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Chapter 1 

Extended Abstract of the Thesis 

Solar fl a res a re one of the most ene rgetic phenomena that occur in the solar corona. The first 

recorded observation of a fl are was made. by two observers , Carrington, R.C. and Hodgson, R., 

independently on l September, 1859. They observed a n intense flare - so intense that it was 

observable even in t he visib.le continuum emission (wh ite-light fl are). 

Although the first dis overy of solar flares was made in the visible continuum light (whi te­

light ), most flares are not observed, or very ha rd to be observed , in white- light. On the other 

hand , they show s trong contrast with the background emission when observed in some spectral 

lines such as in Ha (6563 A). In fact, the term ' flare' itself has its origin in the Ha observations; 

the event looks as if fires spread in a grass fie ld. 

Since the Ha emissions (or absorptions) originate in the chromospberic layer of the solar 

atmosp he re , a flare seen in Ha only represents chromospheric aspects of it; the whole event 

covers much wider phenomena and is more energetic than it looks in Ha. Total energy released 

by a flare sometimes reaches as high as, or even more than , 1032 ergs. Jt produces plenty 

of solar energetic particles, sometimes reaching relat ivistic energies, which then em it a w.ide 

ra nge of elect romagne tic rad.iation , from radio waves to ')'- rays. Thus a flare is a very efficient 

accelerator of particles. In addition, plasm as are ejected from the sun by a flare , whose mass and 

velocity sometimes exceed~ 1010 tons and~ 500 kmjs, respectively, and shock waves propagate 

through the interplanetary space even beyond t he Jupitar orbit. 

The Yohkoh HXT experiment concentrates its focus on the energetic particle phenomena of 

sola r flares; in hard X- rays we see acceleration, propagation , and confinement of energetic elec­

trons . In this thesis, I try to full y describe the HXT experiment , (rom its historical backgrou.nd of 

hard X- ray flare observations, through the instrumentation , to newly acquired scientific results. 

The extended abstracts for the subsequent cl1apters foll ow : 
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Chapter 2 Solar Flare Hard X-rays : An Introductory Review 

The purpose of this chapter is to clarify the problems to be settled by the Yohkoh HXT ex­

periment. First temporal and spectral characteristics of solar flare hard X- rays, b<>Sed upon 

observations with (non- imagirtg) spectrometers, are briefly summarized. Tl1en several hard 

X- ray emission models so far proposed are reviewed. These include: 

( 1) Nouthermal electron Bremsstrahlung with S()-{;alled "thick- target", "thin- target" , or "trap­

plus-precipit>l.tion " conditions; 

(2) Thermal electron Bremsstrahlung; and from a slightly different view, 

(3) Brem sstrahlung due to heaLed or accelerated electrons prodticed by ion (mainly proton) 

beams. 

Subsequently the first hard X- ray imaging observations mad in early 1980's with hard X- ray 

imagers aboard SMM and Flinotori are reviewed. SpeciaJ attention is paid to their new findings 

as well a.~ their limitations. Final ly the problems to be settled by Yohkoh HXT are given. 

Chapter J : Yohkoh Satellite : A Concise Summary 

T hi s chapter is Lo give the reader an overview of the Yohkoh satell ite, and is organized a.s foUows: 

(1) Scientifi c payloads (t he Hard X- ray Telescope (HXT), the Soft X- ray Telescope (SXT), the 

Bragg Crystal Spectrometer (BCS), and the Wide- Band Spectrometer (W BS)) : Scien ific 

objectives, basic design, and performance are given for each in.strument . 

(2) S<ttellite basic systems: These include the power supply, attitude control, on board data pro­

cessing, command, and telemtry systems, etc. Special attention is paid to how automatically 

the observation mode is coutroled, as wel.l as to how efliciently flare data are accumulated 

onto the da,ta recorder within its limited capacity. 

Chapter 4 : The HXT Experiment 

The Ha rd X- ray Telescope (I!XT) onboard Yohkoh is the world - first Fourier-synthesis hard 

X-ray imager, consisting of 64 elements. The io.strurnent design and its main components (col­

limators (FUCT- C), d lector assembl y (HXT- S), and electroni cs unit (lDCT- E)) is described , 

following the design principle, the determination of baseline design, and the actual fabrication. 

[t is stressed how the baseline design, which satisfies the scientific requirements but inevi tably 

is a compromi e w·ith the feasibility , was actually rea.lized. 

f.n order to fully achieve the designed performance, 11XT coiJimators and detectors, as weU 

as electronics, need be carefully calibrated after integration. For this purpose many elaborated 

expe riments were made before the launch. One of the most crucial is to precisely measLLre the 

modulation patterns of the il1dividual collimators, which is described in detail. 
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Chapter 5 : Image Synthesis 

Since HXT original data consist of raw photon count rates from the 64 elements , hard X­

ray images of solar fiares need be synthesized on the ground. An image synthesis program, 

supp lemented by some addi tional tools, have been developped for this pllfpose. In actual image 

syntheses of a solar flare, the first step is to determine the image synthesis field of view in which 

the flare image is located. The mathematics and practice of this procedure is briefly discribed. 

The image synthesis principle whi ch we adopt as the standard for the FIXT image synthesis is 

the Maximum Entropy Method, which is discussed in detail. 

Chapter 6 : The 15 November, 1991 Flare 

[n this chapter, HXT observations of an intense flare whi ch clearly showed 'the double-source 

st ru cture ' is given. The flare occurred on 15 Nove mber, 1991 at 2:3:34 UT in the active reg.ion 

NOAA 6919 (S l 4W19) and was observed in unprecedented detail in h;,rd and soft X- rays, as 

well as in rad io aud optical wavelengths. Tlte flare showed a clear impulsive phase which is 

characteri zed by tl1ree distinct spikes in the time proHJe, and the su bseque11 t post- in1pulsi e 

phase. Hard X-ray imaging observations of this flare provide us with a typical exa,mple of what 

we would learn on the characteristics of sola r flare hard X-ray sources. New findings from the 

analysis of this event is summarized below : 

(1) During the impulsive phase, double sources are seen on both sides of t he magnetic neutral 

line, in the energy bands above 33 keY. The double sources are most likely the footpoints of 

a single flaring magnetic Joop. In fact they show close spatial correspondence with wh it 

light brightetungs observed with the optical telescope of SXT. On the other hand , in the 

23- 33 keY band of HXT , hard X-ray images show double sources at the peaks of spikes 

while at the valleys between them a single source located at the magn tic neutral line. This 

energy-dependent difference in hard X- ray ( .(, 20 keY) sources can be understood if higher 

energy electrons have higher precipitation probability from the top of the flari ng loop th an 

lower energy ones. The distance betwee n the double sources became larger with time. 

(2) The following interesting characteristics of the hard X-ray doub le sources in the impulsive 

phase are revealed : (a) Hard X- ray fluxes from the double sources varies simu ltaneously 

within 0.1 s at lu level. This strongly suggests that hard X- rays ( .(, 30 keV) :<re emitted 

near the footpoints of the flaring loop by accelerated elec rons streaming down along the 

loop towards both ends. Thermal conduction fronts nor accelerated ions are Irnlikely to be 

able to explain the observed simultaneity, due to their slow velocity (typical ly~ 1000 km/s). 

(b) The double sources show a.symmetry .in bard X-ray flux ; the brighter sou rce is located iu 

the weaker longitudinal magnetic field region than the darker source. This suggests ~hat the 

brighter footpoint has larger elec ron precip itation due to weaker magnetic field convergence 

than the darker footpoint, hence is brighter in hard X- rays. (c) Also the brighter footpoin t 
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shows a harder energy spectrum than the darker one. These tluee points will be further 

investigated in detail , using data from several other flares, [n the next chapter. 

(3) During the post- impulsive phase , the double sources are still seen in the energy bands above 

33 keV, but with further incr ased separation in comparison with that of the impulsive phase 

double sources. Also the angle sustained by the line connecting the double sources and the 

magnetic neutral line becomes larger with time. This implies that particle acceleration still 

continues in the post- impulsive phase and that particle acceleration originally starts in a 

low lying, more sheared magneti c loop just above the neutral line and t ue acceleration takes 

place successively in overlying, less sheared loops with rising energy release sites. 

(4) In the precursor pl1ase, hard X- ray sources scatter across an area with a spatial e>-"tension 

ureat•r than 1' , which is much larger than the area ill which the impulsive phase hard X- ray 

sources are cor1fined. This fact , together with Ha and Ca K- line observations, suggests that 

global re-structuring of coronal magnetic fields preceded the onset of the flare . 

Chapter 7 : Observations of Hard X-ray Double Sources in Solar Flares 

As is seen in the previous chapter, imag[ng observations of solar nare h<trd X- ray sources provide 

essential information on hard X- ray emission. propagation of accelerated electrons along the 

flaring magnetic loop , and acceleration processes themselves . In this chapter, as atistical study 

as well as detailed case studies of impulsive flares are made using imaging observations of hard 

X- ray ources with HXT. The main finclings are summarized as follows: 

(1) Out of 28 intense impulsive nares observed with HXT during the 15 months from I. October, 

1991 to 31 December , 1992, about 40% showed double-source structure at the peak of hard 

X- ray emission in the 33- 53 keV baud. The others showed either multiple-source (;::: 30 %) 

or single- source ( ;S 30 %) structure. When double sources are seen, they are located on both 

sides of th magnetic neutral tine. Th.is suggests that the double sources are not formed by 

just a simple chance encounte r of two single sources, but that they are magnetically conjugate 

with each other. i.e. , hard X- rays (;::: 30 ke V) are emitted from the two foot points of a single 

loop. wbich is one of the fundamental characteristics in solar flare hard X- ray emission. 

(2) Detailed case stutiies on double sources seen in seven intense impulsive flares revealed : (a) 

In most cases (6 out of 7), hard X- rays are emitted from the double sources simultaneously 

within a fmction of " second, strongly suggesting that ha.rd X- rays are emitted near the 

foot points by accelerated electrons streamirrg down along the loop towards both ends. (b) 

F'or Jlares in which magnetic field data are available . .t out of 5 showed that the brighter 

footpoint is located in the weaker m;;gnetic field region. This suggests that the brignter 

footpoint has larger electron pr cipitation due to weaker magnetic field convergence than 

the darker footpoint. hence is brighter in. hard X- rays. (c) The brighter footpoint tends 

to have a harder ttergy spectrum than the darker footpoint (5 out of 7). This can be 
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understood by either of the followings : (i) Acceleration of electrons takes place parpendicular 

to the magnetic field line; higher- energy electrons with larger pitch angles are difficult to 

precipitate deep towards the darker footpoint due to the stronger magnetic field convergence 

than the brighter footpoinL (ii) As electrons precipitating to the darker footpoint cannot 

precipitate deep in the corona due to the stronger rnagneti field convergence, they emit 

X- rays higher han those precipitating to the brighter footpoint. In this case, emissions 

from the darker footpoint will be a blend of thick- and trun- target emissions due to rather 

low plasma density as compared with the brighter footpoint where the X- rays are emitted 

by purely thick- target interaction. As thjn- target emission produces a softer spectrum than 

that prod1rced by thjck- target emission for the same parent electron spectrum , the darker 

foo tpoint will have a softer energy spectrum. 
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Chapter 2 

Solar Flare Hard X - rays An 

Introductory Review 

The (soft) X-rays from the sun was first detected on 6 August, 1948 with a V-2 rocke exper­

iment performed by the U.S . Naval Research La borato ry (N RL; Bumight 1949). Subsequent 

experiments by the NRL group revealed that the sun is a significant emitter of X- rays and that 

the X- ray emission is related to solar activi ty (Byram et al. 1956, I(replin 1961). As X- rays 

cannot reach to t he ground due to absorption by the earth 's atmosphere, observations of solar 

X- rays are made wit h satellites , rockets, or balloons , as will be described later. 

When a flare occurs , significant amou·nt of hard X- rays, not only soft X- rays , are em itted 

together with radiation in other wavelengths, such as radio and "( -ray. Figtue 2.1 shows typ ical 

time profiles of a flare in different wavelengths. While soft X- rays show gradual time varia ti011 , 

hard X-rays show impulsive fluctuation in the early phase of a fl are, followed by a gradua.l 

variation. The former is called the impulsive phase and the latter the gradual phase of a nare, 

respectively. It is generally accepted that a significant amount offtare energies is leberated during 

the impulsive pbase, in the form of hard X- ray emission via Bremsstrahlung of impulsively 

accelerated part.icles. Therefore, hard X- rays are tho-ught to be a powerful mean to investigate 

machanisms of solar flare particle acceleration and the nature of Bares themselves. 

In this chapter, I review spectral (section 2.1) and imaging (section 2.3) observations of solar 

flare hard X- ray sources, together with proposed hard X- ray emission mecl1anisms (section 2.2). 

In sect ion 2.4 I review limitations of the previous imaging observations and problems remained 

for Yohkoh HXT. 
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2.1 Photon Energy Spectral Observations 

2.1.1 The Spectrum 

Using a balloon- borne experiment, Peterson and Wit1ckler (1959) first detected hard X-rays 

from solar nares in the energy range 200-500 keY. Photon energy spectrum were guessed from 

tltis measurement consisting of only two data points. They attributed observed hard X-rays 

to Bremsstrahlung emission produced by high energy electrons of 0.5- 1.0 MeV stopping in the 

solar photosphere. On the other hand, Chubb et al. ( 1966) claimed that the data whjch Peterson 

and Winckler obtained could equally be well fitted by Bremsstrahlung (free-free) emission [rom 

an isothermal plasma whose temperature exceeds l08 K. The thermal BremssLrahlung spectrum 

can be expressed as (e. g., Crannell et al. 1978) : 

(21 ) 

where n (lema). V (cm3), and T (K) are the density, volume, and temperature of the plasma, 

r spcctively. ka (keV /K) is the Boltzman constant, and 1: (l<eV) is th pltoton energy. Elllf = 
112 V is cal led the emission mea.,ure of the plasma. 

