10 <001 <001 <001 <001 <001 <001 <001 <001 002
4811 1.0 <001 <001 004 <001 <001 <001 <001 004
4492 1.0 0.6 0.3 008 <001 <001 <001 005
4671 1.0 0.7 0.03 0.03 0.02 002 006
4617 1.0 0.6 0.06 0.04 004 007
2372 1.0 0.1 0.06 006 009
2562 1.0 0.8 0.5 0.02
4474 1.0 0.6 02
2522 1.0 02
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using a standard statistical analysis. The values represent
the probabilities that two active regions are not distinguish-
able. Thus, low values indicate that the average abundances
for the paired active regions are significantly different. The
table shows that there is a low probability of a chance
occurrence of similar values of average A., between the
paired active regions in most cases. The active region that
has the largest difference from any other is AR 2779, and the
flares with the smallest abundance estimates are all from
this active region (also see Fig. 4). We note that this longi-
tude was active for the preceding two solar rotations.

Also examined was the possibility that the value of A,
for an individual flare is correlated with other physical flare
characteristics. In particular, the correlation between A,
and various flare and active region characteristics were
studied:

1. The Ha importance and the GOES soft X-ray classi-
fication;

2. Area of the sunspots in the related active region;

3. The duration, maximum, and total count rates record-
ed by the SM M Hard X-Ray Burst Spectrometer (Dennis et
al. 1991);

4. Position of the flare in latitude and Carrington longi-
tude;

5. Center-to-limb dependence;

6. Time and phase of the solar cycle;

7. Peak calcium temperature and emission measure;

8. Rise and decay characteristic times for calcium count
rates, and calcium temperature and emission measure;

9. Ratio of decay to rise times (asymmetry) for the above
mentioned parameters.

In no case was there a significant correlation detected.
Figure 6 shows the values of A, plotted against peak GOES
X-ray flux for those flares where the GOES classification is
known. The mean value of the entire sample (5.77 x 10~°)
is indicated as well the photospheric value. Large flares
have small scatter in values of A-, and are closer to the
average for the entire sample.

The differences in the line-to-continuum measurements
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F1G. 6.—Values of A, plotted against peak GOES X-ray flux for those
flares for which the GOES classification is known. The upper horizontal
line indicates the mean value of A, of the entire sample of this analysis,
and the lower horizontal line indicates the photospheric value.
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have been interpreted in this work as evidence for a varia-
tion in the absolute calcium abundance on a flare-to-flare
basis. Other possible causes for the variation in the
observed ratio of F, /F_. have been explored and are dis-
cussed below.

6.1. Instrumental

The SMM-BCS spectrometer was calibrated prior to
launch and during the mission. Following the repair in
1984, the position gain in the calcium spectrometer began to
change. The calibration results have been incorporated in
the present analysis. Furthermore, the position gain does
not affect the sensitivity of the detector (only its resolution),
and so its effects are negligible for this study.

We have compared the SMM-BCS spectra with calcium
spectra from the solar flare X-rays (SOLFLEX) spectro-
meter (Feldman, Doschek, & Kreplin 1980) on the P78-1
spacecraft. The line spectra measured with the two instru-
ments are very similar. The continuum of the SOLFLEX
spectrometer is contaminated by germanium fluorescence,
however, so the two cannot be directly compared (Sterling
et al. 1993).

6.2. Plasma Opacity

This present analysis is based on the intensity of the
bright Ca x1x resonance line under the assumption that the
thermal flare plasma is optically thin. If the plasma is not
optically thin, then the intensity of the resonance line might
be decreased relative to the continuum. The opacity at line
center of a Doppler-broadened spectral line is given by
(Sylwester et al. 1986b)

_ Neaxix \( Nca & ﬁez b
T"‘Nel( Nes )(NH><N>< me )fA\/ rr> ©

where f'is the oscillator strength for the w resonance line, m
and e are the electron mass and charge, respectively, [ is the
length, R is the ideal gas constant, and u is the atomic
weight of calcium. For average flare conditions, if we
assume T = 15 MK, N¢,xix/Nc, = 0.86, Ac, =7 x 10°°
and for the other quantities we take Ny/N, = 0.85,
A=3178 A,f=0.79, and u = 40.08, then

1o = (2.4 x 10722)N, 1. )

A typical flaring loop has a length of 2 x 10° ¢cm and a
diameter that is 10 times smaller. Thus, if the line of sight is
across the loop (perpendicular to the long axis of the loop),
then for a density of N, =5 x 10'! cm ™3, we have 1, =
0.024. The longest possible distance is one-half the loop
length, which results in t, = 0.12. This is an extreme case,
since flare loops normally have a temperature distribution
with the hottest material at the loop top, and the peak in the
Ca x1x emissivity function, f(T) (see eq. [3]), occurs at
around 35 MK. Observations of line w will preferentially be
weighted toward the hot material near the loop top. There-
fore, it can be concluded that opacity effects will be much
less than 10%, and thus, this cannot be the reason for the
observed variation in the line-to-continuum intensity ratio.

