Reports

X-Ray Line and Continuum Spectra of
Solar Flares from 0.5 to 8.5 Angstroms

Abstract.

Two crystal spectrometers aboard the orbiting solar observatory OSO-

4 cover the wavelength ranges 0.5 to 3.9 angstroms and 1.0 to 8.5 angstroms.
Within this range, there appear emission lines from hydrogen-like and helium-like
states of calcium, sulfur, silicon, magnesium, and aluminum. The Mg XII Lyman-
a is present strongly in all x-ray flares. The most intense flares (such as class 3)
produce strong Si X1V Lyman-« and often S XVI Lyman-q. Emission, in the form
of Ka lines of highly ionized states of calcium, iron, aluminum, and silicon is
usually present. The continuum from 1 to 10 angstroms always dominates the line
emission by more than an order of magnitude. Electron temperatures derived
from the slope of the continuum spectrum are in the range of 107 to 10® °K,
considerably higher than theoretical ionization equilibrium temperatures.

We present some early results from
an x-ray spectrometer aboard the NASA
orbiting solar observatory OSO-4 space-
craft. The spectrometer experiment is
designed to record spectra of solar flares
at wavelengths below 8.5 A. Since its
launch in October 1967, data have been
obtained for a number of solar flares
ranging in size from small subflares to
large flares of class 3b (3 bright).

The OSO-4 instrument consists of two
Bragg crystal spectrometers which lie
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Fig. 1. Ideal reflectivity of the bent crys-

tal. The total angle of bend is 6 arc min.
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Fig. 2. Integrated reflectivity of the LiF
crystal as calculated from the kinematic
theory (1, 2).
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one above the other on a common axis
of rotation and are driven by the same
stepping motor. According to Bragg’s
law:

n\ = 2d sin 6

where n is the order of diffraction (n =
1 in this experiment), A is the wave-
length of the radiation diffracted, d is
the atomic plane spacing of the crystal,
and @ is the angle between the incident
radiation and the atomic planes of the
crystal. One of the spectrometers has a
LiF (2d = 4.03 A) crystal; the other
uses an EDDT (ethylenediamine-d-
tartrate; 2d = 8.81 A) crystal. The
spectral ranges covered are 0.6 to 3.9
A and 1.4 to 8.5 A, respectively.

A filter over the entrance aperture re-
duces heating within the instrument en-
closure and also reflects ultraviolet ra-
diation to which the instrument might
respond. The filter is composed of
0.00025-inch thick Mylar (C;oHgO4;
area density pX = 0.84 mg cm?) on
which 2000 A of aluminum (1000 A on
each side) has been evaporated. The de-
tectors in each spectrometer are argon-
filled (pX = 2.6 mg cm?) Geiger
counters. The quench agent is 1 percent
bromine, and the windows are mica
(pX = 1.5 mg cm2). The cosmic-ray
background is about 4 count/sec.

Bragg’s law describes the condition
under which x-rays are reflected from a
crystal at maximum efficiency. However,
some reflection occurs at angles which

depart slightly from the Bragg angle.
Thus monochromatic radiation is spread
over a small range of angles upon reflec-
tion from the crystal. The intensity-
versus-angle relation is called the rock-
ing curve of the crystal. The FWHM
(full width at half maximum) of the
rocking curve is about 2 arc min for
the EDDT crystal and about 20 arc min
for the LiF crystal used in this spec-
trometer. A stepping motor moves the
crystal in steps of angle A§ = 6 arc min.
Since x-ray linewidths from a flat
crystal can be expected to be some-
what narrower than this, there would
be a definite possibility of missing the
peak of a line (of stepping over a line).
For this reason, the EDDT analyzing
crystal was slightly bent to give a rock-
ing curve similar to the one shown in
Fig. 1. With a crystal bent in this
fashion, stepping over a line is not pos-
sible, and analysis of recorded line
strengths is simplified; yet wavelengths
can still be measured to less than 0.005
A. However, since an x-ray source may
be anywhere on the solar disk, not
necessarily where the instrument is
pointing, our maximum absolute error
is about 0.03 A for wavelength deter-
mination, before correction for source
displacement.