Since then , various ba.Uoon- borne and spacecraft instruments have measured solar flare hard 

X- ra.ys (e.g., OG0- 1 and OG0-3: Arnoldy et al. 1968; OG0-5; Kane 1969, Kane and Ander­

son 1970; 080-5: Kane et al. 1979). These instruments measured spatially-avera.ged energy 

spectra of solar flare hard X- rays with ionization chambers (OGO- l and OG0-3), or with Nai 

sci ntillation counters (OG0- 5 and OS0- 5). En rgy spectra. of the hard X- ray emission are, in 

general, roughly consistent with a power-law having a form of 

(2.2) 

(Kane 1969, Frost 1969) with the photon index 1 ranging typically 3 ,S 1 ,S (Dennis 1985). 

This does not necessarily mean that the hard X- ray emission is always characterized by a 

single power-law spectrum (eq.(2.2)): a. spectral break in the 60-100 keV range (Frost 1969, 

Kane and Anderson 1970, Frost and Dennis 1971) is observed for many flares. Such a. double 

power- law or broken power- law can b • expressed as : 

f( <) A€_..,.1 1 (2.3) 
At:(? -'lt e-"'fl, 

where <o is cal l •d the break energy. E!can (197 ) has studied energy spectra. of 38 events observed 

with the ltarcl X- ray (14- 342 keY) spect romete r on OS0-7 and found that 28 events were better 

characterized by the double power- law fit (eq .(2.3)) or by the exponential fit (eq.(2.1)) than the 

single power- law fit (eq.(2.2)) a.t the peak of hard X- ray emission, and that the exponential and 

the double power- law fits were equally satisfactory. He suggested that a single- temperature 

thermal sotuce with T = 5.4 x 107 - 3.6 X 108 K and .E:vf = 8. x 1043 
- G.O X 1046 / cm

3 
is 

responsibl for the impulsive sola.r hard X- rays. 

2.1. PFTOTON ENERGY SPECTR.H OOSER.V.tTIO .VS 9 

We need to be careful in interpreting the physics in valved in the expressions such as eqs. 2.1 

through 2.3. The formula is useful (o r meaningful ) only for pa.rameterizingobserved flare spectra . 

This is due mainly to UJtcertainties in deconvolving energy spectral response of detectors (e.g .. 

Den1lis 1982). Furthermore, even if we want to derive a parent electron energy spectrum, ct 11e 

to a wide-band nature of the energy dependence of the electron Bremsstrahl u 11g cross section 

witll t he scattering protons (discussed later; eq.(2.4)), it is quite difficult to e..xtract fine details of 

the electron spectrum from an observed Bremsstrahlung continuum spectrum (Craig and Brown 

1976) . 

Recently, however, solar fl are hard X- rays in I, he energy range 1.5-200 keV have been obtained 

with very high spectral resolution (FvVH'.IJ resolution less than 1 keV) ( Lin et al. 19 1, Lin a.nd 

Schwartz 19 7). Lin et al. used balloon- borne high- purity germanium (HPGe) detccters cooled 

with liquid nitrogen .. As the spectral response of t,hese d tector can be considered effectivelv a,s 

a a- function, incident X-ray spectra can be determined from 1he observed count rate spe~tra 
direct ly, elimin<t!ing t lte tteed to assume an a prio,·i spectral shape for the X-rays (Lin and 

Schwartz 1987). Study on the derivation of parent electron spectra from such high- resolutioll 

hard X- ray spectra, assuming Bremsstrahlung interaction., is now going 011 (e.g., Jo!Uls and Lin 

1992). 

2.1.2 Spectral Evo lut io n 

In genera.!. the hard X- ray spectrum is relatively soft at the start of tile impulsive phase, 

becomes hardest at the peak of the emission, and then softens as the emission deer ases. This 

soft-hard-soft behavio r of the energy spectrum, typical of type B (see section 2.3.2) evc.,1ts. was 

first recognized by Kane and Anderson (1970) and later confirm d by many antbors (Dennis 

et al. 1981, De.nnis 1985). In some events, however, the spect rum continues to harden even 

after the peak (Hoyng et al. 1976, Kosugi et al. 1988}. This soft-bard- harder spectral bel1avior 

is characteristic of he so-called type C (see section 2.3.2) flares (Tst1neta. 19 Ja, Cliv r et <Ll. 
1986). 

2. 1.3 T herma l an d N on-Ther mal Compo nents 

Using anNal sc.intillation spectrometer aboard the OG0- 5 satellite, Kane (1969) found t]1at in 

the 26 June, 1968 flare, energetic ( :2:: 9.6 keY) hard X- ray ilares consist of two components: one 

showing impulsive time profiles wh.ose peaks well correspond to the impulsive microwa.v radio 

bursts associated with the flares, while the other showing gradual time profiles which peak !at r 

than the imp11lsive peaks. He also found that energy spectru m of the impulsive components is 

consistent witb a power-law and that t ile gradual component has att energy spectrum steeper 

than that for the impulsive compon nts. li e concluded that this resull. is consistent with the 

suggestion by Acton (1968) and Takakura. ( 1969) that solar flare hard X- rays consist of both 
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thermal and non-th rmal emission if the observed )!;!ad ual component could be due to tllermal 

emission. 

The t hermal component which Kane (1969) has found are commonly seen in flares with their 

temperature T, ~ ( l-2) x 107 K: it may be composed of mainly heated plasma by the accelerated 

elect rons which emit non-thermal X- rays (see section 2.3.3 for discussions on this issue) . On t he 

other ha nd , there arc some observations which. indicate t he existence of very high temperature 

pl asmas with their temperature reaching to, or exceeding 3 x 107 K (see e.g. Tanaka eta/. 19 2). 

Using balloon- borne HPGe detectors, Lin eta/. ( 1981) and Lin an d Schwartz (1987) observed a 

major flare on 27 J Ull e, 1980 and have fo und that below ~ 3.5 keV a very steep X- ray spectrum 

(equivalent to an c- 11 spectrum a t 35 keV if fitted with a power-law, where £ is t he photon 

energy) appeared at the peak of the impulsive burst and became increasingly dominant as the 

flare progressed. The st ep spectrum was cha racteri stic of a single temperature plasma with the 

temperature as high as 3.4 X 107 K, whkh was much higher than the previously measured values 

of ;S 2 x 107 K from soft X- ray observations. This ~as the fir st observation of the so-called 

super-hot component of flares; no scintillation detectors can well resolve such a steep spectrum . 

They suggested that the super- hot component may contain significant fraction of flare energy 

( tO"'B- tQ31 ergs; depending on the assumed plasma density). 

They also found that before the appearance of t he super- hot component , the deconvolved 

incident ha rd X- ray spectrum was neithe r consistent with a single power- law nor a single­

temp •rature thermal spectrum. The simplest spect ra l for.m consistent with tl1e observation was 

a double power- law which breaks down a t higher energies (1'1 < 12 in eq. (2.3) ) . Suggesting that 

the double power- law shape can be reprod\!Ced at least qualitatively by thick target emission 

from electrons having energy spectra similar to those averaged over an a11roral arc in the earth's 

auroral zone ( [oze r et al. 1984), they a rgued t hat the double power- law shape indicates that 

electrons were acceleratecl by a DC electric fi eld along magnetic field UILes (Syrovatskii 1966, 

K noepfel and Spong 1979). 

2.2 Hard X- ray Emiss ion Models a nd Their Difficulties 

Solar flare hard X- ray emission is a continuum emission. I t can be produced either by the 

interaction (Bremsstrahlung process; eq.(2.4)) o f high energy electrons or ions with. ambient cold 

medi um , or by thermal Bremsstrahlung (free-free) of hot p lasmas whose tempe rature exceeds 

108 K. Jn this section I review various emission processes p roposed fo r hard X- ray production. 

The processes can be divided into two processes : non - thermal and thermal p rocesses . The 

non-thermal models consider beams of electrons as the primary energy badget; hard X-rays are 

emitted by Bremsstrahlung of the accelerated electrons with ambient cold plasma. The thermal 

models a rgue that super hot plasmas are firs t produced by the flare energy release and hard 

X- rays are emitted by thermal Bremsst ra hJnng ( free- free) from the hot plasmas. There is other 

2.2. HARD X-RAY EMISSION MODELS AND T HEIR DIFFICULTIES ll 

claims Sttch that the bulk of the released energy first resides in beams of ions and that hard X­

rays are emitted by either thermal or non-thermal process of t he accelerated ions. Such claims 

a re also reviewed. As it is clear t hat solar atmosphere is composed of magnetized plasmas , 

magnetic fi elds (or magnetic loops) play a non-negligible role in all these p rocesses. 

2.2 .1 Non-Therma l Mod els (Electr on Beams) 

T wo major processes of hard X- ray production by Bremsstrahlung of non - th rmal or snprather­

mal beams of elect rons with ambient ions are thick tnryet and thin tar·get emissions (Brown 1971 ). 

The former assumes t hat electrons immed.iately .lose their energy via (mainly) Coulomb collisions 

with dense ambient plasmas , such as when electrons stream downwards alo ng magnetic loops 

and reaches the footpoints of t he loops. On the ot her hand , t he latter assumes that e lect ron~ 

continues to emit hard X- ra.ys via Bremsst rahlung wlule they travel in low- densiLy ambient 

plasmas along field lines. Such a case ma.y occur when elect rons are injected low in the coro11 a. 

and they emit X- rays as they travel upwards, o·r when electrons are t ra pped in a magnetic bot tle 

in the corona and continue to emit X- rays. 

Let us briefl y summarize expressions for thick and tltin target emiss ions. For ilremsstra.h lung 

from electrons emitting hard X- rays in the 10- 100 keV range, we may use di rection-iiuegrated, 

nonrelativist ic, Bethe-Heitler cross section : 

as(<:,E) = 8ar2 m.c
2

1n 1 + ~ 
3 ° <:E j-~1- £/E 

"BH In 1 + l- £ E 
~: E 1-~ 

1 [(E)i (E )~ ] l.58 X 10-
24 £ In E + E - 1 

(2A) 

Here a= e2 /hc = 1/137: the fine structure constant, r0 = e2 f m.c2 : th e classical electron radi us, 

£ : photon energy, and E: elect ron energy, respectively. "BH = (8a/3}r~m.c2 = 7.9 x 10- 25 cm 2 

keV is the constant in the Bethe-Heitler cross section , and o and E are il\ uni ts of keV. The 
energy loss rate by Coublomb collision s is expressed as follows : 

dE dt = -aE(E)n;v(E)E . (2.S) 

Here E is the electron energy, n; is the target density, and v(E) is the velocity of electmn< 

aE(E) is the cross section for the Coulomb energy loss and has the following form : 

(E) = 2rre
4 

ln. A = !\ 
at: £2 £ 2 ' (2.6) 

where InA is the Coulomb logarithm (S pitzer 1962) and [( = 2r.e4 ln A, which has a value of 

1\ ~ 55.7rre4 (e in units of esu) atE= 50 keV. 
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Thick target emission 

Suppose that electrons with initial energy Eo lose their energy via Coulomb collisions (eq.(2.5)) . 

The numb r of photons p r unit energy v(<, Eo) (photons/keV), at an energy of£, produced by 

an electron is given as 

l
t!(E=<) 

v(£, E0 ) = n,aa(E, E(t))v(t)dt 
<oJ;.E=Eo) 

= 1 aa(t:,E)dE 
, Ear,;(E) ' 

(2.7) 

by using eq.(2.5). Here n; is t he target iotl (proton) density, v(t) is the electron velocity. Note 

that th.e photon spectrum v(E,Eo) is independent of n;, i.e. density of target ions. This is a 

signi fi cant characteristic of thick target emission. From the above equation, tlte X-ray photon 

spectrum f(c) (photo ns/cm 2/s/keV) at the earth's distance produced by electrons with t heir 

initial (o r injection) energy distribution function F(Eo) (elect rons(s/keV) can be written as 

1
R

2 
( "" F( Eo)v(e:, Eo)dEo 

~t7I' J~ 

(2.8) - 1- ., r= F(Eo) rEo as(t:,E) dEdEo 
4JrR· }, J. Eae(E) 

- 1-
0
-. ('""' F(Eo) rEo Eaa(o,E)dEdEo . 

4?TR·J, }, }, 

If we assume a power-law distriburion of injected electron flux : 

F(£0 ) = A£0
5 (electrons/s/keV) , (2.9) 

then the tl"tick target hard X-ray spectrum observed at the earth will be 

rl 1 00 
5 1Eo [( E)~ (E )t] f,hlck (e) = -11rR2 l\~"BH 1 E0 , In [ t [ -1 rlEdEo. {2.10) 

The above equation can be simplified by changing the order of integration considering the area 

of integration in (E.Eo) space (see, e.g., Brown 197l) 

A~<eH B(o-2 1 ) . 
.[Lhick(c) = 4~R' I'' . '2 E-(b-1) ex £-(5-t) 

,. (li-1)(5-2) . 
(2.11) 

which is again a power-law, i.e., if the electron injection spectrum is a power- law, then the 

resnltant hard X-ray speclrum is also a power- law. 

To summarize, under thick targ t interaction we obtain the electron injection spectrum 

F(Eo) = AE0s from a. power- law ftard X-ray spectrum I,hick(e) = ac~ under thick target 

assumption numerically as follows (Lin and Hudson 1976, Hudson eta/. 1978) : 

A 3.2 X l033·/{'Y-1)2B ('Y-~·D ·ll. 
1' + 1' 

(2.12) 

wb.ere B(p. q) is the beta function. Note that the !1ard X-ray spectrum bas a smaller spectral 

slope than the electron spectr um (-r < 5). 
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Thin target emission 

In the case of thin target emission, the hard X-ray spectrum I (<) (photons/cm2 /s/keV) can be 

expressed as follows : 

n· r"" 
fu,;n (t:) = 411"~2 } , v(E)N(E)aa(o,E)dE, (2.13) 

where N(E) is, tltis time. the source spectrum of the injected electrons (i n units of el c­

txonsjkeV). Other symbols are the same as before. 

