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2.2.2.Project «CORONAS-F» 

The international CORONAS Program (Complex orbital near-Earth observations of solar activity), which incorporates the orbital solar observatory CORONAS-F, is aimed at investigating the Sun in different phases of the 11-year cycle. The previous mission CORONAS-I (launched in 1994) observed the Sun near the epoch of minimum activity. CORONAS-F will provide observations of solar activity in the vicinity of the maximum of the current cycle 23. On July 31, 2001, the satellite was launched into orbit with the following parameters: inclination 82,49°, minimum distance to the Earth 500,9 km, maximum distance to the Earth 548,5 km, and period 94, 859 min. Such an orbit ensures repeated 20-day periods of continuous observations of the Sun, which are particularly important for helioseismologic studies and monitoring of solar flares. The actual stabilization of the spacecraft orientation proved to be 3-5 times better than the scheduled value of a few arc. sec. per second. It will significantly improve the spatial resolution of solar observations. 

The main scientific objectives of the mission are as follows: observation of global oscillations of the Sun and study of its seismology and interior structure; a complex study of powerful dynamic phenomena of solar activity, such as active regions, flares, and mass ejections, in a broad wavelength range from optical to gamma-radiation; solar cosmic rays accelerated in active solar events, their outflow, propagation in the interplanetary magnetic field, and impact on the Earth's magnetosphere.  

Scientific payload 

In accordance with the tasks listed above, the scientific payload of the mission comprises four main groups of instruments: a device for detecting global oscillations of the Sun, X-ray imaging devices for spectral observations of active regions with a spatial resolution of the order of 2-3 arc.sec., devices for measuring electromagnetic fluxes from active regions and flares, and devices for measuring solar corpuscular fluxes. Measurements of electromagnetic emissions in a broad range and solar particles, both neutral (neutrons) and charged ones (electrons, protons, and nuclei), will provide a full pattern of the physical processes in solar active regions. The onboard instruments and their functions are listed in Table 1. 

Table 1. CORONAS-F onboard instruments
	Instrument
	Destination
	Designing organization
	Scientific leaders of the project

	Helioseismology

	Spectrophotometer DIFOS
	Helioseismological monitoring
	IZMIRAN
	V.N.Oraevsky

	Monochromatic imaging with a high angular resolution

	Solar X-ray telescope CRT-K
	Study of the spatial structure and dynamics of the upper solar atmosphere from narrow-band XUV-images
	LPI
	I.I.Sobelman

I.A.Zhitnik

	X-ray spectroheliograph

RES-K
	Hot plasma diagnostics in the solar atmosphere from X-ray and XUV images
	LPI
	I.I.Sobelman

I.A.Zhitnik

	Spectrophotometer DIOGENESS
	Observations of X-ray emission from the solar active regions and flares
	SRC PAS*


	J.Sylwester

	Electromagnetic fluxes and polarization measurements (from UV to (-)

	X-ray spectrometer RESIK
	Solar X-ray observations with a high spectral resolution
	SRC PAS*


	J.Sylwester



	Solar  spectropolarimeter SPR-N
	Polarization studies of the solar flare X-ray emission
	LPI

INP MSU
	I.I.Sobelman

I.P.Tindo

S.I.Svertilov

	Flare spectrometer IRIS
	Observations of solar flare activity in the X-ray spectrum range
	PTI
	G.E.Kocharov

	Gamma spectrometer HELIKON
	Observations of solar flare activity in the X-ray and gamma ranges
	PTI
	E.P.Mazets

	X-ray spectrometer RPS
	Study of X-ray emission from solar flares and their precursors
	IKI RAN

MEPhI
	V.M.Pankov

Yu.D.Kotov

	Time-amplitude spectrometer AVS
	Study of the flare-generated X-ray and gamma-radiation
	MEPhI
	Yu.D.Kotov

	Solar UV radiometer SUFR-Sp-K
	Study of variations in the integral solar UV flux
	IAG
	T.V.Kazachevskaya

	Solar UV spectrophotometer VUSS-L
	Measurements of solar UV emission in the vicinity of the hydrogen resonance line Н((.
	IAG
	A.A.Nusinov