In order to correct the data to photon
flux, the transmission of the filter T, the
reflectivity of the crystal R, and the
photon efficiency of the Geiger counter
e must be determined. These param-
eters, together with the effective aper-
ture area A4, determine the relation be-
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Fig. 3. Integrated reflectivity of the
EDDT crystal as calculated from the
kinematic theory (I, 2).
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Fig. 4. Transmission of the aluminum-
coated Mylar filter.
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Fig. 5. Quantum efficiency of the Geiger-
Mueller detector of the EDDT spectrom-
eter. (Efficiency of the detector of the LiF
spectrometer is similar.)

tween the measured counting rate C
and the incident photon flux I:

I =C/ARTe )

where R, T, and ¢ are functions of A,
and R may be calculated approximately
by the kinematic theory of the diffrac-
tion of crystals (/). The results of such
calculations for crystals of LiF and
EDDT are shown in Figs. 2 and 3, re-
spectively. Values for T and ¢ may be
calculated from

T = exp [— (stm pX ) wyrar — (pmpX ) a1]
2)

¢ = €XpP [""" (/Lm {)X)mica] X
{1 — exp [ (pm pX) sz — (um pX)BZ%

where pX and p,, are the appropriate
area densities and mass absorption co-

efficients, respectively. From mass ab-
sorption coefficients determined by
Henke (2), T and ¢ have been calcu-
lated as a function of wavelength. The
results are shown in Figs. 4 and 5. Ap-
plication of these results to raw data
does not remove the discontinuities
which appear at absorption edges. In
fact, the correction is too great in some
cases, and a step decrease across the ab-
sorption edge becomes a step increase.
This casts doubt upon the validity of the
calculated values of T, R, and ¢ even at
wavelengths somewhat removed from
the absorption edges. We believe that,
over most of the wavelength range, the
system constants permit calculation of
the flux values to within 25 percent; at
the very shortest wavelengths and right
at the edges, the error may reach a
factor of 3.

Many flares have been recorded, but
analysis of the data has thus far been
by hand, and not many orbits have been
reduced. Of the solar events we have
studied, we chose three for discussion.

The first of these, a class Ib flare, oc-
curred on 26 October 1967, at about
0617 U.T. The raw data are plotted
from the LiF and EDDT spectrometers
(Figs. 6 and 7). The duration of the
flare was too short to get one complete

spectral scan (which takes approxi-
mately 13 minutes). The edges which
appear at 3.9 and 7.9 A are caused by
the argon in the detectors and the alumi-
num in the mica windows and filter. The
feature in Fig. 6 at about 3.2 A has
been identified as K line radiation from
Ca XVII and Ca XVIII at 3.22 A plus
resonance radiation from CaXIX at
3.19 A. The resonance line and the K
lines are clearly resolved in the spectrum
taken between 21780 U.T. and 22625
U.T. In Fig. 7, only the most dominant
lines have been labeled, but it is clear
from the data that lines at 7.99, 8.14,
8.22, and 8.33 A are present. These
may be identified as K lines of Al X,
Al VIII, Al VII, and Al V. The addi-
tional line at 8.06 A may be a blend
of Fe XXIV 2s—4p and the K line of
Al IX. The rising continuum at shorter
wavelengths is caused by increasing re-
flectivity of the crystal toward grazing
incidence. Folded into the spectral scans
(Figs. 6 and 7) is the development and
decay of the flare with time, so little
can be said quantitatively about relative
spectral intensities at any instant of
time.