For a power-law distribution of source electrons : 

N(E) =A' E-5 (electrons/keV), (2.14) 

thin target emission will be 

Fu,;n(<) = 4~~~ ":H If 1"" E-(Htl In [ ( ~) t t ( ~ _ 1) t] dE. (2.15) 

This equation c<w be simplified by evaluating the integral by parts : 

J. ( )= n;A'~<sr~!f2 B(o-~.~) -(6+!) -(5+1) 
chin E: 4 R2 0 1 E ' rx £ ' . 

i'r me -2 (2.16) 

Thus, the resultant thin target emission is also a power-law. 

The source electron spectrum N(E) (electrons/keY; eq.(2.14)) from a power- law hard X- ray 

spec trum .T,Iun (E) = ae:-'1 under thin target assumption is given numerically as folJows (Hudson 

et al. 1978) : 

A' 

(2.17) 

Unlike thin target emission , rl' depends on the target ion density n;. Note that in tbe case of 

th.in target emission, hard X- ray spectru m has a larger spectral slope than electron spectrum 

('Y > li). 

Trap p lus p recipitation (Partial precipitation) 

A plausible situation for producing non- thermal hard X-rays is to inject and trap electrons n ar 

the top of the loop, and only a portion of the injected electrons escape fro m the trap and emit 

X-rays near the footpoints via thick target in teraction. The rest of t.be electrons emits thin 

target X-rays (Takaknra and Kai 1966, Brown 1974, Melrose and Brown 1976, Ba.i and. Ramaty 

1979). The trap is caused by magnetic mirroring of electrons. Such models are called trap plus 

precipitation models. 

In some events, peak time of higher-energy hard X-ray emission is delayed as compared with 

lower-energy ones (Bai and Ramaty 1979, Vilmer et al. 1982, Bai and Dennis 1985). The trap 
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plus precipitation model can e.xplain such delays by increasing electron lifetime with energy in 

the trap. Ratio between the numbers of trapped and precipitating electrons may change from 

event to event according to conditions of the trapping region. 

Melrose and Brown (1976) have discussed temporal evolution of energy spectra of acceler­

ated electrons and hard X- rays in the partial precipitation model. They have argued that the 

precipitation of electrons from the trap region is caused by Coulomb scattering of the electrons 

in.to the loss cone and the scattering is described in terms of diffusion in pitch angle of the 

trapped electrons. Rate of the pitch angle diffusion vo is given as 110 = 2115 (Trubnikov 1965), 

where VE; is the energy loss rate of electrons due to Coulomb collisions : 11~:; = u~:;n;v(E) ( c.f. 

eq.(2.5)), with 1113 E-~. The precipitation rate "r is approximated as follows with respect to 

the values of 110. 

lip ( ''D ~ 11J511b) 

(•I[) ~ ~IJJvb) 
(2.18) 

where 80 (80 ~ L has been assumed) is the loss wne angle which will be described in detai l in 

section 6.4.2 and Vb is the bounce frequency of electrons in the trap. The former case in eq.(2.18) 

is called t he weak diffusion limit where most of the :tccelerated electrons remain trapped while the 

latter called the strong diffusion limit where most of the electrons escape from the trap (Kennel 

1969). They mainly considered the weak diffusion limit. In this case as the diffusion rate liD is 

proportional to the nergy loss rate 1113 (•'D = 211E; : Trubnikov 1965; or vo ~ 2.911E : Hudson 

1972), higher- nergy electrons have smaller vo than lower- energy electrons, i.e. electrons in the 

trap show hardening in their energy s pectrum. They also have found that the emitted hard 

X- rays from the trap region and the loop footpoints, where the precipitating electrons emit 

X- rays by thick target inte raction, show similar spect ra in intensity and in spectral shape. ln 

the case of the strong diffusion limit , as lip <X "b <X Et (note that the bounce frequency is 

proportional to the electron velocity), higher-energy electrons have higher precip itation rate 

towards the footpoints , which produces spectral soften ing of the electrons in the trap region. 

2.2 .2 T h erm a l Models 

There is an alternative model for the Bremsst rahlung source responsible for the solar flare hard 

X- ray emission: a very high temperature plasma with T. 2: 108 K (i.e., k8 T. ~ 10 keV; see 

eq.(2.1)). In fact , thermal bremsstraltluttg hard X-Tays from such a. plasma was one of the first 

propos d models to account for observed hard X- ray emission (Chubb 1966). Tltis model has au 

advantage over the non-thermal thick target model such that the thermal electrons do no lose a 

large fraction of energy as they do in tl1e thick target model. As the 110n-thermal Bremsstrahlung 

yield of 10-100 keV electrons is LO-·• - 2 x L0- 5 (Si mn ett !986), non-thermal electron energies 

ca.lc.ulated from the observed hard X-ray flux assuming the th.ick target interaction (and a 

certain lower cut-off energy, say 20 keY) often exceed energies contained in soft X-ray plasmas 
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produced by the same flare even by a.o. order o( magnitude (see Wu el al. ( L986) for details). [n 

the thermal model. all the energies that thermal electrons have C<\D, in principle, go into X- ray 

emission. Thus this model is much more energetically efficient than the thick target model. 

Crannel et al. ( 1978) and Matzler et al. (1978) have suggested that the hot plasma is con fin d 

by a. strong time varying magnetic field and ltard X-ray emissions are modulated by the adiabatic 

compression and decompression of the volume. They also predicted a. correlation between X- ray 

emission measure and pla..5ma temperature, which has in fact been observed for some events. 

However , simple thermal models may be implausible to be adopted. For exan1ple, Kahl r 

(197la b) has pointed out that electrons with T. ~ 108 K can easily escape from t]1e hermal 

plasma due to the ve ry long collisional mean free path and hence such a high temperature 

plasma cannot be maintained. Also there is a problem such that the conductive cooling time of 

th.e hot plasma may be much shorter than the observed burst duration. Brown et ul. (1979) bave 

suggested that these points can theoretically be overcome. They argued that when electrons 

escape from the p.lasma, strong reverse currents arc set up which are uns able to the growtlt 

of ion-accoustic waves. These waves (= ion-accoustic turbulent fronts) are formed 011 both 

ends of the high tem perat ure plasma and they significantly increase electro11 collision frequency, 

hence the hot plasma is confined by these waves lsee also Smith and LiUiequist 1979, Vlahos 

and Papadopoulos 1979). 

Using joint microwave and hard X-ray data, Batchelor eta/. (1985) studi ed relation between 

rise time of hard X-ray impulsive bursts and loop lengths estimated from radio observations, 

assmning that the hard X- ray and microwave emitting electrons are the same. They concluded 

that the hard X-ray source is confined by ion-accoustic conductio1t fronts wltich move down 

towards the loop footpoints at the ion-sound speed cs = 9LOOJT; cm/s (cs ~ 1000 km/s for 

T. ~ l08 K). 

2. 2.3 Othe r Possib ili t ies (Ion B eams) 

Simnett (1986) has reviewed several diffimlties of the e]ectron beam hypothesis in produci ng 

hard X-rays (s uch as in section 2.2.2) and have proposed that the bulk of the energy in tht· 

impulsive phase is initially transferred to 102 -103 keY protons, instead of (beams of) electrons. 

He suggested that the high energy protons stream down along magnetic loops and produce 

high temperature plasmas a.t the footpoints of the loops, and that hard X-rays are emitted by 

tl1ermal Bremsstrahlung from the hot plasmas whose temperature a.s hi gh as T. ~ 10s _ 109 K. 

Recently Simoett (1991) and Sim.nett and Haines (1991 ) has argued that, instead of thermal 

bremss trahlung, hard X-rays are emitted by electrons accelerated in a runaway process caused by 

a primary proton beam near the footpoints. He di scussed that a primary proton beam, which is 

neutralized by accompanying electrons of the same velocity, propagate collisioo.lessly downwards 

towards the chromosphere. When the neutral beam reaches the chromosphere, electrons are 

scattered while ions continue to precipitate deeper due to difference in their mass. This produces 



16 CHAPTER 2. SOLAR. FLARE HARD X-RAYS: AN INTR.OD!JCTOR.Y REVIEW 

an electric field along the beam propagation direction, and the electri c field thus produced cause 

runaway acceleration of electrons near the foot points and non-thermal hard X- rays comes from 

interactions of the accelerated electrons in the chromosphere. 

Herist.chi (1986) has proposed that the hard X- rays are produced by inverse Bremsstrahlung 

emission of high energy protons ( ~ 1 MeV) with ambient electrons. However , such process has 

previously been rejected since number of protons required is so large and such protons above 

10 MeV would produce nuclear ")'- rays 103 -10'1 times larger than observed (Emslie and Brown 

1985). 

2.3 New Views from SMM and Hinotori 

In 1969, first imaging observation of solar flare hard X-ray sources, though in one--dimension, was 

performed using a ballo n-borne modulation collimator (Takaku ra et al. 1971; see ilradt et a/. 

l968 for a description on modulation collim<ttors). Usi ng the modulation collimator instrument, 

witll its FWllM beam size 1.32', Takakura et al. for the first lime succeeded in obtaining one­

dimensional locat ion and size of hard X- ray sou rce in t he 30-60 keV range. They found that the 

center of the hard X-ray source is on the line passing hrough the cen.ter of the Ha flare region 

and that the size of the source is considerably smal ler than that of Ha ( ~ 1' in hard X-rays 

while~ 3' in Ha). As Vaiana e"t al. (1968) have shown that the st ructure of a soft X-ray source 

resembles that of an Ha flare, result obtained by Takaklua eta/. implies that the size of hard 

X- ray source is significantly smaller than that of soft X- ray source. 

However , this was the only hard X-ray imaging observations of solar flares before the launch 

of SMM and JTinot01·i. Delaild study of solar flare hard X-ray sources had to be awaited until 

the launch of these satell ites. ln this section, first [briefly describe the .instruments of the hard 

X- ray telescopes aboard SMM and Hinotori. Then [ present new findings on solar flare ltard 

X- ray sources by these satellites. 

2.3.1 Instruments 

SXT aboard Hinotori 

The hard X-ray telescope (SXT; Solar X- ray Telescope, Makishima 1982. Oda 1983, Takakma 

et a/. 1983) aboard lfinotor-i satellite (launched in l9 1; Kondo 1982, Tanaka. Y. 1983) utilized 

a rotating modulation coUimator with a NaT scintillation counter. The counter itself has no 

spatial resolution. The Hinotori SXT made use of the spin of the satellite for obtaining two 

dimensional images of solar flares. SXT c01Jd detect hard X-rays (rom any portion on the solar 

disk (i.e., the field of view covered the 1vll0le sun). An image scan was made every~ s (half of 

the spin period). The telescope consists of two independent sets of grid-plus--detector assembly. 

The Nai detectors have two energy chan nels , one is 15-40 keV and the other 6-13 keV. The 
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lower energy channel was only used occasionally during th.e decay phase of flares. Typical spatial 

resolution was ~ 10" and time resolution was~ 8 s (see table ~.1). 

HXIS aboard Solar Maximum Mission (SMM) 

The Hard X-ray Imaging Spectrometer (HXIS: VanBeek eta/. 1980) aboard the SM.Ivf satellite 

(launched in 1980) consists of 900 mini proportional counters and collimators. The coll imators 

consist of two plates located parallel with each other and each plate has many ( ~ 900) pinholes 

on it. The collimators determines field of view of each proportional counters, thus providing 

angular resolution of the telescope. "nlike [Jinotori SXT, the field of view of HXIS wa.s only 

2' 40" (fine field of view) or 6'24" (coarse fi ld of view). This rather small field of view prevented 

HXIS from observing many flar~s effectively. HXIS had 6 energy bands between ~.5-30 keV "-Ud 

designed time resolu tion was 0.5- 7 s (table 4.1). Since effective area of each counter was smaU 

( ;S 1 cm2
), the effective time resolution was larger than 10 s. 

Unfortunately, HXIS was operational only in 19 0. Therefore, only a limited number of fl ares 

were observed and, unfortunately, no flare was observ d simultaneously with t he SX'l' aboard 

!Jinotori. 

2.3.2 Flare Characteristics 

One of the important findings that Hinotori as well as SMM observations made is that, from 

hard X-ray point of view, solar flares can be classified into three with respect to their temporal, 

spectral, and spat ial characteristics: type A, type B. and type C flares (table 2.1). This clas­

sification was fi rst proposed by the Hinotori team (Tanaka 1983) and was further ctiscussed by 

many authors (Tsuneta 1983, Tanaka et a/. 1983, Sakurai 1985, Denttis 1985, Tanaka 19 7, and 

Dennis 19 ), whjle recently Bai and Sturrock (1989) have proposed a classjfication other than 

the canonical A,B,C. based on hard X-ray and )'- ray observations. b1 tl1is section, [ describe 

characteristics of solar flare hard X-.ray sources according to tt1e type A, il , and C classification. 

Type B flares (Impulsive flares) : 

Most flares belong to this type as will be described later. Type B flares show typical impulsive 

spikes (with tjme scales of a few seconds) in hard X- rays. Energy spectra of these flares show 

soft-hard-soft behavior (section 2.1.2) during each sp ike. Also, tb.ey sllOw the double power- law 

(b reaking down; i.e., 11 < l'Z in eq.(2.3)) or exponential shape on the rise and at the peak while 

they become a single power-law or double power- law which breaks up during the decay (e.g. 