	Study of solar corpuscular fluxes

	SCR complex
	Study of solar cosmic rays
	INP MSU
	S.N.Kuznetsov

	Data 

	SSNI
	Data build-up system
	IZMIRAN
	A.I.Stepanov


*SRC PAS - Space Research Center, Poland Academy of Sciences.
First observational results

Spectrophotometer DIFOS

The spectrophotometer DIFOS is used to measure intensity fluctuations of the solar white-light emission and provide the inherent oscillation spectrum. The intensities are measured simultaneously in six optical spectral ranges (350, 500, 650, 850, 1100, and 1500 nm) with a bandwidth of 10% of the central frequency. The photometer has been up-graded significantly compared to the version used in the CORONAS-I mission. The sensitivity of the photodetectors was increased by more than an order of magnitude, the spectral range was doubled, and the number of the spectral channels was increased from 3 to 6. The global oscillations of the Sun are observed in a broad spectral range, including the most informative UV line, in which their emission intensity is much higher than in other lines. In Fig. 1 below, the DIFOS channels are compared with the SOHO instruments .
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Fig. 1. Comparison of the DIFOS channels (CORONAS-F) with the SOHO instruments (MDI – Michelson Doppler Imaging of solar oscillations, GOLF – Global low-degree velocity, LOI – Luminosity Oscillation Imager, and SPM - SunPhotoMeter).

Figure 2 illustrates relative amplitudes of 5-min oscillation modes at the wavelength of 350 nm for November 29- December 04, 2001, obtained as a result of processing DIFOS data.

Similar results were obtained for the other channels. By averaging over the modes, we have obtained the mean values of the relative amplitudes for each of the 6 channels and plotted them as a function of the wavelength (Fig. 3). All points fall on the smooth line, which is approximated by the expression (
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. A similar result was obtained for another observation interval of November 30 - December 3, 2001 (the second curve in the figure plotted with squares). Comparison of the DIFOS data with ground-based observations at similar wavelengths [4] reveals a good agreement. The amplitude ratio of the global oscillations at 500 nm and 680 nm obtained from ground-based measurements is 1.6, and the DIFOS measurements give the ratio equal to 1.54. For another pair of wavelengths (500 nm and 870 nm), the amplitude ratio is 2.2 as obtained from ground-based measurements and 1.93 as given by DIFOS data.

Full-Sun X-ray imaging in the wavelength range of 1.85÷335Å

(SPIRIT experiment)

The SPIRIT scientific complex comprises a multi-channel telescope SRT-K and a spectroheliograph RES-K. The main task of the experiment is to provide simultaneous spectral X-ray images of the solar disk and corona, corresponding to monotemperature layers of the solar plasma in a broad temperature range Т
[image: image2.wmf]e

 = 0.05÷50 МК (1 МК = 106К), with a high spatial, spectral, and time resolution. Such observations will form a basis for studying 3D structure and dynamics of the solar atmosphere and determining the physical parameters and elementary composition of the plasma features, such as active regions, coronal holes, solar flares, coronal mass ejections, bright points, prominences, etc. 

The SRT-K and RES-K instruments use multi-layer focusing optics, systems of thin-film and porous spectral filters, and receivers based on open microchannel plates and cooled CCDs. An important advantage of the complex is the opportunity to obtain simultaneous full-Sun images in several spectral channels. The main characteristics of the measuring channels are given in Table 2. The narrow-band channels centered at the wavelengths of 171, 175, 195, 284, and 304Å belong to SRT-K and the others, to the spectroheliograph RES-K. The MgXII channel provides monochromatic images in the 8.42Å line with the angular resolution of 6”x6”. The spectroheliograms in the wavelength ranges of 177–207 Å and 285–335Å give simultaneous spectra of plasma structures in the solar atmosphere with the spatial, spectral, and time resolution of 5”x100” and 8”x160”, 0.02 and 0.04 Å, and up to 2 s, respectively.
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Fig.2. Relative amplitudes of the solar 5-min oscillation modes at 650 nm (DIFOS data)
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Fig.3. Relative amplitudes of inner oscillations of the Sun as a function of wavelength

Table 2. Spectral bands of the SPIRIT instrument and excitation temperatures of ions in solar plasma.

