PATTERNS OF X-RAY LINE EMISSION VARIABILITY AS OBSERVED BY THE RESIK
BRAGG SPECTROMETER

J. Sylwester, B. Sylwester', J.L. Culhane?, G.A. Doschek?®, V.N. Oraevsky*, and K.J.H. Phillips®

'Space Research Center, Polish Academy of Sciences, Wroclaw, Poland
2Mullard Space Science Laboratory, University College London, Dorking, Surrey, UK
3U.S. Naval Research Laboratory, Washington DC, USA
4Institute of Terrestrial Magnetism and Radiowave Propagation, Troitsk, Russia
SNRC Senior Research Associate, NASA Goddard Space Flight Center, Greenbelt, MD, USA

ABSTRACT

RESIK is a unique Bragg bent crystal spectrome-
ter operating continuously since August 2001. By
now, it has collected ~ 10 GB of solar flare and ac-
tive region spectra in a very much unexplored spec-
tral region between 3.2 A and 6.1 A. In this paper
we present a number of representative observations
covering periods of various solar activity: from the
most active level (M+ flares) to exceptionally quiet
corona. We present also a tentative list of the spec-
tral features observed. In the wavelength range ob-
served by RESIK there are a number of strong emis-
sion lines corresponding to H- and He-like resonance
transitions of Si, S, Ar and K ions. These lines are
formed by thermal plasma of temperature between 5
and 50 MK, and therefore their analysis reveal the
distribution of hot plasma over this interval. RE-
SIK sees lines from a number of different elements,
so it is possible to do abundance analyses. The ele-
ments concerned have a wide range of first ionisation
potentials (FIPs) so it has been possible to exam-
ine the dependence of coronal or flare abundances
on FIP. We have observed substantial variations of
the K/Ar line ratio, and respective line/continuum
ratios, which can be best explained by allowing for
changes in the chemical composition of the coronal
plasma.
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1. INTRODUCTION

The observations reported here were made with the
RESIK (REntgenowsky Spektrometr s Izognutymi
Kristalami) instrument on the Russian Coronas-F
mission, launched on 2001 July 31. Detailes of in-
strument description are given by Sylwester and Ko-
rdylewski (2002) and J. Sylwester et al. (2003, in

preparation). The instrument consists of two uncol-
limated crystal spectrometers, each having a double
position sensitive proportional counter that detects
solar X-rays Bragg diffracted by two crystals. Each
crystal is slightly bent convex so that the Bragg con-
dition nA = 2dsin(f) (where 6 is the Bragg angle, n
is the diffraction order, and d is the crystal lattice
spacing) varies across the crystal face. A spectrum
from each of the four wavelength ranges is measured
over a data-gathering time interval between 2 s and
300 s depending on the level of the solar X- ray flux.
The most prominent lines seen by RESIK represent
resonance transitions in H- and He-like ions. For de-
tails see Table 1.

RESIK is one of several instruments aboard the
CORONAS-F mission managed by IZMIRAN In-
stitute in Russia. The spacecraft orbit is circular
(500 km), polar, and Sun-synchronous. Data from
the spacecraft are down-loaded to Neustrelitz (Ger-
many). The commanding and uploads are done from
the tracking station at the Troitsk (Moscow Region)
EOF. The spacecraft is pointed to within 10 arcmin
of Sun centre, with a roll stability of 3 arcsec/s. RE-
SIK is co-aligned with the spacecraft Sun-pointing
axis. As it has no collimator, flares occurring any-
where on the Sun will give rise to line emission in the
detectors. The dispersion axis of the RESIK crystals
varies according to the roll angle for any occasion.
Possible confusion results in the observed spectra if
there are two or more flares or bright active regions
on the Sun. Roll angle information is provided to the
Space Research Center in Wroclaw by the SPIRIT
Team from Lebedev Physical Institute, Moscow.

For exceptionally large flares (X1 and above), the
RESIK detectors are saturated for short periods near
flare maxima. However, for the most part spectra are
successfully observed for all phases of flares, active
regions and non flaring corona, usually referred to
as “quiet”. In the rest of this contribution, we will
show example spectra obtained at various levels of
solar activity and present a tentative list of spectral
lines yet identified. The spectra shown are corrected



for orbital background and “notches”, features which
result from the detector readout and which strongly
influence the appearance of observed spectra.

We hope that the results shown below will attract the
attention of the solar and atomic physics community
which will result in future collaborations. RESIK
data are in the public domain, available for download
from http://surfuww.mssl.ucl.ac.uk/surf/data
_-request.html.