Wing[ee et a/. 1992). In general , type B flares consist of two phases; the impulsive phase and 

the gradual phase. The former consists of a chain of spikes of random amplitude for a duration 

from tens of seconds to 10- 20 minutes. The latter, though not necessarily be seen, shows a 

smooth, spikeless time prolile. 
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Hard X- ray emission in type B Bares originates mainly from low altitude in the corona, 

possibly from footpoin ts of magnetic loops at around the peak of the emission. Later hard X­

ray sources evolve to more compact, h.igh altitude sources. Hoyng et al. (19 1) reported that in 

he case the 10 April, 1980 Hare observed with H.XIS, it is likely that two ltigh energy emission 

patches correspond to foo~points or legs of some of loops while another emission patch which has 

softer spectrum than the others corresponds to the thermal source located at the top of t hese 

loops. They argued that their resul favors the thick target model of the l1ard X-ray emission . 

Some of the impulsive flares obs •rved with F!XIS showed the double-source structure. Du.i­

jveman et al. (19 2) have studied 10 April, 21 May, and 5 November , 1980 flares. all of which 

showed double sources in the 16- :JO keV ba.nd. Tltey have shown that in each case, the double 

sources, most likely correspond to foot points of a. flaring loop, brightened simultaneously within 

5 - I 0 s a.nd argued that this result is strong ev idence for the exsistence of electron beams 

a nd that hard X- rays a.re produced by the thic k target interaction (see a.lso l:foyng et al. 1981). 

However, using the Maximum Entropy image deconvolution technique, MacKinnon et al. (19 5) 

studied the same events and found that the footpoints are much Jess visible above the noi se level 

in the higher energy band, i. e., the footpoints have softer spectrum than the midpoints o f the 

two footpoints. Also, they a rgued that when taking the Poisson noise statistics iJ1to account, 

footpoint synch roni sm was either not probable at all, or substant ially less close than reported 

by D•tijvema n et al.. They have show n that due to the poor counti.ng statist ics, the poor time 

resolution of the observations, and rather wide pixel size ( "X 8"), it is impossible to differ­

entiate between a n electron beam and a thermal model interpretations; a loop filled by a high 

temperatnre plasma (T, ;(; 108 K) is also satisfacto ry for accounting for the observations. 

Sakurai (1983 , 1985) have com pared locations of hard X-ray sources observed with Hinotori 

SXT with respect to potential magnetic fields deduced (rom photosp heric magnetic Jields. He 

found tltat the sou rces, showing t he double-sou rce structure, not 11ecessarily corresponds to 

footpoint s of loops or loop top. He concluded that magnet ic fields which produce type B flares 

may be strongly sheared hence coronal fi eld s derived by potential field calculation are inadeq uate 

for com pa ring with the type B hard X- ray sources . 

Type C flares (Gradual hard flares) : 

Th)s type of flares were only observ d with Hinotori SXT (Tsu neta et al. 1984a), not with SMi\ll 

HXTS. I t seems tha~ type C flares occurred more frequently in 1981 than in 1980, possibly due 

to a change in the occurrence frequencies of dilferent types fia.res according to the phase of solar 

cycle. Takakura et al. (1984a) have shown that among 30 flares observed with Hinotori SXT, 7 

belong to type C. Type C flares show gradually varying hard X-ray emission on time scales of 

a few minutes and the ll.ares sometimes last more t han 30 minutes. Hard X-ray sources of type 

C flares are located high in the coron a with their height h = 2 x 10'1 - 9 x 10·1 km. Source size is 

large as compared with those of type A or B events; tyvically > 20" in FWlfl>l and sometimes 
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reach.ing as large as 70" x 30" (Takakura et al. 1984&). Potential field calculations based on 

photospheric magnetic fields show that the sources are located at the top of a magnetic loop or 

at an arcade of loops where the field strength is ~50 G (Sakn.rai 1983, 19 5). 

Relatively strong microwaves are observed from these flares (microwave-rich events; KaJ 

et (; /. 1985. Bai and Dennis 1985, Bai 1986). The microwave emis ion is emitted by the 

gyro-synchrotron from accelerated electrons in magnetic fields are observed from these flares 

(microwave-rich events; Kai et al. 1985, Bai and Dennis 198.5, Bai 1986). Microwave spectru m 

show a relatively low peak frequency in comparison with type B case, suggesting that microwaves 

are emitted high up in the corona wltere magnetic fields a.re weaker. fn fact, in a typical type C 

flare occurring on 13 May. 19 .l. hard X-ray source was located at h ~ .[ x IO" km above the limb 

(Tsuneta et al. 1984a). Also the height of the microwave source derived from one-dimensional 

interferometric observations made at :35 GF!z ( Kawabata et al. 19 3) was in agreement with this 

val ue. 

One of t he properties which characterizes this type of fl ares is that they show continuous 

and gradual hard X-ray spect ral hardening during the course of Aa.res ( Kosugi et al. 198 ). In 

fact, energy spectrum above ~ 50 keV hardens with t ime with 1 decreasing monotonicaUy fiOOJ 

I i:: .5 at the earl y phase of flare to ~ 2 in the late phase after the peak. Also spectrum is better 

fitted by a. power- law; single temperature fit~ing is inconsistent with tl1e obse rvatio ns. 

The above observations suggest existence of high-energy electrons trapped in the coronal 

loops. Using a perfect trap model, Bai and Dennis (1985) analyzed the 13 May, 19 1 flare and 

argued that the observed spectral hardening ca.n weU be explained by the energy- dependen t 

decay of electrons in t he ambient plasma whose density is 5 x JOB jcm3. fiowever, this va.ltte is 

two orders of magni t ude smaUer than tl.1e den sity derived from soft X- ray observations (3 x l010 

/cm
3

; Tsuneta et al. 1984a) . The refore continuous nergy injection at the source location is 

suggested during th.e course of type C Hares. 

Type A flares (Super-hot thermal flares) 

Time profiles of this type of flares (Tanaka et al. 1982 , Tstmeta et al. I984b) s.how gradual riw 

and fall (w ith time scales ~ 1 min) in the energy range below - 40 keY. AI hough impulsive 

emissions are seen in the higher energy range, they a re weak as compared with those in 'ype 

B flares. Energy spectra of type A flares can be fit by thermal emi ssion from T, = 3- ,1 x 10' 

K plasma (X-rays below 40 keY) and a power-law component whose photon index "( ~ 7 is 

observed above 40 keV. Radio emission from type A flares is very weak. Hard X- ray sourceo 

of type A flares are compact; whose diameter typically :S 10" , or ~ 5000 km. Also the sources 

a re located relatively low in the corona ( < 6000 kro; Tsuneta et al. 198,1&). 

For a limb event which occurred on 7 October, 1981, Tanaka (19 7) compared evol.ution of 

positions of hard X-.ray sou rce and the Ho loop prominence system and obtained t he density of 

the hard X-ray source to be ;(; 1011 /cm3 with either conduction or radiative cooling (Feldman 
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et a/. 19 2) taking inlo account. Also density of hard X-ray sou rces derived from the sou rce 

size and Fe XXV! emissiott measure (Tanaka et at. l982, Tsuneta et a/. 19846) exceeds lOll 

fcmJ. Such a hi gh density of hard X-ray sources is a. characteris tic of this type of flares . To 

confine ltigh density ( 2: L0 11 jcm3
) and ltigh temperature (T. > 3 x 107 K) plasmas in a loop, 

ma.gnelic fi eld strength of more than :)30 G arowtd t lte hard X-ray source is required (Tsuneta. 

et a/. 1984b). 

Most flares b •long to type B, or at leas t hey have type B characteristics. Kosugi et al. 

( 198 ) have stud ied about 400 flares observed with HXR.B (Orwig et al. 1980) aboard SMM 

and with the :>lobeyama J 7 GHz polarimeter. They h:we fou nd that only 3 events are super- hot 

l.hermal (type A), 13 events are gradual (type C), 62 are associated with microwave gradual ri se 

and fall (G RF ) ve nts, while the others are impulsive events. 

A va.riety of flare charaderistics described above might be exp lained by differing environ­

ments, such as plasma density and convergence of magnetic fields , at the flare site. On the other 

hand , tl) the primary energy release mechanisms themselves, and (2) what d.etermines the ratio 

between non- thermal particle acceleration a.nd direct heating which may be wo rk ing in type A 

flares, are not y t known. Detail ed comparion of e.y. temperature and density of t he flaring site 

in type A fl a res with other ty pes of flares h.as led Tsuneta (1985, 19 7) to a rgue t hat tlte Dreicer 

fi eld 

E _ 12rre3n, lnA _ 
31 

e 
D - k T. - n ,\-\~ 

B e ' D 
(.Ao : Debye length ) (2.19) 

(Dreicer 1959) wotdd play a.n important role in controlling the above [2). Also he showed that an 

electric fi.eld E 2: 0.3Eo with reasonable flare coronal parameters result in a runaway acceleration 

(i.e. DC acceleratiOtt) of electrons producing sufficient amount of hard X-ray flu..xes to match 

the obser v<ttions (see also Holman 1985) . 

Various mechanisms for the primary energy release have been proposed (Vlahos eta/. 1984) : 

man y of them (e. g. DC electric field acce leration, turbttlent acceleratioJt ) seem to work equally 

well in solar Hares a.nu their relative importance for taking part in the acceleration processes is 

not yet been definitively rev aled (see a review by Benz 1987). 

2.3.3 Chromospheric Evaporation 

Precise measurements of the Ca XIX and Fe XXV resonance line profiles with Bragg crystal 

spectrometers aboard SMM and Hinotori have revealed that line broadening as well as a blue­

shifted component exist in ~he early phase of flares (Doschek et a/. 19 0, Antonucci et al. 1982, 

Tanaka et al. 19 2). Non-thermal random velocity of plasmas, which is inferred from t.he line 

broadening, is o t ll1e orde r of 100 km /s . The velocity obtained from the maximum blue-shifted 

component reaches as high as 400 km /s (Tanaka and Zirin 1985). Flares with the blue- shifted 

compon •nts are only observed at a. heliocentric angle < 68 deg in the Ffinotori results (Tanaka 
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et a/. 1982) and no systematic blue-shifts were observed i1t none of the analyzed 11 flares at 

a heliocentric angle > 60 deg (An tonucci et a/. 19 ~). In limb flares. only broadened spect ral 

lines persist (Tanaka 1986). Therefore the observed blue-shifts represent a systematic upflow of 

plasmas . 

Antonucci et al. (1982) proposed the concept of cluomospheric evaporat.io:n in which beams of 

electrons precipi tate into dense foot points of magnetic loops, emit hard X- rays via thick target 

ittteraction with ambient plasmas. and the heated plasma would evaporate into the low density 

co rona along the loops. Canfield et al. (1987, 1990) and Zarro et al. (19 8) have con fi rmed 

that there is momentum balance between the upflowi.ng plasma d ri ved from the blue-shifted 

component and the dO\vnflowi ng cool gas d rived (rom the red-sltifted com ponent of the Ha 

line (Tchimoto and Kurokawa 198~ ). These observations may give st rong support to the chro 

mospheric ev;~.poration scenario. However, there are many other scenarios that may explain the 

observed blue-shifted components (see. e.g. Canfield et a/. 1990. Winglee et al. 1992). 

The chromospheric evaporation scenario ha• a close relationship with the so-called Neupert 

ffect (Neu pert 1968, Hudson 1991) . The Neupert effect predicts that timed rivative of sofL 

X-ray light cu rve would give hard X-ray [instantaneous) count mtcs based 01t the a.ssumption 

that hard X-rays are emitted by thick target emission of precipi tating electrons interacting with 

cool ambient pla.sma near the footpoints. \IVhile elect rons emit ltard X-rays via eledrou-ion 

Bremsstrahlung, they lose significant amount of energy via electron.-,! eel ron scattering. As tl1e 

energy deposited by electro.ns may heal the plasma, soft X- rays from the heated plasma. are 

expected to be the time integral of the hard X- nty count rates. Also, the hot plasma would 

evaporate upwards in the corona (i.e., chromospheric evaporation ), thus is observed as the 

blue-shifted components. 

2.4 P roblems Remained for Yohkoh HXT 

There was a great controversy between /Jinotod SXT <Lnd SMM HXlS results in the early 

phase of observations. Most of the flares with SXT observed showed single sources; for ex<Lmplc 

Takakura et al. (1984) have studied hard X~ray images of 30 inten se Hinototi flares and foun d 

that in most cases ltard X- ray images show the single-source structure. On t he other hand, in 

a few cases hard X- ray images observed with HXIS showed do·u ble-sou rces. This discrepancy 

may be explained as .foUows : (1) Occurrence frequency of eaclt type of fla.res changed with 

the phase of solar cycle: In 1980, SMM observed mostly type B fl ares while after 19 1 type A 

and C flares occurred more frequently than in 19 0 and they were well observed witll Hino tori. 

Hard X-ray sources of type A and C fia.res may show different source s tructure (possibly single 

sources) from those of type B flares. (2) \ngu lar resolution of Hinoto1·i SXT was 1tot sufficient 

enough to resolve fine st ruct ures of hard X- ray sources. Tsuneta (19 7) suggested that this is 

in fact the case and he pointed out that we would see more footpoinl emissions (manifested 
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themselves as double sources) wi~h telescopes with higher angular resolution than SXT. (3) 

Thermal em.ission from plasmas with temperature 1~ = ( l- 2) x 107 K may have contaminated 

the energy bands of SXT as well as HXIS. In th.is case, we may observe emissions from high 

temperat1ue plasmas which are supposed to be located at the loop top and dominated over 

the emissions from tile footpoints, hence showing single-source structure. Sakurai (1991) has 

pointed that if ~he detector had been more sensitive to h.igher energy X- rays than SXT's, we 

would have observed the X- ray emission more concentrated near the loop footpoints in the case 

of type B flares. 