	Spectral band
	Basic ions
	T, 106 K

	1.85 - 1.87 Å
	FeXXIV – FeXXV
	20 – 50

	8.418 - 8.423 Å
	MgXII
	10

	177 – 207 Å
	OIV,  FeIX-XXIV,  CaXIV-CaXVII
	0.3 – 16

	285 – 335 Å


	HeII,   SiXI,   FeXV-FeXVI, MgVIII,  NiXVII,   CaXVII
	0.05 – 5



	171(3 Å
	FeIX – FeX
	1.3

	175(5 Å
	FeX – FeXI
	1.3

	195(6 Å
	FeXII
	1.6

	284(8 Å
	FeXV
	2

	304(8 Å
	HeII, SiXI
	0.05, 1.6


For the first 9 months, more than 80 thousand X-ray images and spectroheliograms in the range of 8.4 – 335Å were recorded with a high spectral, spatial, and time resolution. Over 200 images of the Sun are obtained daily. Figure 4a and 4b illustrates solar images obtained in the X-ray telescope channels corresponding to the temperature layers in the range of 0.05–2 МК (see Table 2). In the images, one can see local and large-scale plasma features, various magnetic field structures, and a flare region. Figure 5 represents a monochromatic image of a part of the solar corona heated up to 10 MK, as obtained in the Mg XII 8.42Å line. This image is matched with an image taken in the 175Å channel, which corresponds to the temperature of 1.3 МК (spherical structure in the right-hand upper corner). High-temperature (10 МК) dynamic plasma features with different lifetimes (from minutes to tens of hours), shapes (от минут до десятков часов), разной формы (helmet-shaped, spherical, spider-like, etc.), and height distributions (up to hundreds of thousand km above the solar disk) have been first revealed in monochromatic X-ray images.

Figure 6 represents a solar spectroheliogram obtained on 16.09.01 (03.59 UT), along with the flare spectrum in the range of 177-207Å. The latter includes the main intensive lines of the Fe X–XXIV ions, excited in a broad temperature range from 1 to 16 МК, a number of lines of some other elements (O, Ca, and Ni), corresponding to 0.3–5 МК. The flare region is seen as a compact feature in the spectroheliogram in the "hot" line of Fe XXIV 192.04Å with a maximum luminosity at 16 МК.

Preliminary analysis of the images obtained in the emission lines of multi-charge ions provided the electron density and temperature distributions in various plasma features in the solar corona: active regions, flares, coronal holes, etc. in the ranges  Ne ≈ 108 - 1012 cm-3 and Tе ≈ 1( 20 MK.. 
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Fig.4a. A pair of simultaneous solar images in 175 and 304A obtained by the SPIRIT Herschel telescope on 03/01-2002 at 02:54 UT
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Fig.5. Monochromatic Mg XII 8.42 A images of a coronal region heated up to 10 MK (SPIRIT experiment)
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Fig.6 A solar spectroheliogram of 16.09.01 (03.59 UT) along with the flare spectrum at 177-207A. The main intensive lines of Fe X – XXIV ions excited in a broad temperature range from 1 to 16 MK are also shown, as well as the lines of some other ions (O, Ca, and Ni) corresponding to the temperatures of 0.3 – 5 MK (SPIRIT experiment).

Thus, the SPIRIT experiment has initiated a new lead the solar astrophysics -the imaging X-ray spectroscopy, which allows us to study 3D structure and dynamics of plasma features in the solar atmosphere in the temperature range Те ≈ 0.05 ( 50 MK using monochromatic images of the Sun.

The first results of the SPIRIT experiment may be summarized as follows:

For the first 9 months of  the CORONAS-F satellite flight  the SPIRIT instrument on board registered more than 80 thousands of solar XUV images and spectra in 10 spectral channels. 

For the first time monochromatic full Sun images in MgXII resonance line 8,42 A were obtained. High temperature structures (3-20 MK) associated with active regions were firstly observed at the solar disk and above (up to 0,3 Rsun) the limb.

For the first time full Sun images in spectral bands   8,42 A (MgXII), 175 A (FeIX-XI) and 304 A (HeII)   were registered simultaneously, which is important to study of spatial structure and dynamics of solar corona.