If we examine the ratio of the Ca XIX
line to the Ca XVII and Ca XVIII lines
in Fig. 6, we find that in the earlier
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Fig. 7 (right). Uncorrected data derived from the EDDT spectrometer for the class 1b flare on 26

October 1967. The vertical scale corresponds to counts per 0.88 second; the horizontal axis is wavelength in angstroms. The top
portion of this figure illustrates the solar spectrum before the flare. Universal time is indicated in seconds of the day.
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spectrum we have a ratio of roughly
3 :2, whereas in the later spectrum
this ratio is about 1 : 1, The time be-
tween measurements is approximately
560 seconds. If we examine the corre-
sponding spectra in Fig. 7, we find that
the ratio of Al XII to Mg XI changes
from approximately 2 : 1 to 1: 1; and,
while the Si XII has remained roughly
the same, Mg XII and Al XIII have
both decreased in the same 560 sec-
onds or less. Thus we see that the rela-
tive number of higher ionization states
decreased with time. Such progressive
cooling, evidenced by the ionization dis-
tribution, has been inferred from many
observations of flare spectra versus time.

Figures 8 and 9 show the raw data
from the LiF and EDDT spectrometers,
respectively, for the class 3b flare which
occurred on 16 November 1967, at
about 2125 U.T. Only one complete
spectrum is shown for each spectrom-
eter, because there was little or no
change from either the preceding or
following spectrum scans. During this
flare, the spectrometer view direction
was moving relative to the flare (that is,
the spacecraft’s pointed section was
executing a raster scan rather than
pointing continuously at the center of
the sun), so spectrometer position
(roughly proportional to #) has been
used as the horizontal axis on both
figures. Tape records of raster position
versus time will be supplied to us at
some later date and will permit con-
version of spectrometer position to pre-
cise Bragg angle. The vertical axes are
the same as in Figs. 6 and 7. Again the
instrumental K absorption edges of
aluminum and argon are clearly visible.
In addition, the silicon absorption edge
appears at about 6.7 A. The increase
in continuum at short wavelengths is
due to increased reflectivity of the crys-
tals.

The most striking observation is the
dominance of continuum emission over
line emission in the flare spectrum. In
the region below 8 A, the energy con-
tained in the continuum is one to two
orders of magnitude greater than that
contained in the lines. With regard to
line radiation, the following comments
can be made. As shown in Fig. 8, the
CaXIX line is stronger by about a
factor of 2 than the K lines of Ca
XVII and Ca XVIIL It is also apparent
that the profile of the Fe line emission
at 1.9 A is skew, implying that perhaps
several lines contribute to the longer
wavelength side. Taking into account
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the resolution of the crystal, we find
that the width of the base of the line
is about 15 steps—which is equivalent
to 1.5 degrees, which corresponds to
0.075 A. If the longest wavelength lines
in this envelope are the K lines of Fe
VII to Fe X at 1.938 A (3, 4) we find
that the shortest lines must be about
1.863 A, which corresponds closely to
the K line of Fe XXIII at 1.865 A (3).

1000

The small peak at 3.02 A falls at the
position of the Ca XX resonance line
(5), but its amplitude is too small to
be statistically significant. The peak at
position 142 may be K radiation from
Ni. No evidence of emission from Fe
XXV, 1.86 A, or Fe XXVI, 1.79 A,
(3, 6, 7) is observed, which is not sur-
prising in view. of the low intensity of
Ca XX. The behavior of Fe and Ca
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Fig. 8. Uncorrected data derived from the LiF spectrometer for the class 3b flare on
16 November 1967 (2125 U.T.). The vertical scale is counts per 1.28 second. The
horizontal axis is spectrometer position in steps of 6 arc min. The line identifications
and wavelengths should be considered approximate since ¢ is changing both because
of the spectrometer drive and the motion of the view direction.
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Fig. 9. Uncorrected data derived from the EDDT spectrometer for the class 3b
flare on 16 November 1967 (2125 U.T.). The vertical axis is counts per 0.88 second.
The horizontal axis is spectrometer position in steps of 6 arc min. The line identifica-
tions and wavelengths should be considered approximate since ¢ is changing both
because of the spectrometer drive and the motion of the view direction.
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contrasts with that of S, for which the
S XVI resonance emission is almost
half that observed from SXV and
lesser ionized states, In addition to the
labeled lines in Fig. 9, there are the
K lines of Al V and Al VII to Al X at
8.3, 8.2, 8.15, 8.1, and 8.0 A (3),
respectively.