6.3. Nonequilibrium Ionization

The effects of transient ionization in solar flare plasma
have been studied in a number of papers (Mewe & Schrijver
1980; Sylwester, Mewe, & Schrijver 1980a; Mewe et al.
1985). If the plasma is not in thermal equilibrium, it is more
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difficult to interpret the observed X-ray spectrum. A
detailed interpretation requires solving a coupled set of dif-
ferential equations with time-dependent coefficients that
vary with temperature and density. Under certain condi-
tions, this can be simplified. For example, for the time
during which a plasma is being heated, the characteristic
time for ionization becomes important, whereas when the
plasma is cooling, the recombination time should be con-
sidered. Mewe (1984) considered the ionization and recom-
bination times as a function of temperature. These results
are given in Table 4 for Ca x1x.

The temperature decay times for flares in this study were
5 minutes or more. For densities 10'! cm ™3 < N, < 1012
cm ™3, which are typical for flare plasmas after the
maximum (Wolfson et al. 1983; Sylwester et al. 1986a), 7,
is of order 30 s or less, i.e., several times less than observed.
Thus, the flare plasma can be considered in quasi-
equilibrium during flare decay, and transient ionization
effects can be considered unimportant for the purposes of
this study. Spectra acquired during the flare rise phase were
not included in this study.

6.4. Abundance Depletion of All Elements Except Calcium

The calculated continuum (eq. [4]) at 3.178 A depends
weakly on the heavy elemental composition of the emitting
plasma. The main effect from heavy elements comes from
recombination of oxygen, neon, magnesium, and silicon. In
order to test the effect of abundances on the solar thermal
continuum, a computation was made assuming that all ele-
ments other than Ca and H had zero abundances. The effect
on the computed F,/F,. intensity ratio was less than 60%,
and this can be ruled out as an explanation for the observed
line-to-continuum variations. We can not rule out the
possibility that the continuum has been affected by
increases in non-Ca elemental abundances, such as helium,
but this would not account for the observation of enhanced
values of A, relative to photospheric values.

6.5. Multithermal Plasma

Typical flare plasmas are multithermal, with temperature
ranges extending to over 25 MK (see, e.g, Fludra &
Schmelz 1995). The effect of multithermal plasma on the
line-to-continuum analysis has been investigated by
assuming the following form for the differential emission
measure distribution to be ¢@(T)=const. for 6
MK < T < 25 MK. The Ca xi1x line and continuum fluxes
were calculated for this broad differential emission measure
distribution. The resulting line fluxes were used to derive
temperature and the calcium abundance of the simulated
spectrum assuming an isothermal approximation. Checking
this result shows that the isothermal approximation intro-
duces an error in the abundance determination that is less

TABLE 4

IONIZATION AND RECOMBINATION TIMES (IN s cm ™) FOR THE
CA X1xX ION AT DIFFERENT TEMPERATURES

T (MK)
PARAMETER 8 15 25
N, X Tjpeenee. 8.6 x 101° 2.7 x 10*° 1.4 x 101°
N, X T, gerrnn. 2.0 x 10'2 2.8 x 1012 3.6 x 1012
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than 5%. Furthermore, Fludra et al. (1991) have calculated
Ac, for 12 flares from Table 1 using a method of multi-
thermal analysis to obtain calcium abundances. Their
results were the same, to within 3%, as those obtained from
an isothermal analysis, which addresses the concern raised
in Phillips & Feldman (1991).

7. SUMMARY

This paper presents final, detailed results of the study of
variations in the line-to-continuum ratio in vicinity of the w
line of Ca x1x ion using soft X-ray spectra from the BCS
aboard the SM M satellite.

The analysis of thousands of spectra obtained during
decay phases of more than 100 stronger flares revealed the
presence of systematic differences in the line-to-continuum
ratio between flares. This difference has been interpreted in
terms of the varying Ca abundance hypothesis. Detailed
considerations have ruled out other possible interpretations
of the observed flare-to-flare variations of this ratio. The
results obtained fully confirm the discovery of variations of
coronal plasma composition from spectroscopic measure-
ments (Sylwester et al. 1984). This discovery led to what is
now one of the fastest growing areas of interest in solar
physics—spectroscopic X-ray and EUV determinations of
coronal plasma composition.

In this paper, absolute (relative to hydrogen) estimates of
Ca abundance are given for flares observed during the
period 1980-1987 by the BCS on the SM M spacecraft. The
following conclusions may be drawn from this study:

1. Average flare calcium abundance (5.77 x 107°) is
more than twice the photospheric value.

2. Flare-to-flare differences may amount to factor of
~3.5; the lowest flare abundance determined corresponds
to the photospheric value (2.6 x 10~°).

3. For most of flares, Ca abundance does not change
during decay phase evolution.

4. Observed A, variations do not correlate with any of
the many commonly used flare and/or active region charac-
teristics, except for the time trend seen for AR 2779.

5. For a particular active region, flare calcium abun-
dances are similar; however, they may differ substantially
from the abundances of flares for other active regions—the
active region effect is clearly pronounced.

The observed pattern of flare abundance variations does
not contradict the FIP-biased mechanism of coronal
enrichment. As expected, the absolute abundance of Ca (a
low-FIP element) in the corona is higher than in the photo-
sphere. However, the time trend and active region effect of
the present results impose substantial new limitations on
the theoretical models of physical processes responsible for
buildup of differences of the coronal plasma composition.

Recently, we (Bentley et al. 1998) have performed
analyses of the flares observed with the BCS on the Yohkoh
spacecraft. In this study, we considered more than 170 flares
and have determined that for this group Ac, = 3.64 x 107°,
which is closer to the photospheric value. A comparison of
the SMM and Yohkoh data is in progress in order to evalu-
ate the significance of these results.
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