As for the origin of hard X-ray emission, especia.Uy in type B Hares, whether the em issions 

"'re of non - thermal or thermal origin is not yet known. An observational key to solve th is 

question is ~o iltvestigate footpoint synchrotti sm as was attempted by Du.ijveman et al. (198:1). 

Since sensitivity of ftXIS was not very high , such an attempt has not yet been successful. 

To investigate whether the ch romospheric evaporation is actually taking place in (at least 

type B) flares would give an essential clue to reveal the role of accelerated electrons in solar 

Hares. However, due maialy to lack of imaging observations in purely non- thermal energy range 

(say, _ 30 kcVJ, such an investigation has not yet fully been done. 

fn summ<u-y, despi~e fruitful success and findings on the new aspects of solar flare hard 

X- ray emission with SM.'vf and Hinotori, these results need to be considered as somewhat 

preliminary ones. Problems Usted up above . which are essential to reveal mechanisms of hard 

X- ray production, propaga~ion of accelerated particles, and particle acceleration themselves, 

r main unsolved. The hard X-ray telescope (tLXT) aboard Yohkoh satellite aims to give answers 

to these problems. In the subsequent chapters, we will see how solar flare hard X-ray sources 

look like an.d what kind of new and essential findings are made with l:IXT. 
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Figure Captions 

Fig11re 2.1: A schematic representation of time profiles of a typical solar flare in different wave· 

lengths (after Kane l974). 
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Chapter 3 

Yohkoh Satellite A Cocise 

Summary 

3.1 Yohkoh Satellite 

Yohkoh (Ogawara. et Ql. 1991; figure 3.1) is the second Jap,.nese solar-observing satellite following 

Hinotori. It was launched by the Institute of Space and Astronautical Science, Japan (ISAS) at 

11:30 local time on 30 August, 1991 from the Kagoshima Space Center (KSC) with the M-3SII-

6 launcher. Principal scientific objectives of Yohkoh are to investigate high energy phenomena 

related to solar flares , such as particle acceleration and X- ray /1-ray emission in flares, as w ll 

as pre-flare energy build-up in the corona and the global coronal structure. For achieving these 

objectives, Yohkoh carries two X- ray imagers , i.e., the Hard X- ray Telescope (HXT) and the 

Soft X-ray Telescope (SXT), together with two spectral analysis instruments (the Bragg Crystal 

Spectrometer (BCS) and the Wide Band Spectrometer (WBS)). 

3.1.1 Spacecraft Body 

Yohkoh is a rectangular box-shaped satellite with the dimensions of approximately 100 em x 

100 em x 200 em, and weighs about 380 kg. The body of the spacecraft is made up of seven 

panels : one center panel and six side (or surrounding) panels. HXT, SXT , and BCS are mounted 

on either side of the center panel. The center panel acts as a common optical bench for thes 

instruments (figure 3.2). WBS is mounted on the top panel which faces the sun. Two external 

solar-cell paddles, each of which consists of three separate panels, are attached on two side 

panels of the spacecraft. The solar paddles supply~ 570 W of electric power during spacecraft 

daytime at the beginning of mission . 
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3.1.2 Orbit 

The initial orbit of Yohkoh is semi- circ11lar with its eccentricity e ~ 0.02 and the semi- major 

a..x:is ~ 7,500 km. Its apogee and perigee are about 792 km and 51 7 km, respectively. The 

inclin ation of t he orbit is i ~ 3 L3", and the period is P ~ 97 min. Yohkoh revolves arou nd the 

earth typically J-5 times in a day. Figure 3.3 shows the trajectory of the orb it projected on the 

earth. 

The spacecraft nters shadow of the earth (i.e. , the sun is hidden by the earth when viewing 

from the spacecraft) for about 40 min every revol ut ion around the earth. Th is period is called 

'spacecraft night '. When Yohkoh is in spacecraft night , no solar observations made but cosmic 

7-ray burst observations (c.f. s ctio·n 3.2A) are continuously condu cted. 

Most pa.rt of the spacecraft orbit is below the radiation belt which surrounds the earth above 

the equator. ITowever, when the spacecraft passes above Brazil (and nearby South Atlantic 

Ocean area), it en ters the radiation belt becat1se the altitude of the belt is anomalously lower 

there (SA..-\; Sout h Atlantic Anomaly of he radiation belt). During the SAA passage most of 

the high voltage power su pplies are t urned orr so as to protect the instruments from dam ages 

and accidents caused by intense particle radiation. 

3.1.3 Operation 

OuL of the 15 revolutions of Yohkoh around the earth, we can send / receive signals to or from 

tlte satellite at KSC (which is called upli11k and downlink , respectively ) typically 5 times in a 

day. The contact times raJlge [rom ~ l2 to ~ 16 minutes aecording to the elevation of t.he 

satt•lite. During these KSC contacts, com mands are uplinked to Yohkoh and observed data 

are downlinked to the ground (see section 3.3.3 and 3.3.<1 for details ). Besides KSC contacts, 

we have about 10 contacts in a day at NASA 's Deep Space Network (DSN ) stations; Madrid , 

Canberra, and Gold stone. During tlte DSN contacts, only downlinks of data are conducted; no 

co mma11d is uplinked to Yohkoh. 

3.1.4 Attitude Contro l 

Since two major scientifi c instru ments aboard l'ohkoh, namely HXT and XT, take images of 

the sun with high spatial resolutions of 5" and 2", respectively, it is essential to precisely control 

the attitude of t.he spacecra.fl. Yohkoh is a tJuee-a.xis stabili zed spacecraft with its Z-ax.is 

pointing towards the suo center. Y- axis is directed parallel to the solar north- pole direction. 

Stability of the Z-axis pointing is~ 1" /sand several arcsecfmin. Fo·r the attitude control of t he 

spacecraft, following ani tude sensors send signals to the Attitude Control Electronics ( CE) : 

Inert ial Reference Unit (ffi ), Two- dimensional Fine Sun Sensor (TFSS ), , on-spin ty pe Solar 

Aspect Sensor (NSA ), Star Tracker (STT), and Geomagnetic . spect Sensor (GAS). TFSS and 

NSAS monitor the position of the sun and provides attitude information att itude a round X and 
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Y axes of the satelli te. Sun-presence signals from NSAS is also used for triggering interruption 

OGs (section 3.3.3) for day-night transition of the spacecraft. STT mon itors the position of 

Canopus. providing attitude informatio n around Z axis. IRU (high- precision gyros) and GAS 

(monitors earth 's magnetic fields) provides information arou nd the three axes. 

Signals sent to ACE are processed by the Attitude Control Processor (ACP). Then. attitude 

control signals are sent from ACE to three types of actuators : Momentum vVheels (MW), 

Magnetic Torquers (1\IITQ) , and Control Momentum Gyros (CMG ). 

Figure 3.4 slwws a block diagram of various instruments which compose the satel li te. Fun c­

tions of several of these instrumen ts are described in thi s chapter. 

3.2 On- Board Scientific Instruments 

3.2.1 Hard X-ray Telescope (HXT) 

HXT (Kosugi et al. 1991; figure 3.5) is a Fourier- synthesis type telescop wltich takes images of 

solar flares with advanced capabilities over the previous hard X-ray telescopes aboard S1\!!M and 

Hirwtori. Its angular and temporal resolntiotts are~ 5" and 0.5 s, respectively, with the energy 

range of 15-100 keV ( nominal values). The field of view of HXT covers the whole sun with the 

bas ic 'synthesis apert u.re ' (c .f. section 4.1) be.ing 2'06". HXT consists of 64 bi-grid modulation 

subcoUimators (SC's). Each of them samples a two-dimensional spatial Fourier component of 

the hard X- ray brightness clistrib11tion. A photomultiplier tube with a Nal (Tl) crystal is used 

as an X- ray detector for each subcollimator. Details of HXT are described in the next chapter . 

3.2.2 Soft X- ray Telescope (SXT) 

Since the Sky/ab observatio ns in early 1970's, it has been known that soft X-ray imaging obser­

vations of solar corona provide direct information on structu res of the X- ray emitting corona 

through which we can infer coronal magnet.ic field topology, as weU as temperatures and em ission 

measures of the coronal plasma at individual points in it. In order to understand energy rel.ease 

mechanisms in solar flares, it is of crucial importance to know what magn etic field topology leads 

to the occurrence of solar flares and how magnetic energy is exclusively converted into other 

forms in ·flares. Even apart from flare phys ics , it is quite important to study coronal magnetic 

fi eld structure and physical conditions (temperature, den.sity, etc.) of coronal plas mas in time 

scales ranging from minutes (e.g., for studies on transient phenomena such as jets) to years (e.g., 

fo.r studies on solar cycle dependence of coronal magnetic fields). 

SXT (Tsuneta et a/. 1991; figure 3.6) is a. g ra.zing incidence reflecting telescope ill the soft 

X- ray band (3- 60 A, or 0.2- 4.1 keY) developed under a Japan-U.S . collaboration. SXT has 

advanced characteristics over th soft X- ray telescope aboard Skylab in that it takes images 

with (a) high cadence, especially suited for imaging dynamic phenomena such as flares, (b) with 
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high dynamic range and angular resolution, and (c) with continuous imagiug of the corona over 

several rears. . . . 
Optical surface of the SXT mirror consists of two hyperboloids o f revolutton, wh1ch g1ve _an 

h f l .• (N · · 1987 1988). This optics provi des better angular reso lu twn overal l focal lengt o - ... m t ana.J · 

for a wider field on a fiat focal plane than the familiar paraboloid-hyperb oloid combination. SXT 

is one of t he first instruments to be flown in orbits that utili zes a charge coupl ed dev1ce (CCD) 

( w24 X 1024 pixels) as a focal plane X- ray device. Pixel size of the CCD is 18 ~tm X 18 Jtm, 

or 2.46" x 2.46". The fielcl of view of SXT is~ 42' x 42' , thus covering t he whole snt~ . Two 

· d · [ t f tl e CCD detecto r to provtde soft filter wheels and a shutter mechamsm are mounte 11\ ron o ' . 

X- r>Ly images with desired energy ba nd and exposme. Sof X- ray data from SXT cons1st of 

two kinds of image data: Fu ll Frame lma.ges ( FFls) and Partial Frame Images (PF!s) •. so as to 

· t'l" qt1·1rements as much as possible with in limited telemetry capac1ty as 1s shown mee sc1en 11c r · · · . ) 

1 · 1 (t · · ll y once in 5 ~ 10 m11\ utes below. FF!s are the full sun images whose cac ence JS ower yp tca 

than that of P F!s. PF!s consist of a port.ion (e.y. 6~ x 64 pixels) of fu ll Sttn images and a re taken 

frequ~ntly (e.g. once in 15 s) . While FFTs il.re suited for studying global s tructu re of co ronal 

· b · 1 · phenomena such as flares magnetic fields , PFis a re suited for cont1nuously o servmg ( yn;umc • 

a nd evolu ion of active regions. . 

It is of cru cial importance to p recisely overlay soft X- ray images of the solar corona wJth 

I d d. ·mages taken at nound- based observatories. Such an ove rlay e.g. Ho, magnetograp 1, an ra 10 1 " . . o . 

provi des ste reoscopic information on various physical processes wltich take place along magnetJC 

loops. For this purpose, in ad dition to the X- ray optics described a~ove, SXT has an aspect 

telesco pe (in visible light) whose optical axis is co-ali gned (witllin ~ 1 ) with t hat of the X- ray 

telescope. Wi th this aspect telescope , images of t he photosphere such as those of sunspots , 

plages, white- tight fl ares, and the visible sola r l.imb are taken nearly simultaneously wtth soft 

X- ray images . . 

Observations with SXT are carried out in a. sophisticated manner. A sequence of observatJOns 

(e . . selection of ftlter pairs and expoStLre du rat ion) is intelligently controlled by an on- board 9 
· 1 bl lSXT T lle) The SXT tablets rev1sed mi roprocessor (data processor o bservat1on contTO ta e ' a > · · 

by a ground observer according to the activity of the sun as well as special operation plan of 

SXT observations. 

3.2 .3 Bragg Crystal Spectrometer (BCS) 

· 1 (T > 10' K) are produced as a result of energy release Ln solar flares. II1gh te mperature p asmas •- . . . . . . 
X- rays a re emitted from t hese plasma as line emission fro m ions W1th va.nous 10DJzat1on states 

as well as continuum emission by thermal Bremsstrahlung (free-free). The li ne e~ss1oll JS an 

excellen t measure to diagnose physical pa ra.m eters such as temperatu re and emissJOn measure, 

of the !tot plasmas. . , .. 
Using Bragg reliection on bent crystals. B S (C ulhane et al. 1991) . a U.K.- .Japan JOlll t ex· 
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periment, takes energy spectrum of X- rays in four wavelength bands with higl1 energy resolution 

(>.f6.>. ~a few thousand). BCS consists of four bent- crystal speclrometers with four position 

sensit ive (wedge-wedge type) proportional counters (figure 3.7). The four wavelength bands 

cover S XV (5.0385 A), Ca XIX (3.1769 A). Fe XXV (1.8509 A), and Fe XXVI (1.77 0 A) , re. 

:;pectively. Through the line spectroscopy in these wavelength bands, BCS obtains information 

on the temperature, emission measure , and motion of hot plasmas produced in solar flares. Fig· 

ut e 6.6 (b) shows an example of Bragg crystal spectra obtained with BCS in the Ca XIX energy 

band. BCS h as almost ten times larger sensiti vity in compari son with the previous Bragg crystal 

spectrometers a board SMM (Acton et al. 1980), P78- 1 (Doscheck 1983), and Hinotori (Kondo 

1983). This h.igb sensitivity enables BCS to observe flares witl1 h igl1er t.emporal resolution ( ;S 1 

s) than the previous instrum ents. 