Time series of solar XUV images in several bands of the 8,42 – 304 A spectral range were recorded by the SPIRIT telescopes and spectroheliographs in time scales from seconds to months.

Full Sun spectral images  in more than 200 monochromatic lines of different ions with excitation temperatures from 0,05 to 16 MK were observed by the SPIRIT XUV spectroheliographs in the XUV spectral bands 177-207 and 285-335 A. These spectra enable to realize temperature and density diagnostics of different solar structures – from flares to coronal holes.

Spectrophotometer DIOGENNES and X-ray spectrometer RESIK

The RESIK and DIOGENNES instruments measure the solar radiation spectra in the wavelength range of 3-7 Å and are intended for the study of X-ray emission from active regions and flares with a high spectral resolution. The X-ray spectra obtained are comparable by their spectral and time resolution with the world's best-known measurements. Owing to the polar orbit of CORONAS-F and the full coverage of a broad spectral range, these spectra are complementary of those obtained on Yohkoh. When X-ray flux is very large, the detectors of RESIK and the Yohkoh spectrometers get saturated. Therefore, DIOGENNES is now the only operating spectrometer in the world, which is able to provide spectra of major flares of importance above M2 (e.g., the X5.3 flare of August 25, 2001).
Figure 7 illustrates the spectra in СаXIX measured with high spatial resolution ((5() in the growth, intermediate, and decay phases of the most intensive flare in the current solar cycle (August 25, 2001). The temperature of the emitting plasma decreases from 2,5·MК in the growth phase to 1,2·MК in the decay phase. One can readily see the changing widths of the spectral lines, which indicate the role of the plasma turbulence in flare evolution. The line emission relative intensities provide information on the flare energy balance and the role of non-Maxwellian and nonequilibrium processes in the flare energy release region. It is the first time that the spectra with so high spatial resolution have been obtained in the given spectral range (3-7 Å) for an X-class flare. They reveal numerous emission lines formed due to the collisional excitation of atoms, excitation of the inner atomic shells, and dielectron recombination and allow a detailed diagnostics of the flare-generated plasma. 
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Fig.7. CAXIX spectra obtained with a high spatial resolution (~5”) in the growth, intermediate, and decay phases of the current cycle most powerful flare (August 25,2001 DIOGENNES spectrophotometer data)
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Flare spectrometer IRIS

The instrument is designed for the study of X-ray flare activity in the Sun in the spectral range of 2-200 keV. In the patrol operation mode, it has 12 energy channels ensuring the time resolution of 2.5 s. In the burst-registration mode, there are 64 energy channels ensuring 1 s time resolution and 4 channels ensuring 10 ms resolution. Spectral measurements with such a high time resolution have never been obtained before in the solar X-ray studies. Observations of the temporal fine structure of hard X-ray fluxes will provide direct information on the evolution of energy release processes in the flare explosive phase and allow a deeper insight in their physical mechanisms. Figure 8 represents an intensity time profile of X-ray emissions recorded by the IRIS device on 13.03.2002. That flare was the most intensive of all recorded flares. Its soft X-ray intensity maximum was observed at 22:08:33 UT.

Gamma spectrometer HELIKON

The instrument measures the temporal and spectral parameters of the flare-generated hard electromagnetic emission in a broad energy range from X-rays to gamma radiation (10 keV – 10 MeV). It enables the monitoring of radiation conditions in the near-Earth space environment and soft solar flares, detection and recording of hard (Е(> 50 keV) flares and gamma bursts. Over 600 solar flares and 5 gamma bursts were recorded during the interval from August 15 to January 22, 2002. Most of the flares had soft spectra and were recorded in the background operation mode with 1 s time resolution in eight adjacent energy ranges from 26 to 380 keV. One of the major solar flares was recorded in the explosive phase on December 24 at T0=0 h 31 m 41.895 s UT. Figures 9-11 demonstrate the dynamics of that flare in eight energy channels and the sequence of the energy obtained in different phases of the event. The time of the beginning and the length of each spectrum record are given in the figures.

X-ray spectrometer RPS-1

The device is intended for the study of solar flares and their precursors in the X-ray range of 3-30 keV. During the observations, the calibration parameters of the instrument were refined, the maps of background conditions were constructed, and a statistical base of experimental data was built up. 