2. DATA SELECTION AND REDUCTION

Most of the RESIK data collected are available to
inspect from the Catalogue pages in our web site
(http://www.cbk.pan.wroc.pl/resik _catalogue
.htm ). In order to show examples of spectra
collected by RESIK at various levels of solar activity
we inspected more than 1000 pages in the catalogue
identifying the periods where the spectral observa-
tions were of particularly good quality. These were
periods where the orbital background has been low,
at the level of overall background due to particle
contamination. In case of RESIK detectors this
background level amounts to 0.01-0.02 cts/bin/sec.
However for periods of very low solar activity,
when no flares are in progress, the solar signal is
comparable to the particle background. Therefore
all presented spectra have been corrected for the
particle background using appropriate information
collected from so-called dead bins in the detector.

Another instrumental effect encountered in RESIK is
the so-called notch. The position of a photon in the
detector is calculated from the signals measured on
the two wedges of the wedge-and- wedge cathode. In
the electronics this calculation is done using a look-
up table held in ROM. Because of the quantized na-
ture of this digital technique, spikes and dips are seen
in what should be a flat field. No photons are lost,
they are merely displaced into adjacent bins. The to-
tal spectral intensity over small ranges is not affected,
but the shape of the spectrum may be substantially
influenced. An illustration is shown in Figures 1 and
2. Channel #1 and #2 spectra are shown as the
notch effect is largest for them. Notch corrections
are dependent on the setting of the detectors at the
time of observation. Over the period since launch,
many different settings have been used to minimize
the amount of silicon fluorescence radiation which is
produced by illumination of the crystals by solar X-
rays. Optimal settings of the detector high voltages
and amplitude discrimination were finally achieved
in late 2002. We will only show spectra from this
period in this presentation.

In designing RESIK, we had to trade instrument
sensitivity with wavelength coverage. As we were
more concerned to cover a large wavelength range,
we compromised somewhat on sensitivity, although
RESIK is still much more sensitive than, e.g., the
scanning flat crystal spectrometers which covered the
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Figure 1. Example of the 21 January 2003 rise phase
spectrum corrected for the background only. The
spectra are affected by “notches” resulting from de-
tector readout and are occuring approximately every
64" bin.
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Figure 2. The same spectrum as in Figure 1 with
the notch instrumental effects removed. Modelling of
the optimum notch correction is complicated as the
effect is non-linear. In the example shown the first
complete model of the notch correction has been used,
so some uncorrected residuals are still present. Work
on this is in progress.

same wavelength range on SMM. The slightly re-
duced sensitivity meant that a fixed data gathering
interval (DGI) of a few seconds would have resulted
in only a few hundred counts in over one thousand
spectral bins. We therefore arranged for the DGI
to be dynamically determined by the onboard com-
puter (COMP) according to the level of solar X-ray
emission in order to maintain count statistics. Thus,
the DGI decreased from 5 minutes during the rise
of large (X- class) flares, to only 1 s at flare max-
imum. For the purposes of line identification, we
decided to build-up a composite normalized spec-
trum containing records from the entire duration of
the rise phase of typical flare. In order to obtain
spectra with approximately equal statistical signifi-
cance, we formed a composite spectrum comprising
data obtained over the entire rise of typical flare.
We removed background, corrected for notch and
normalised spectra to maximum line intensity, be-
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Figure 8. Ezample RESIK spectrum in the wavelength range between 3.5 A and 6.15 A. The spectrum has
been collected during ~ 20 min over the rise phase of M1.9 (S07 E90) limb flare. In order to present all the
lines having different relative intensities (as the flare builds-up), we decided to normalise each collected spectrum,
to its maximum before averaging. This means that each spectrum coming into the sum shown has equal weight
independent of momentary intensity. The key numbers placed above each significant spectral feature correspond

to respective entries in Table 1. We have not designated with key numbers these spectral features which are

believed to be of instrumental origin.

fore adding to the composite. In this way, all lines
making their most significant contributions at vari-
ous moments during the rise can be more easily seen.
However, this means that line intensities cannot be
compared quantitatively. Since RESIK is pointed
towards the centre of the solar disk, and its disper-
sion axis can assume any direction relative to solar
coordinate system, the wavelength coverage of the
recorded spectra depend on the flare’s heliographic
coordinates. For purposes of the line identification,
we have selected the (East) limb flare of M1.9 class
(start: 14:59 UT, max: 15:26 UT, end: 15:52 UT).
This was one of only a few flares with spectra down
to very small wavelengths, so rather unusually we
recorded, e.g. the Ar XviI 3.367 A line. The com-
posite spectrum, made up of 120 individual records
and normalized to maximum intensity, is shown in
Figure 3. A label is shown above each spectral fea-
ture we believe to be of solar (not instrumental) ori-
gin which is identified by ion and transition in Ta-
ble 1. The identifications were made having in mind
the expected composition of the flare plasma and the
expected temperature (between 5 and 25 MK). For
some features like Ar XvII and S XV triplets, and a

number of strong 152 — 1s(np) transitions the identi-
fication was obvious. Using theoretical wavelengths
of these lines which can definitely be identified and
are strong resonance lines, we determined the “ob-
served” wavelengths of other lines by linear interpo-
lation. This is justified as a first approximation, as
the dispersion of RESIK is quite linear in the central
part of each channel. We have extensive laboratory
calibration data but they still await detailed analy-
sis. Some 34 line features are identified in Table 1.
Many of the lines have never been seen in solar flare
(or any other non-terrestrial source) before.