BCS has its own microprocessor wh.ich records BCS data with .high time resol ution ( ~ 1 s) 

Jnt o its own queue memory during the course of a flare. At the times when the spacecraft enters 

11 ight after observi.ng the flare, the microprocessor starts to transfer the stored data to DP and 

the data are tl1en edited as telemetry outputs (s pecincally record ed onto BDR; section 3.3.2). 

In addi tion to the data stored in the queue memory, BCS continu ously transmjts observed data 

to DP with lower temporal resolution than the stored data. both in the fl are and quiet modes 

(see section :l.3.1) . 

'\ 2.4 Wide Band Sp ectrometer (WBS) 

WBS (Yosh imori et al. 1991) observes soft X- ray. ha rd X- ray, and ')'-ray spec tra of flares in 

a wide energy range at one time. Emiss.ions in hard X- rays and ')'-rays include continuum 

Bremsstrahlung emission from accelerated electrons as well as line emission of nucl ear ')'-rays. 

Soft. X-rays are produ ed by th ermal Bremsst rahlung (free-free) emission of plasm as and also 

by line emjssion (such as of Fe ions) . Energy spect ra in th is wide energy range are exp ected 

to provide us with usuful jnformalion on high energy part icles >tnd hig b tem perature plas mas 

produced in flares . 

ViBS consists of four types of spectral analysis instru ments : the Soft X- ray Spec rom eter 

(SXS) , tl1e Hard X- ray Spectrometer (HXS) , the Gamma- Ray Spectrometer (G RS) , and t he 

Radiati 011 Belt Monitor (RBM ). Th e SXS, HXS. and GH.S observe high energy X- rays and ')'­

rays from solar fl ares. Especially the GRS detecto rs have higer sensiti vity to X-rays and 1 -rays 

than previous detectors by use of BGO (Bi1 Ge3 0 12) crystals as scintill a tors. A brief description 

on SXS, RXS . and GRS is giveJl in ta.b le 3.1 (see also fi gure 3. ). A wide spectral range of 2 

keY to 100 MeV is covered with these three instrume!lts. lr1 the hard X-ray range, HXS has 32 

energy c,hannel s between 20-(300 keV for the pulse- height (PH ) data with temporal resolution of 

1 s, which enable deta.iled st udy of solar fl a re energy spectra. For the pulse-cou nt data (P C), 

which provides h.igh temporal resolution of 0.125 s, HXS h a.~ 2 energy c!Jannels (20- 50, and 

50-600 keV). ' umbers of energy c!J annels as well as temporal resolution of WBS output da.ta 
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are summarized in table 3.2. 

ln addition to providing energy spectral information of flares, tlte spectrometers act as flare-­

alarl instruments which trigger the flare mode (section 3.3.1) of Yohkoh. Currently, output 

signals from SXS is used for triggering the flare mode. 

RBM is not a solar observation instrument. Facing parpendicular to the sun, it monitors 

radiation belt environment of the spacecraft . RBM consists of two different types of detectors. 

One is a Nal (Tl) scintillation detector and the other is a Si detector (semi--conductor device). 

These two detectors are directed parpendicular to the sun so that they are insensitive to solar 

flare X- rays and ')'-rays. When the pulse count rate from the Nal detector or the Si detector 

exceeds a certain thresl10ld level. an alarm signal for the radiation belt passage is sent to DP. 

When DP recciv s tliis alarm, it makes several (scientific) instruments reduce their high voltage 

supplies in order to protect the instmments (see also section 3.1.2). 

WBS ha.s a capability of not only observing solar 'flares, but also it can observe cosmic ~·-ray 

bursts. HXS and the NaT detector of RBM are also util.ized as a cosmic ')'-ray burst detecting 

syslem when the sun is quiet or the spacecraft is during night. If the H.XS pulse count rate in 

50- 600 keY or the R.BM pulse count rate in 60-300 keV exceeds a certain threshold level, both 

pulse count data and pulse height data are recordecl as cosmic ')'-ray burst data. The data are 

temporalily stored in a transimrt memory of WBS and is telemetered dowu to the ground at. the 

beginning of reprod uction of tile Bubble Data. Recorder (BDR; see section 3.3.2). 

3.3 Commands, Data Processing, and Telemetry Output 

3.3 .1 Data Processor and Mode Control 

011 - boud scientifi c iustn1ments. especially SXT. need be controlled in a sophisticated way so 

as 1.0 e.,p]oit their capa.bi li tics within 1he lirnit.ed telemetry data rate and capacit'y of BDR 

(section 3.3.2). This control i" achieved by the Data Processor (DPJ. The DP aboard Yohkoh 

automa.Ucally con trolls lhe observing mode. The DP also con trolls operation of t11e on-board 

instruments. collects data from tl1em, and edits the data in several formats. Data thus collected 

and edited by DP are then recorded onto BDR or telemetered directly to the ground. 

l'ohkoh l1as fom observing modes (flare, quiet, night. mtd BCS-out modes) and three t.eleme­

try data rates (bit- rates; ltigl1 : 32 kbps, medium : 4 kbps. and low: 1 kbps ). Observing modes 

and telemetry data mtes are closely coupled with each ot.her. For instance, data in flare mode 

can only be recorded i11 high or medium bil-rates, and the dat<t rate is so controlled as to record 

the flare impulsive ph ase data in high time resolution. Night time d.a.ta, in which no solar ob­

servation dat<• are included, a.re recorded only in low bit-rate. Combination of the observing 

modes and tl1e bil-ratcs is cal led the DP mode. For instance, flare--mode with high bil-rate is 

called flare--high ntnd r and so on. The DP changes 1-he DP mode automatically according to 
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\'arious events such as occurrence of flares (flare-high mode is triggered) or sunset (night-low 

mode is triggered) by the interruption OGs (see section 3.3.3). 

3.3 .2 Bubble Data Recorder (BDR) 

Data taken between two downlink stations are recorded onto an on- board bubb le memory called 

Bubble Data Recorder (BDR). BDR can record 10 Mbytes of data.(~ 42 min in the ltigh bit­

rate). Recorded data are downlinked at KSC or DSN (Deep Space Network) stations. The BDR 

is quite often filled up with recorded data since time intervals between two downlink stations 

are usuaUy longer lhan the time in terval in which BDR can record data in high bit- rate. 

When the BDR is filled up with data, newly recorded data usually overwrite older data. 

Since solar flares are transient pheJtOmena, DP adopts a unique mle to protect flare data from 

cw erwriting. The flare data is protected in sucl1 a way as follows. Data importan.ce level is set 

to newly acquired data while write protectio11 level to the data already recorded on t.}1e BDll. 

The BDR is devided into 20 blocks and the lat ter level are set for eaclt of t l1e BDR blocks. The 

recorded data is protected from overwriting unless the data importance level is higher than the 

data protection level. For example, flare data usually l1as data importance and write protection 

levels of 2 while quiet sun data has data importance level of 1 and write protection level 0. This 

protects ilare data (p rotection level 2) from being overwritten by quiet sun data (importance 

level!), while quiet sun data are overwritten by newly acquiered qttiet sun data as well as flare 
data. 

IL is of cruciaJ importance. especiaUy for SXT. to study pre-flare coronal conditions whicl1 
eventually lead to explosive energy rclea5e. With this respect, BDR ha.~ a. uniqu e capabilit)' to 

protect pre-fla.re data as well as flare data tliemselves. When a flare occurs, t!te write protection 

level of a BDR block just prior I o the fia.re-recorded BDll. block is re-set to tile same level as the 

flare- recorded block itself. ln a.ddition to the protection of pre-flare data, non- flaring full- sun 

images taken with SXT are protect.ed as follows: If qui ·'L mode da.ta are continuously recorded 

for more than 4 BDR blocks. tlien the write protection levels of th first 4 blocks are re-set to 

the highest level of 3. Tl1is enables us to obtain daily fuJI -su n images and to stud y long term 

cltanges in structures of coronal magnetic fields. 

3.3.3 Commanding 

All operations of the spacecraft and of the on-board instruments are performed by uplink com­

mands. These uplink commands are sent from KSC during con ta.cts of about 1.5 minutes duration 

eacl1 for 5 orbits per day. Commands uplinked to 'lohkoh from the ground are first demodulated 

and decoded by the command decoder (CMD) and then in~erpreted by the telem >try command 

unit (TCU). TCU distributes each in erprcted command to the instrument speci fi d by the 

instrumeul code included in the commmtd. 



32 CHAPTER 3. YOHI\OH S'ATEUITE: .4 COCJSE SUMMARY 

Besides discrete commands that are executed indjvidually. there are packages of commands 

called OGs (Organized Commands). An OG can contain up to 32 discrete commands . When an 

OG is issued, each command contained in the OG is sequentially executed every 0.25 s. OGs are 

edited hy commands and stored in the TCU memory, which can store 128 OGs. Several OGs are 

automatically triggered according to interruption messages from specific on-board instmments. 

For example, sunrise/sunset OGs (for initiating and ceasing observations) are trigged hy sun­

presence signals from a sun sensor (NSAS), an.d a fl are OG (setting up for observing flares) by 

soft X- ray count rates from SXS. Several OGs are triggered for emergencies like low voltage of 

the bat teries, failure in spacecraft attitude control. and so on. Sucl1 OGs which are a.utomaticaUy 

triggered are calJed the 'interruptiou OG's. 

Wh ·n Yohkoh is out of coJtta.ct from KS , spacecraft operations suc.h as downlink at DSN 

station s need be controlled by a prog1·arn timer. The TCU has a function of issuing a series of 

OGs at speci fi ed times with til e minimum interval of 32 seconds. This seri es of OGs is caUed an 

operat.ion program (OP ). An OP can contain up to 12 OGs. The operation according to OP is 

initiated by an OP STA RT command. Usually one OP is uploaded every day so that it covers 

one day of operation. 

SXT t.a.bles (c. f. section 3.2.2) are uploaded to t.he spacecraft in a simjlar way as OPs. 

3.3.4 Telemetry 

'ommuJJi cations between Yohkoh a.nd ground stations a.re conducted through two telemetry 

chann els; one at S-band (2 .2 GHz) and the other at X- band (8.4 GH z). At the KSC, the 

S- band telemetry is used for receiving commands and transmitting real-ti me data at 32 kbps. 

The X- band telemetry is used for transmitting reproduced data from BDR at 262 kbps. On the 

oth er band, al DS ' stations only BDR reproduced data are transmitted to t.he ground using 

S-hand (262 kbps) and no real-time data is avajl able during the DDR dump. 

Once data are transferred to D P, .DP edits the data into the so-called telemetry frame format 

and records them onto BDll a.11d also directly downlinks them lo the ground. The telemetry 

frame forma.t consists of 64 frames per each major frame (2 s for bit- hi, 16 s for bit- med, and 

64 s for bit- low ). Each frame consists of 128 words (= 128 bytes) . Data from the on- board 

ir1struments have their telemetry allocation according to the current frame format , which is 

specifi d by the DP mode. For example. in the quiet- mode, SXT data (quiet sun soft X-ray 

images) have large telemetry allocation wh ile in the flare- mode some of the SXT data allocation 

is replac d by flare data from HXT. Basic data. sucb as status of each scien tific instruments have 

their own telem~t ry allocation regardless of the DP modes. 
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3.4 Data Archive 

3.4.1 Data Flow and SIRIUS Database 

Telemetry data downlinked at KSC is directl y transferred to !SAS at Sagamihara, while data 

from DSN stations are once transferred to the Jet Propulsion Laboratory (J PL) at Pasadena, 

U.S., then transferred to ISAS through a NASA Commurucation (N ASCO. I) line. Both KSC 

and DSN downlinked data are archlved in a database called SIRIUS in their raw telemetry format 

(c.f section 3.3.4 ). Sill.fUS contains not only Yohkoh data but all the data from ISAS sateUites 

and rocket experimen ts. Data archived in Sill.IUS are accessed by mainframe compu ters at 

1SAS. 

3.4.2 Reformatted Database 

In addition to the Sill.IUS database, there is another database for Yohkoh called 're form atted 

database' (Morrison eta/. 1991). Tllis database is created from SIRIUS. Here all the Yohkoh 

data are re--formatted so that data from each sc.ientific inst ruments (llXT /SXT / OCS/WBS) a.nd 

attitude data are contained separately in the reformatted database. The reformatted dat base 

is accessed on workstations and it makes analyses of Yohkoh data and comparison with data 

from ground- based obse rvatories much easier. The reformatted data are copied onto magnetic 

medi\lm (EXABYTB tapes) and are di stributed to many institutions including foreign countries. 
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Lnstrumen ts 

SXS 

HXS 

GRS 

CHAPTER. .1. YOTfJ<OH SATELLITE: A COCTSE SUMlvl.4.R.Y 

Table 3.1: WBS Instruments 

Detector Energy range 

two gas proportional counters (Xe gas) 2-30 keV 

a photomultiplier with a Nai (Tl) crystal 20- 600 keV 

two photomultipliers with BGO" crystals 0.2- 100 MeV 

Table 3.2: Number of energy channels and temporal resolution of the WBS outputs. In the 

following SXS-1/2 corresponds to two different gas proportional counters and GRS-l/2 to two 

detector photomultipliers (after Yoshimori et al. 1991). 

Spectrometer Output PH-data (lime rc•olution ) PC-data (Lime resolmion) 

sxs SXS-1 128-ch (2-30 keY) (2 s) 2-ch (0.25 s) 

SXS-2 128-ch (2 - 30 keY) (2 s) 2-ch (0.25 s) 

HXS HXS 32-ch (20-600 keY) (I s) 2-ch (0.125 s) 

GRS GRS-1 128-ch (0.2-10 MeV) (4 s) 4-ch (0.25 s) 
16-ch (8-1 00 MeV) (4 s) 2-ch (0.5 s) 

GRS-2 128-ch (0.2-1 0 MeV) (4 s) 4-ch (0.25 s) 
16-ch (8-1 00 MeV) (4 s) 2-ch (0.5 s) 
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Figure Captions 

Figure 3.1: A schematic view of Yohkoh satellite. The scientific instruments, !lard X-ray Tele 

scope (HXT), Soft X-ray Telescope (SXT), Bragg Crystal Spectrom ter (BCS) , a nd Wid Band 

Spectrometer (WBS J detectors (SXS, HXS, GRS, and RBM) as well as other instruments are 

.indicated in the figure. The spacecraft coordinates a.re given at the bottom right. 