Time-amplitude spectrometer AVS

The device is designed to measure the flare-generated gamma- and X-rays, in particular, for the analysis of the events of the solar flare-gamma burst type in the following energy ranges: Е = 3-30 keV, Е = 0.1-8.0 MeV, Е = 2.0-80.0 MeV. Several tens of the events potentially belonging to the above-mentioned type were recorded during the observations. Their energy spectra were obtained in different phases (before, during, and after the events). The duration of the candidate events ranges from 16 seconds to 3-5 minutes. Figure 12 illustrates the differential energy spectrum of the 18.09.2001 event reconstructed from measurements. One can readily see a bend in the spectrum at 300 keV and a probable spectral feature that can be associated with the annihilation line at 511 keV.

Solar UV radiometer SUFR-Sp-K

The SUFR-Sp-K device measures UV fluxes from the Sun as a star in several spectral ranges from 1 to 130 nm. It operates in a broader spectrum range than the corresponding SOHO instrument. Besides the scientific tasks, the instrument performs monitoring of the essential element of the space weather - geoeffective solar radiation. The device provided X-ray data ((<12 nm) on the major flare of importance Х-5.3B observed on August 25, 2001, at 16:23 UT.
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Fig.9. Emission time profile for the major flare of December 24,2001

(T0=0h31m41.895s UT) as recorded in the explosive phase in eight energy channels (HELIKON gamma-spectrometer data)
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Solar UV spectrophotometer VUSS-L

The VUSS-L device is designed to measure the solar UV radiation in the vicinity of the hydrogen resonance line Н((. The measurements are made in the band of about 120 nm. A large volume of data was obtained on the solar UV flux and intensity in the Lyman-alpha line, which was preliminarily estimated to be about 10 erg/cm2 s. The time record of the solar UV flux measured with VUSS-L is shown in Fig. 13.

The UV radiation of the Sun as a star recorded by the SUFR-Cn-K and VUSS-L instruments affects the Earth's upper atmosphere and is an important characteristic of solar activity over the time scale of a solar cycle. 


Solar cosmic ray complex


The complex of instruments for SCR studies comprises a gamma-ray and neutron spectrometer SONG, Cosmic ray monitor MKL, and X-ray spectrometer SKI-3. The complex is intended for combined investigations of solar cosmic rays and their manifestations in the Earth's space environment. The SONG device provides records of X- and gamma-ray spectra in the range of 0.03-100 MeV, detailed spectra of gamma lines in the range of 0.3-20 MeV, >20 MeV neutrons, and charged SCR particles - >70 MeV protons and >50 MeV electrons. The MKL device is used to measure the fluxes and spectra of the 1-200 MeV protons and 0.5-12 MeV electrons. The CKI-3 device determines the chemical composition and ion spectra within Z=1-10 for He in the energy range of 1.5-20 MeV/nucleon and Ne in the energy range of 4-40 MeV/nucleon. As distinct from the SOHO and Yohkoh instruments, the SONG spectrometer is able to measure the high-energy (up to 100 MeV) gamma quanta, including those, which result from the decay of (-0 mesons produced in high-energy proton interactions. As shown by the CORONAS-F onboard measurements of solar neutrons, the SONG spectrometer has a background at least 5-7 times as low as the SMM GRS device - the only one recording solar neutrons in the same energy range. 

The flare observed on 04.11.2001 at 16:20 UT gave rise to one of the most powerful increases of high-energy solar particles in the Earth's environment. Figure 14 illustrates the data from the SPR-N patrol detector obtained at the time when the satellite was crossing the polar cap. The X-ray flux in regions 1 and 5 corresponds to electron bremsstrahlung in the radiation outer belt; in region 2, a burst of magnetospheric electrons (MKL data) was detected; and enhancements 3 and 4 are real X-ray enhancements. Comparison with the GOES data has shown that, in spite of a continuous increase of the X-ray thermal emission from 16:03 till 16:20 UT, the bremsstrahlung revealed at least two pulses of particle acceleration on the Sun.