Since the exact position of spectral lines depends on
solar location, the S xv line (2j, 3a) sometimes ap-
pears in channel #2 (2j), at other times in channel
#3 (3a). Normally, the optical axis of RESIK lies
within 5 arcmin of Sun center, and the dispersion di-
rection varies with a timescale of months according
to the spacecraft orientation.

Several large flares observed in the first 18 months
of RESIK operation have detectable K xviir and
Ar XVIII line emission above the flare continuum, the



Table 1. Spectral features seen by RESIK.

Key A [A] Ton Transition
Ch. #1
1a 3.367  Arxvi  1s?'Sy — 1s3p PPy
1b 3.422 ?
1c 3.532* K xVIII 152189 — 1s2p 1Py
1d 3.548 K xvin  1s'Sy — 1s2p®P1 -
le 3.571 K xviiI 152180 — 152538,
1f 3.689 S xviI(?) 1328% - 5p2P%’%
1g 3.733*  Ar xvil 1528% — QpQP%é
1h 3.798 S xvI(?) 1528% — 4p2P%’%
Ch. #2
2a 3.805 S xvi(?) 1528% - 4p2P%’%
2b 3.919 ?
2c 3.949*  Ar xvII 152189 — 1s2p Py
2d 3.967  Arxvi  1s2!Sp — 1s2p°3P12
2e 3.994  Arxvi 15218 — 152538,
of 4.055 ?

2g 4.088" S xv
2h 4.186 Cl xviI
2 4.197 ? ?

2j 4.299* S xv 152189 — 1s3p Py

15218y — 1sdp ' Py
1828% - 2p2P§

1
2°'2

Ch. #3
3a 4.299* S xv 152189 — 1s3p Py
3b 4.376 ?

3c 4.444 Cl xv1
3d 4.466 Cl xv1
3e 4.496 Cl xv1

18218 — 1s2p P,
182 180 — 182p3P1,2
15218y — 152539,

3f 4.578 ?
Sg 4.729" S XVvI 1828% — QpQP%’%
3h 4.775 ?

3i 4.855 Si x1v 1s QS% —5p2Py

PR

N|=

Ch. #4
4a 4.968 Si x1v
4b 5.039" S xv
4c 5.102 S xv
4d 5.194 Si x1v
4e 5.253 Si X111
4f 5.384 Si X111
4g 5.681" Si X111
4h 5.919 Si xir d

ISQSl 74p2P§ 1
2 22
15218y — 1s2p ' Py
15218y — 152539,
1528, 73p2P§ 1
2 272
15218, — 1s5p Py
15218, — 1s4p p,
15218, — 1s3p p,
1522;021:’%—
—1s2p (SP)SpQD%

* _ resonance lines

first time these solar lines have been seen (Sylwester
et. al., 2002; Phillips et. al., 2003). There is in fact
only one other X-ray potassium line observation for
the solar corona (Doschek, Feldman, & Seely 1985).

Note that the line identifications presented here are
still tentative and await further analysis which is con-
tinuing at present.

3. SPECTRAL VARIABILITY

Having identified the principal lines in RESIK spec-
tra, we are now interested in the patterns of variabil-
ity seen on the spectra. For this purpose, we inte-
grated the observed spectra during different phases
of the flare on 21 January 2003, from the rise phase
to late decay. The integration has been made for
7clean environment” period of the measurements
when CORONAS-F satellite was far from polar re-
gions and outside SAA. In Figures 4, 5 and 6 we
present observed spectral patterns typical for the
rise, early and late decay of flares. Qualitatively,
it is seen that during the rise phase, the intensity
of components of the Lyman line series is substan-
tial. This indicates that the emitting plasma must
be really hot, as the excitation of these lines requires
substantial number of high-energy electrons from the
tail of the thermal distribution (or non-thermal com-
ponent). Towards the decay, these Lyman lines dis-
appear except the Si x1v Ly (key: 4d), which is ob-
served all over the flare. As concerns the prominent
Ar xvi1 He-like triplet (3c, 3d, 3e), it is nearly always
present. However, the intensity of the feature (3e)
becomes dominant during the decay. This is con-
trary to theoretical expectation, but the behaviour
can be readily understood in terms of the many di-
electronic satellites present as well as the 1s — 3p line
of S xv1. Except for the forbidden line z, the other
lines in this blend form at lower temperatures and
become important as the flare plasma cools during
decay phase. For periods when no individual flares
are distinguishable (i.e. active regions and “quiet
corona” contribute to the observed spectra at most),
the “cool lines” formed in lower atomic number ions
dominate the spectrum. Among the brightest seen
in Figure 7 (non-flaring spectrum) are the lines from
152 — 1s(np) line series in Si X111. These lines were
hardly important during the rise phase. It is worth
to note, that the intensity of the satellite line (4h) be-
comes equal to the parent resonance transition (4g)
as observed in Figure 8 (quiet Sun spectrum). It is
expected that the intensity ratio (4g)/(4h) will be
a very sensitive plasma thermometer as it changes
from 10 to 1 from the rise towards the flare decay
phase.