Figure 3.2: Inside view of Yohkoh satellite seen from +Z direction (top; top view) and -X 

direction (bottom; side view). HXT and SXT optics are moun ed on the cent •r panel, which 

acts as a common optical bencl1 for the two. 

Figure 3.3: Orbit projection of Yohkoh satellite on the earth. Locations of three DSN stations 

(Goldstone, Madrid, and Canberra) as well as Kagoshima Space Center (KSC) are shown. 

Figure 3.4: A block diagram of various instruments aboard Yohkoh satellite. Functions of sorr>e 

of these instruments are descibed in the text. 

Figure 3.5: Schematic drawing of the HXT instrument. HXT consists of three major parts : 

the X-ray optics (collimator ; HXT-C), the detector assembly (HXT- S), and the electronics box 

(HXT-E). HXT-C is mou.nted on the center panel of the spacecraft body while HXT- S on the 

base plate and HXT- E on one of Lite side panels. The aspect sensor system (HXA) is installed 

along the cent ral axis of HXT-C and llXT-S (after Kosugi et al. 1991). 

Figure 3.6: Schematic illustration of the optical concept of SXT (top), <uld sub-a..~semblies which 

constitutes SXT (bottom) (after Tsuneta et al. 1991) . 

Figure 3.7: BCS detectors. The units BCS- A and BCS-B are mounted on the opposite sides of 

the spacecraft center panel. Both BCS- A and B consists of two spectrometers. Fe XXVI and 

Fe XXV Line profiles are obtained with BCS-A, while Ca XIX and S XV proftles with BCS- B 

(after Culhane et al. 1991). 

Figure 3.8: Cross-sectional view of SXS (left) , llXS (middle), and GRS (right) detectors. RXS 

and GRS consist of photomultiplier tubes with scintillation crystals while SXS consists of a gas 

proportional counter (after Yoshimori et al. 1991). 



ll
A

n
O

 
X

-
n

A
Y

 
T

E
L

!:
:S

C
O

P
E

 
(H

X
T

) 

F
ig

u
re

 3
.1

 
(: 

{
C

A
S

) 

X
 

X
 w
 

z z 
v.

.j X
 

sp
ac

ec
ra

ft
 

bo
dy

 

ce
nt

er
 

pa
ne

l 

H
X

T
-C

 

w
 

0>
 

SX
T ("

) 
~
 

).
,. '-o
 

1--
'J l:'
l 

::::>
 

;..>
 

'"<
 

0 ::r;
 
~
 

0 ~
 "" )... ..., t'
l 

h '""' q t'
l >
 

("
) 

0 ("
) u; l:'
l 

tn
 

~
 

~
 

.....
 :l: "" '"< 

F
ig

-u
re

• 
:.:

.2
 

0 g 

0 "' ,.. 



-----~ 

-~--~-~-J~~~-L-LU-~--L-~L_ __ L__-J~~~ 

Ill 
"-

CSl 
I'-

CSl 
lD 

CSl 
fT1 

Ill (S) Ill 

5ap 30n111Vl 

CSl 
fT1 
I 

Ill 
v 
I 

(S) 
lD 

~ 
r-
1 

Ill 
r-
1 

"' .. , 

~ 

0 
:::> 

.., 
z 
0 

" 0 

.., 
u .. ...., 
0 
'-

"" ... 
0 

" .J 

'" ~ 
"' v'l 

.:.J. 



~
S
N
I
T
-
A
 

~
S
N
<
T
-
B
 

C
ol

!\l
l\O

nd
 

f 0
 r

 
s;

s 
=

 
=

 
TM

 
D

AT
A 

D
P 

/S
X

T
E

-J
 

p6
 

~
 

c:::
:::::

> 
-Y

 
. 

#
' 

M
T

O
X

 
o.

.._
O

L
l o

fro
-Y

ol 
Y

Q
-Y

O
 

~
 

=
 c

=
J 

I 
-
'=

 e
:::

:J 
----

----
--

""
""

0
·0

"0
"0

""
' 
"
"
'c

=
l

'"
"
"
"
"
"
"
"
c
=

l 

S
O

 
-1

 
-
2

 
-
3

 
-
~ 

R
D

-P
S

 
R

D
-E

P
T

 
c=

>
 ...

...
...

...
...

 c
=

J
 ...

. ..
 

t-1
0

-2
 

M
D
-
I
 

F
ig

u
re

 3
.4

 

0 
B~

b:
A 

Q
 B

A
T

­
R

O
-B

 

['p
7
tlc

, 
1'

)-
.,T

H
­

l.
J-

' 
6

0
2

 

fr
-_

,T
H

­
IJ

-'
 r

 c
 

[}
:)
~A
T-
A 

[)
:)

~A
T-

B 



' 
--~ 

BASE PLATE 

SOLAR-A HXT 

Figure 3.5 



X-RAY 

~~~NCE 

~ = ~ ~ nr---------
ASPECT OPTICS - - - - - - - - - = = -

X RAY MIRROR 

~~~~NGTUBE 

tX 

-tZ,... 

Fe XXV 

Fexxvr ~2 

x'/'z 
(Sun) 

y 

F igure 3.6 

BCS - A 

Fe/Fe 
~=2]0 

Figure 3.7 



H
a

rd
 X

-R
ay

 S
p

e
ct

ro
m

e
te

r 

S
o

ft
 X

-R
ay

 S
p

e
ct

ro
m

e
te

r 

G
am

m
a

-R
ay

 S
p

e
c

tr
o

m
e

te
r 

B
G

O
 

0 0 

H
V

 
PM

T 

(a
) 

to
p

 v
ie

w
 

[lf
fL

 __ c_
 
Llf

b 
,-

-r
 

(b
) 

b
o

tt
o

m
 v

ie
w

 

F
ig

u
re

 3
.8

 



Chapter 4 

The HXT Experiment 

4 .1 Overview of the Instrument 

The HXT is the first X-ray telescope that directly adopts the Fourier synthesis principle (Mak­

ishima eta/. 1978) for ta.king images, which is qnite similar to the one used in image restoration 

procedures for radio interferometer data. The HXT utilizes 64 bi - grid modulation collimators, 

each measuring a particular spatial Fourier component of X-ray brightness distribution. A set 

of couJlt rate data are telemetered down to the ground and synthesized there into a.n image using 

the Fourier transform, at least in pri nci pl.e (figure 4.1 ). 

The HXT consists of three major parts : the coll imator optics (HXT-C) , the detector ass m­

bly (HXT-5), and the electronics unit (HXT-E) (see figure 3.5). Since each part is functionall y 

independent of each other, it was so divided as to make fabrication and management of HXT 
easier. 

The collimator (HXT-C; C abbreviation for Collimator) is the X-ray optics part of HXT . 

It consists of a rectangu lar metering tube (417 mrn X 376 mrn x 1400 mm) made of FRP 

(carbon fiber reinforced plastic) with X- ray grid plates attached at both ends. Each grid plate 

is an assembly of 64 subcoll imator grids made of 0.5-mm tltick tungusten and is mounted on 

a molybdenum ba.~e plate. Figure 4.2 shows the arrangement of the 64 subcollimator grids on 

the base plate. Merit of this particular configttration will be explained in section 4.3.2, while 

details of the grid fab rication will be described in section 4.4 .1. The HXT- C weighs abo11t 13.5 

kg, including the HXA optics (discussed later). 

The detector assembly (HXT-5; S abbrev iation for Sensors) is a package of 64 individual 

detectors, has a size of 46.5 mm x 392 mm x 223 mrn, and weighs about 17.1 kg (figure 4.3). 

Each detector consists of a Nai(Tl) scintillation crystal (25 mrn square) and a photomultiplier 

tube with a pre-amplifier assembled as a modu le. Every 8 detectors are grouped into a unHand 

have a common high voltage power supply. Eight ltigh voltage su pplies a re attached to HXT- S. 

Analogue signal outputs from the 64 pre-amplifiers a.> well as HXA signals are sent to HXT- E 

individually. 
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The electronics unit (HXT- E; E abbreviation for Electronics) is 37~ mm x 246 mm x 220 

mm in size and weighs about 10. kg. HXT-E processes hard X-ray signals and transmits digi­

tal count data to DP. lt ftrst converts pulsed analogue signals from each of the X-ray detectors 

into 6-bit digital pulse-height data, and accumulates the counts in four energy bands. After 

0.5-s accumulation of counts by 12-bit scalers, HXT-E transmits the photon count data to DP 

once every 0.5 s. Signals from the 64 photomultipliers are processed individually and simulta­

neously. The HXA signals are also processed and digitized in HXT-E. In addition to the above 

signal pro essing, HXT-E controls power and mode of the whole HXT instrument according to 

commands issued by ground observers. 

In addition to these three HXT components. there is another component called HXA (Hard 

X-ray Aspect syst m). This is a high-accuracy solar aspect system of the HXT experiment, 

mounted at the central area of both HXT- C and HXT- S. The HXA consists of a pair of small 

(</> = LO mm ) optical lenses with neutral density fillers mounted on the top grid plate of FlXT-C, 

a pair of fiducial marks fixed to the bottom grid plate of HXT-C, and a pair of one-dimensional 

CCDs (2048 pixels each) attached to IIXT-S. On the CCD, the lenses focus tlte optical images 

of the sun as well as shadows of the fidu ial marks, giving accurate position of the solar limb 

relaLive to the HXT- C axis. From this information. we can obtain relat ive position of the HXT 

optics axis to the su n center. Details of this procedure will be given in section 4.11.3. 

4.2 Background 

4.2.1 Modulation Collimators 

Before describing the Fourier synthesis technique, here we first explain basics of the bi-grid 

modulation collimators which we utilize in FfXT. A bi-grid modulation collimator (e.g . Bradt 

et al. 1968, Oda. et al. 19 3) is composed of a pair of identical one-dimensional grids, placed 

in pa.rallel to each other with a spacing of D. Each grid is made of a. number of straight wires 

opaque to X-rays, arranged periodically with a pitch of p. The wire diameter and the slit width 

are both set to p/2 so that each griri has 50% average transmissivity. 

Suppose that a parallel X- ray beam incident on the top grid plate (the one which is facing 

towards the incident bean1) passes through the collimator and is detected by an X-ray detector 

behind the bottom grid . Du to the mutual shadowing effect of the two grids, transmissivity of 

the collimator to such a beam is periodically modulated in on dimenison. with a period of 

p 
-'=15, (4.1) 

as the beam propagation dir ction changes. The modulat ion pattern thus produced is a period­

ical triangular function, as is shown in figure ~.4 (a). 

To be quantitative, let (x, y) be the sky plane orthogonal to the collimator axis , and let us 

specify the propagation direction of an X-ray beam by its projected coordinate on the (x, y) 
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plane. (Note that x and y are given by angles rather than plJysical positions.) Then the 

modulation pattern or transmission function is given in Fourier expansion as 

2 { 1r
2 

I 1 } Mc(kr) = " 2 S + cos(kr) + g cos(3kr) + 2S cos(5kr) + .. . 

[n the above equation, k is the wavenumber defu1ed as 

21f 
k = >: ' 

and r is the distance on the ( x, y) plane perpendicular to the grid pattern, given as 

r = x cos 9 + y sin 9 , 

(~.2) 

(4 .3) 

(4.4) 

where IJ is the position angle (measured counter--dockwise from the x- a.xis) oft he line normal 

to grid wires projected on the (x, y) plane (see figure ·1..5 for definitions). Note that the term 

'position angle' used here is defined in a different way from the one used in the actual ima e 

synthesis procedure (described in chapter 5) a.s well as in the actual identification of HXT grids 

which will appear later in this chapter. Definition of position angle IJ us d in the actual imag<' 

synthesis is given in figure 5.2. 

Afc(kr) is a pe riodical triangular function oscillating between 0 and 0.5. ff we disregard 

the DC component involved in this triangular modulation pattern, the pattern is approximated 

by a trigonometric (cosine or sine) function, since upon the Fourier series expansion the n- th 

harmonic coefficients rapidly decreases as l jn1 for odd n's with all the even number harmonics 

being null. 

4.2.2 Fourier Synthesis Technique 

If we denote a hard X-ray brightness distributiotl on the. sky plane as B(J:, y), the X-ray couut 

rate obtained t.hrough a hi-grid modulation collimator with effective area. A is given as 

bc(k, 0) = bc(k cosiJ. ksiniJ) =A j B(x, y)Mc(kr ) dx dy . (4.5) 

Erere the integral is taken over the field of view of the collimMor. Lf we further approximatP 

Mc(kr) with its fundamental cosine function , bc(k, IJ) is a. cosine-type spatial Fourier compon ut 

of B(x,y) corresponding to the wavenumber k and the angle 9 (plus DC component). 

In addition to this collimator, let us consider another collimator which has the same pitch 

atld position angle but whose 'phase' is shifted by 1r (2 from that of the firs one, i.e., 

1\lfs(kr) = Mc(kr- ~). 
2 (4 .6) 

Her the suflh S denotes sine coll-imator whereas C cosine collimato1·. A cosine collimator is 

easily changed into a. sine one by sl1ifting relative positions between the two grids perpendicular 

to the wires by p/4 (see figure 4.4 (b)). 