The flare produced high-energy particles, and geomagnetic disturbances started at 20:00 on November 5 as a result of the arrival of coronal plasma ejected in the November 4 flare. The lower panel in Figure 15 shows radiation from the solar flare of November 4, 16:20 UT as recorded by GOES 8 and the Dst-variation. One can see that geomagnetic disturbance due to the arrival of a coronal mass ejection CME started at 20:00 UT on November 5. Since the mean CME velocity is ~1700 km/s, there must be a powerful shock wave in front of the CME. This conclusion was corroborated by ACE, WIND, and GEOTAIL observations. The shock wave may be a powerful source of energetic particles. The measured protons and ions with the energies of 1 - 100 MeV/nucleon increased from the flare onset till the CME arrival at the Earth. In the process, the electrons were effectively accelerated by the shock wave. The middle panel in Fig. 15 represents the time dependence of the 0.3-12 MeV electron fluxes measured simultaneously by other satellites outside the Earth's magnetosphere. The upper panel shows variation in the power index of the electron energy spectrum. The electron spectrum did not virtually change, while the CME was approaching the Earth. The electron spectrum softened and the electron flux decreased (the same as the proton and ion fluxes), as the CME moved away from the Earth.

The CORONAS-F instruments also measure ion fluxes with the energies of 2-40 MeV/nucleon. Time variations of the ions from C to Si are similar to those obtained for protons and electrons. The ion composition remained practically unchanged during the burst of high-energy particles. Table 3 gives the content of various elements (nuclei with energies of 11.4 – 23 MeV/nucleon) in per cent of the oxygen content for four time intervals during the flare of November 4-7, 2001.



Table 3. The content of various elements (nuclei with energies of 11.4 – 23 MeV/nucleon) in per cent of the oxygen content for four time intervals during the flare of November 4-7, 2001.

	Time
	С
	N
	O
	Ne
	Mg
	Si

	22 h 04 Nov – 15 h 05 Nov
	39.0 ( 3.9
	11.9 ( 1.7
	100
	14.4 ( 2.3
	17.9 ( 2.4
	17.4 ( 2.2

	22 h 05 Nov – 07 h 06 Nov
	45.5 ( 3.4
	10.4 ( 1.3
	100
	12.0 ( 1.4
	20.6 ( 2.0
	16.8 ( 1.8

	07 h 06 Nov – 19 h 06 Nov 
	42.4 ( 6.5
	11.2 ( 2.7
	100
	12.4 ( 2.7
	16.8 ( 3.4
	10.4 ( 2.6

	19 h 06 Nov – 20 h 07 Nov
	54.7 ( 12.6
	8.5 ( 2.0
	100
	12.2 ( 4.6
	21.6 ( 6.7
	18.9 ( 6.0
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Fig 4b. XUV solar images in 171, 195, 284 and 304 A spectral bands of the SPIRIT Ritchey-Chretien telescope





Ca XIX  17:44 UT





Ca XIX  16:32 UT





Ca XIX  16:53 UT





Fig.10. Energy spectra of a major flare of December 24, 2001 obtained successively in different phases of the event (0-109 s) («HELICON» gamma spectrometer data)





Fig. 11. Suuuccessive energy sectra of the major flare of December 24,2001, obtained un different phases of the event (109-235 s) (HELICON gamma-spectrometr data)








Fig.12. Differential energy spectrum of the 18.09.2001 event obtained with the amplitude-time spectrometr AVS.





Fig. 13. Time record of a signal proportional t o the UV flux as obtained with the VUSS-L device and 10.7 cm solar radio flux.The abscissa axis shows days in MJD system








Fig. 14. Readings of the X-ray monitoring detector of the SPR-N device during a solar flare. Enhancements 1,2. and 5 correspond to the magnetospheric electron bremmsstrahlung. Enhancements 3 and 4correspond to X-ray emission from an extra-magnetospheric source (solar flare)








Fig. 15. Some interplanetary and magnetospheric effects of the solar flare of November 4, 2001. Lower panel: flare-generated thermal X-rays Xh as given by GOES 8 data and Dst-variation of November 4-7,2001. Middle panel: 0.175-0.315 MeV electron fluxes in interplanetary space as given by ACE data and 0.0.3-12 MeV electron fluxes in polar caps and given by the CORONAS-F SCR complex. Upper panel: time variations in the power index of the electron energy spectrum (CORONAS-F SCR complex data).
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