The x-ray flare which occurred on 1
January 1968 at about 0415 U.T. gave
us an opportunity to determine the
wavelengths of solar lines with rela-
tively high accuracy, because the space-
craft instrument was kept in fixed mode,
accurately pointed at the center of the
sun. Our maximum wavelength error
for this event was about 0.005 A. Fig-
ures 10, 11, and 12 are spectra taken
of this flare. The K absorption edges
of argon, silicon, and aluminum are
again obvious. The ratio of continuum
to line emission is one to two orders of
magnitude during this flare also.

Prominent in Fig. 10 is the feature
at 3.2 A, the lines of CaXVII, Ca
XVIII, and Ca XIX. Iron lines are not
present in this spectrum. The continuum
shows an increase peaking at about 2 A.
This is due to changes within the flare
region with respect to time, The slope
of the continuum above 3.3 A can be
used to determine roughly a character-
istic temperature, if we assume that all
the continuum is bremsstrahlung. The
electron temperature so found is 15x
108 to 20x 108 °K.

Figure 11 shows the full spectral
range of the EDDT crystal with promi-
nent lines identified. The 6 to 8.5 A
region has been expanded and is shown
in Fig. 12. Of particular interest are
the K lines of Al V to Al XI and Si IX
to Si XII, which are present simultane-
ously with hydrogen-like ions of Al,
Mg, and Si. A complete list of the lines
which appear in Figs. 10, 11, and 12
is shown in Table 1.

These observations of flare spectra
reveal certain characteristics of flare
plasma. First, the flare is by no means
characterized by an isothermal plasma
in thermal equilibrium. For example,
in the last flare considered, emission
from the lower ionization states of Si
and Al would be indicative of ioniza-
tion equilibrium temperatures in the
range of 1 X 10% to 4 x 108 °K,
whereas emission from the higher ion-
ization states of the same elements re-
quires temperatures of about 8 x 108
°K. At the same time, the continuum
believed to be largely free-free emis-
sion, indicates an electron tempera-
ture of 15 to 20 X 108 °K. It seems

SCIENCE, VOL. 162



that we are observing plasmas in which
the distribution of ion states departs
radically from thermal equilibrium for
‘the local electron temperature, and that
a minimum of two parameters, that is,
electron temperature and degree of de-
parture from ionization equilibrium as
functions of position, must be employed
to describe local plasma conditions. This
departure from ionization equilibrium
is also apparent in the class 3b flare
shown in Fig. 8, where continuum slope
measurements again indicate electron
temperatures of 20 X 106 °K or more,
while no appreciable intensity of the
helium-like iron and hydrogen-like cal-
cium line emission is produced.

It is interesting to note the absence
of the Fe K-emission in Fig. 10 at the
same time that strong continuum is
observed to extend well beyond the K
critical excitation energy. Although the
cross-section for K line excitation of
Fe is about an order of magnitude less
than for the lighter elements Ca, Si, S,
and Mg in the 1 to 15 kev range, this
factor alone does not appear to be
sufficient to explain the absence of the
K lines of Fe. A quantitative treatment
of this problem may provide a mea-

Table 1. Transitions and wavelengths on 1
January 1968, 0415 U.T.

Wave-

Ton :nl;?)ﬁ‘s lczrgg;h Ref.
Al V K 8.33 3)
Al VI K 8.26 (3)
Al VII K 8.22 3
Al VIII K 8.14 (3)
Al IX K 8.06 (3)
Al X K 797 (3)
Al XI K 7.87 (3)
Al XII 152-152p 1.75 (3,9,10)
Al XIII 1s-2p 7.17 (5
Ca XVII K
Ca XVIII K 3.22 (3,10)
Fe XXIV 152s-1s%4p 8.06 (10)
Fe XXIV 152s-15*5p 722 (10)
Mg XI 1s%-1s3p 7.85 (9,10)
Mg XI 1s*-1s4p 7.47 (9,10)
Mg XI 1s%-1s5p 7.31 (€3)
Mg XII 1s-2p 8.42 (5)
Mg XII 15s-3p 7.10 %)