4. THIRD ORDER REFLECTION SPECTRA

RESIK is the first bent crystal spectrometer offering
possibility to see spectra reflected in higher orders.
We exercised this possibility during the second year
of instrument operation, by switching appropriately
the detectors’ high voltage levels and discriminator
settings in the electronics. The most suitable were
the settings corresponding to third order reflections,
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Figure 4. Integrated (NOT-normalized) spectrum

corresponding to that presented in Figure 3. The
GOES level (during integration between 15:01 UT
and 15:19 UT) was ~M2. Note the slope of the con-
tinuum here and in the following Figures.
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Figure 5. The same flare (21 January 2003). The
spectrum has been integrated during the decay phase
(16:16 UT - 16:38 UT). Corresponding GOES level
was C4.
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Figure 6. The same flare (21 January 2003). The
spectrum has been integrated towards the end of this
event (17:48 UT - 18:15 UT). Corresponding GOES
level was BS.
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Figure 7. FEzxzample of the RESIK spectrum repre-
sentative for active, but non-flaring Sun. The X-ray
activity was at the B7 GOES level. The spectrum has
been integrated over time interval from 19:26 UT to
19:46 UT on 21 January 2003.
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Figure 8. FEzample of the RESIK spectrum col-

lected over particularly quiet activity period (between
15:50 UT and 17:40 UT on 24 February 2003). Dur-
ing this interval GOES records show no flaring ac-
tivity and the overall level of X-ray emission is the
lowest (B1 - B2) since the beginning of 2003.

as for the silicon crystals the second reflection order
is forbidden. In the 3¢ order reflection, the spectral
range covered by RESIK is exactly three times less
than in first reflection order allowing to see the por-
tion of the spectrum where highly abundant Fe xxXv,
XXVI line groups are known to be present during
flares. The effective area of RESIK is however an
order of magnitude lower for the third order reflec-
tion as compared to the first order measurements and
therefore the substantial signal is expected to be ob-
served only close to the maximum phase of stronger
flares (M-class). We see (Figure 9 and 10) spectral
features in Channel #4, roughly corresponding in
wavelengths and appearance to the Fe xxv He-like
line complex seen before by Yohkoh (Culhane et al.,
1992) with many satellite lines blended together with
transitions from lower Fe ionisation stages.
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Figure 9. Example of the RESIK spectrum seen in
third order reflection during maximum phase of M1.2
flare on 26 April 20038. Note, that in channels #1
and #2 only a week signal coming from high energy
(E~ 8 — 10 keV) continuum is seen. In channel
#8 some line features are visible on top of the con-
tinuum, while in channel #4, a clear spectrum of
the Fe XXV He-like ion line complezr is undoubtedly
present.
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Figure 10. Enlargement (of Figure 9) showing the
channel #3 and channel #/ spectra seen by RESIK
in third order reflection. We are working at present
on the identification of individual line groups seen. It
is possible, that the spectral features seen in Channel
#38 contain contribution not only from transitions in
iron, but also from highly ionised nickel.

5. SUMMARY

The RESIK instrument has been extremely success-
ful in obtaining unique solar flare X-ray spectra. Sev-
eral hundred thousand spectra have been collected
in the soft X-ray wavelength range. This range has
never been systematically investigated before. Tens
of yet unseen solar spectral emission lines have been
observed and tentatively identified. Among them
many belong to the Lyman series of hydrogenic Si, S,
and Ar ions. The relative line intensities are seen to
vary on the spectra, sometimes by a factor of several

26 Apr 2003 03:06:41 UT

times, as the flare evolve. In the longest wavelength
spectral channel (between 5 A and 6 A) emission
lines are always observed, even during periods of low
overall solar activity. The pattern of spectral vari-
ability presented here indicates that the main sci-
entific goal of the experiment: ”Determination of
coronal plasma composition” is quite within reach.
However, this will necessitate further work on the
absolute calibration of the spectrometer.

We strongly encourage interested people to work
with RESIK data, as the Wroctaw experiment team
is presently overwhelmed with the calibration and
software development work.
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