- Mg XII 1s-4p 6.73 %)
Si IX K 6.95 3)
Si X K 6.87 3)
Si XI K 6.81 3)
Si XII K 6.73 3)
Si XIII 15%-152p 6.68 (3,10)
Si XIII 15*1s3p 5.67 (10)
Si XIII 1s*-1s4p 5.40 (10)
Si X1V 1s-2p 6.18 %)
Si X1V 1s-3p 5.21 (5)
Si X1V 1s-4p 4,94 %)
S XV 1s%1s2p 5.04 (3,10)
Unidentified 8.28
. 8.31
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sure of the relative abundance of Fe in
the flare region.

The picture of the flare process that
may be emerging is one in which rapid
local heating of plasma electrons oc-
curs, with energy possibly derived from
the self-inductance of a disturbed elec-
trical current system as suggested by
Alfvén and Carlgvist (8). The depar-
ture from ionization equilibruim may
then derive either from the low pressure
of the plasma region involved or from
the rapidity with which the inductively
driven current expands into successive
and still “cool” plasma regions, possibly
as a result of instabilities which suc-
cessively choke off the conductivity
along each preferred path.

JouN F. MEEKINS
RoBERT W. KREPLIN
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E. O. Hulburt Center for Space
Research, Naval Research Laboratory,
Washington, D.C. 20390
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Composition of Aqueous Solutions in Equilibrium with
Sulfides and Oxides of Iron at 350°C

Abstract. Solutions of potassium chloride (pH-buffered and 1-molal) equili-
brated at 350°C with pyrrhotite, pyrite, and magnetite contained approximately
1 millimole of reduced sulfur and less than 0.1 millimole of oxidized sulfur per
kilogram. Similar solutions equilibrated with pyrite, magnetite, and hematite
contained approximately 1 millimole of reduced sulfur, but 3 to 6 millimoles of
oxidized sulfur per kilogram. Both types of solutions contained less than 0.1
millimole of iron per kilogram at pH = 6 and approximately 100 millimoles per

kilogram at pH 2.

The oxidation state and concentration
of sulfur and of iron in typical hydro-
thermal solutions from which metallic
ores are precipitated have long been
debated. We here report on the compo-
sition of pH-buffered solutions in equi-
librium with the assemblages pyrrhotite
(Fe;Sg to FeySy,)—pyrite (FeS,)-mag-
netite (Fe,0,) and pyrite-magnetite—
hematite (Fe,O4). These assemblages
were placed in gold capsules with ap-
proximately 3 ml of KCl, KCI-HCI-
K,SO,, or KCIl-Na,S solution, and
with either the assemblage potas-
sium feldspar (KAISizOg)—-muscovite
[KAL;Si;0,0,(OH)]-quartz (SiO,), or
the assemblage muscovite—kaolinite
[AL;Si,O5(OH) 4]—quartz. The capsules
were flushed with nitrogen, welded
shut, placed in a reaction vessel, and
held at 350°C under a confining pres-
sure of 270 atm for periods up to
64 days. At the end of each experiment

the reaction was quenched rapidly, the
solid phases were x-rayed, and the solu-
tion was analyzed.

Runs charged with potassium feld-
spar, muscovite, and quartz contained
only these silicate phases after quench-
ing. On the other hand, most of the
runs charged with muscovite, kaolinite,
and quartz contained no kaolinite or
pyrophyllite [Al,Si,0,,(OH),] detect-
able by x-ray after quenching. Natural,
monoclinic pyrrhotite was used as a
starting material. Its composition, as
determined by the method of Arnold
and Reichen (I), was Feqo:S;. At the
end of each experiment pyrrhotite had
inverted to the hexagonal form with a
composition near Fe,S,,, in good agree-
ment with the data of Toulmin and
Barton (2). No changes were detected
in the x-ray traces of the pyrite, mag-
netite, and hematite which were used
as starting materials.
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