The count rate data obtained through the sine collimator is given as 
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bs(k.8) = bs(kcos8,ksin8) =A j B(x.y)Ms(kr)dxdy. (U) 

whi ch is again a1>prox.imated by a sine--type ,;patiai Fourier component of ll(x, y) (plus DC com­

ponent). Th us, by observing a distribution B (x. y) through a pair of cosirte a nd sine collimators 

having the same wavenumber k and position angle 8, we uniquely determirt a spatial Fo urier 

component of B(x, y) corresponding to k and 8. Thus, by adopting the ( U, V) coord inates for 

the Fourier plane which is condugate to (x, y), it can be said that a pair of cosine and sine 

collimators measur s the complex Fourier component b(U, V) =be+ ibs, where U = kcos8 

and V = ksin 8. Consequently, if k and 8 are allowed to vary as two independent variables. or 

if we have many cosine-sine collimator pairs with differen values of k and 8 so as to sample, 

on the (U. V) plane, a sufficient number of spatial Fou rier componen s. then we can restore 

B(x, y) through inverse Pourie r t ransform. This is the Fourier synthesis principle to be act ually 

employed in liXT. Note that this is almost the only techniqu under current-day technology 

which can afford a desired a ngu la r resolutio n in a wi de field of view for hard X- ray imaging 

observa,tions of solilr fln.res , if we excl ude the Rotati ng Mod ulaLion Coll imator ( R:VIC) tech nique 

which bas b en used in the llinotori experiment (Makishim a 1982) on-board the sp in-stabilized 

sate llite . 

Although the best way of sampling the (U . V) plane is a matter of extensive discussion, one 

practical way is to select several position angles (e .g. 0, 30, 60, ... , 150 degrees), and along each 

position angle, sample wavenu mbers in harmonir se ries as k0 . 2ko, 3k0 , -ik0 , . . . , nko . Here ko is 

fundamental wavenu mber, and t he quantity 

..\ 
_ 2rr 

o- ­
ko 

(4.8) 

determines a dimension of 'syntehsis apert ure ' . Spatial structures with angula r scales in the 

range between ..\o a nd ..\o/n are effecti vely measured, wltile t hose la rger than ..\o or sma.ler than 

..\0 /n a re not , so thn.t th e combin<ttion of k0 a nd n gives the prn.ctically avai lable fi eld of view 

(sy nthesis apert ure) a nd th angul a r resolution. In this sense n is often called dynamic range 

for the image synthesis. 

4 .2. 3 H XT D esign Goals 

The objective of HXT ex periment is to take images of hard X- ra.ys produced by solar flares, 

with much improved performance than its two predecessors: the hard X- ray imager experiment 

(~ fak i shima 19 2) on- board lfino tori and the HXIS experime nt on-board SAfil!l (Van Beek 

eta/. 19 0). ln designing t he HX1' instrument. he following goals w~re se t . 

L. The angular resolution should be as high as ~ 5", a factor of - 2 o r more improvement 

compn.red to the Hinotori a nd S MM predecessors. Also the restored image should be free, 

as much as possible, from sp urious tructures due to image synthesis art ifacts. 

4.3. THE BASELI.VE DE IG.V 

2. The imagery should be done simultaneously in se,·eral energy bands covering 15-100 keY. 

Imagi ng observations of flares above- 30 keV, which is essential to study purely non­

thermal hard X- ray emission , ltas not been done before. 

3. The time resolution of successive images is required to be as high as 0.5 s, in order to 

resolve time vari ations of hard X-ray em ission during impulsive flares. 

4. The optics should have a wide field of view which covers the whole sun, and tlte image 

synthesis aper ture shou ld be no smaller t han - 2', tyical upper limit of the size of a flaring 

region. l n oth er words, H XT should be able to make images in a 2' x 2' frame regardless 

of flare locat ion on the solar disk. 

5. A large effective a rea (say, ;:: 50 cm2 ; c.f cm2 for each of the two detertors aboard 

Hinotori and 0.07 cm2 for each detector aboard SM}f) need be achieved in order to detect 

much more fl n. res t ha n before. 

6. Hard X-ray images need be overl a id , with a n accura y of about. t", upo n so ft X-ray image• 

(from SXT) as well a,s ground- based optical a nd radio images. 

T hese design goa,ls of the HXT inst rume nt a re summ<uiz din table ·1.1 in comparison with those 

of the two predecessors. 

4.3 The Baseline D esign 

4.3 .1 G rid Confi gurat ion 

lf modulation pa tterns of the collimators a re real ly cosine a nd sin<! functions , a nd a.lso if mea.­

su rernents were made at suffi cient (k, O)-points (i.e., good UV cove rage), it is easy to reconstruct 

B(x, y) via an inverse Fouri er transform. Howeve r, sin ce t he modu lation patterns are triangu­

lar, rather than trigonomet ri c. and since only a limited number o f (I.:, 0) - points are measured 

due to a limited numb r of subcollirnators which is practically fabricable , simple inverse Fouri r 

transform cannot be app licable to o ur case. Instead, we adopted image sy nthesis procedures like 

CLEAN ( Hogbom 1974) and t he Maximum Entropy Method (MEM; Frieden 1972, Gull and 

Daniell 197 . Willingale 19 1). Th rough various com pu ter simulations and taking into account 

pract ical limi tat ions, we in vest igated optimum configuration of UV coverage as well as other 

related items including t he necessary improvement of im age synt hesis procedures (see Kosugi 

et al. 1991 ). Resul ts a nd consequ ent discussions we made are briefly sum marized as follows : 

l. The fundamental period of repetition of the modulat ion patterns (sy n hesis apature) was 

decided to be -2 arc min (exact ly 2'06"), since observat ions from flinotori and SMM 

suggested that t he angular extent of most flares is within ~2 arc min. 
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2. We chose the highest wavenumber to be 8 (i.e., k = 1, 2, ... , 7, ). This is a compromise 

between the fabricability of the fi nest grids (k = 8) and a desired angular resolution. As 

the separation of the two grid plates is ~1.4 m, which is determinded by the size of l11e 

spacecraft, the fi nest grid pitch need be as fine as p ~ 100J.Lm. This finest pi tch gives an 

angular repetition p ri od of LS. "-

3. ( k, IJ )-points in the U V plane were selected on polar-coordinate grid points, not on rectangular­

coordinate grid poin ts (see figure -1.6). This is for avoid ing ambigu ity with the fundamental 

period in determining the flare position (see section 5.1.2) . 

4. Through the simulations, we confirmed that a UV coverage with more than ~50 cosine­

sine (or complex) Fourier pairs is desirable fo r ob ain ing good images. Also we found 

that if we use a set of Fourier elements alone. synthesized images tend to deteriorate 

for relatively extended flares. We can decrease the degree of deteriorat ion by replacing 

Fourier elements at low wavenumbers (k) with so-call ed ·fanbeam elements ' , whose wire 

width ww, in our case, is t l11·ee times large r t han the sli t wid th Ills, i.e. ww = 3ws (figure 

4.7) . In general, fa.nbeam elements are suited for suppressing spuriouses in synthesized 

images whereas Fourier elements are better for achieving hi gher a ngular resolut ion . 

Using MEM, we confirmed tl1at an angular resolution as high as 511 can be attained with 

15"- pitch Fourier elements as he finest grids. 

5. in order to make reliab le images in the four energy bands, outputs from the coiUmators 

are required to be well calibrated in such a way that output gains can be adjusted wi thin 

~ 1 % accuracy. Also it is req uired to accurately measure pha.•es and amplitudes of the 

modulation patterns; position errors or the phases need to be est imated within 1" ~ 1.511 

acc uracy a.nd errors in a mplitudes, wlLich is equi valent to errors in effective area of the 

HXT detec tors, need be estimated within 5% accuracy. 

Ta ble 4.2 shows t h se lected configuration of fan beam/Fou rier elements. Examples of synthesized 

images obtained from t he simulations using the actual design of UY coverage (figure 4.6) are 

shown in figure 4.8. 

4.3.2 Grid Size and Arrangements 

It is iliglliy requested t hat HXT has a wide fi eld of view (covering th.e whole sun ) so as to avoid 

re-pointing of the spacecraft or inst rument poin ting ystem and to observe as many flares as 

possible . In order to ach iev this, each grid on t he top (sun-side) plate has been decided to have 

a size of 37 mm square, much larger than 23 mm square for the bottom (detector-side). Since 

the separation of th top and bottom plates is r-> 1.·1 m, th is combination of grid sizes ensures a 

field of view of~ 35' x 351. The grids give a simple total geometric area of~ 69 cm2 , assuming 

that the a perture ratio for Fourier a nd fanbeam grids are 0.5 and 0.25, respectively. 
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The 64 grid elements a re arranged in such a way that slits of the individual grid direction 

run circul arly and finer grids are situated nearer the center of the plate, as far as possible, so 

as to minimize undesirable effect due to possible mutual rotation between the top and bottom 

grid plates (see section 4.-1 .2) . 

4.3.3 Detectors 

Detectors for HXT are for detecting hard X- rays efficiently ill the en rgy range of 15-100 ke\' 

A set of 64 :-Ia! (Tl) crystals wi th photomultiplier tubes are used as he detectors of HXT 

Each of the phototubes a re located just behind the bottom grids. Size of the NaJ (Tl) crystals 

is 25 mm x 25 mm so that all X-ray photons that pass through the bottom grids (23 x 23 

mm2 each) hit the corresponding crystal . Th ickness of the crystals is 0.5 mm so that hard 

X- rays up to LOO keY would be photoelectrically absorbed efficiently. In additio n to increasing 

detection efficiency of higher energy hard X- rays, decreasing contamination of lower energy 

hard X-rays is of crucial importance. As solar flares have steep energy spectra with thermal 

emission significantly dom in a nt below~ 10 keY (see section 2.l.:J). ·onta.minn.tion of the thermal 

com ponent in to the HXT energy band would lead to ,. serious increase of dead time and pulse 

pile-up in the photon coun t ing. To avoid this, the crystal is sur rou nded by an aluminum case 

which is 0.8 mm (±0.01 mm ) thick at the front of the crystal. T his ca.•e acts as a. fil ter which 

cuts oJf lower energy hard X- ray photons. Details of spect ral responses of HXT are given in 

section 4.5.1. 

4.4 X-ray Optics (HXT-C) 

4.4.1 Grid Fabrication 

Since the HXT grids are required to stop hard X- rays up to 100 keY, the grids need be mad~ 

of a high atomic- number (Z) material so that X-rays are photoelectrically absorbed effici ntly 

(note that pllOtoelectric- absorption cross section <Tph <X zs) Also as the colli mato rs a re requir d 

to be coaligned with high precisi on (~ 1") with each other, he material need be that with low 

thermal expansion coefficient a. Since the finest grids have a pitch of 105 J.Llll, it is also necessary 

that the grid material has a high Young ratio E so that the grid wires would not be damag d 

by e. g. , st rong vibration at the time of launch. Figure 4.9 shows comparison of various material 

witlt respect to mass density p, mass absorption coefficient "' at a photon. energy of 100 keY, 

thermal expansion coefficient a, thermal expansion coefficient J( , and Youn g ratio E. from 

t hese considerations we chose tungsten for the mate rial or the HXT grids. Thickness of the 

tungsten grids is 0.5 mm and more t han 98% of hard X-rays at 100 keY are stopped, while at 

the energy of the K-edge of tungsten (at 69.6 keV ), the absorption effici ency is decreased to b 

~83 %. 
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In fabricating the grids, the electric discharge method. whose accuracy of fabrication is quite 

high [nearly lftm), can be used for the grids whose slit width is !:: 0.2 mm. This method was 

actually applied for the fanbeam grids. Figure 4.10 (a) shows a pair of fanbeam grid plates. 

Four grids with an identical position angle are fabricated on a single plate. While tltis method 

provides us with high precision fabrication for the fanbeam grids, it cannot be used for the 

Fourier grids , whose slit widths (less than 0.15 mm) and pitches (less than 0.3 mm) are too fine. 

Instead, th photo-etching method was adopted for the Fourier grids. As tltis method can only 

be applied to grids whose thickness is smaller than, or at most as small as its slit width, 10 

identical thin tungusten films (thickness 50 fllTI each) were stacked to form a 0.5 mm hick grid. 

Eight Fourier grids were fabricated on one fi.lm as shown in figure 4.11. Fattbeam grids as well 

as base grid plates (section 4.4 .2) were fabricated by Toray Precision Co., Ltd., while Fourier 

grid film s were fabricated by Dai - Nippon lnsatsu Co., Ltd. 

4.4.2 Gri d Assemb ly 

Four fanbeam and s ix Fourier grid plates are mounted on a single base grid plate made of 

molybdenum L5 mm thick for each of the top and bottom grid assemblies. Figure ·1.2 shows 

the assembled 64 grids on the base plate. Grid wire directions run in a circular way and finer 

grids are sit11ated ncar the center of the plate (see section ~.3.2). The tungsten films for Fourier 

lements as well as fan beam plates are stacked onto the base plate using knock-pins {2 mm¢ 1 

with positional accuracy of- 5flm. The grid assembly (both top and bo tom) , including the 

base plates. weighs about 5 kg. 

4 .4.3 Co llimator Body 

The two grid plates of the HXT collimators are required to be fixed firmly with each other so 

as to avoid relative lateral shift, mutual rotation, relative difference in expansion or shrinkage 

between the plates. and distortion. They might be caused by temperature variation in orbit 

as well as mechanical shocks at the time of launch. For exampl , a relative shift of one grid 

plate of O.l mm would cause a shift of its modulation pattern by ~ 1511
, which is by far the 

allowed value for the angular resolution of~ .5". Thus, the material for the collimator body 

to wltich th grid plates are mounted should have (a) high rigidity, (b) low thermal expansion 

coefficient (a«: l x 10-s /deg; otherwise a displacement of the order of 0.1 mm might be caused 

by a temperature variation of- 10 deg, wh ich might occur in orbit), (c) low density, and (d) 

high transparency for hard X- rays since the two grid plates are attached to face plates of the 

collimator box. The HXT collimator body is made of CFRP ( arbon-Fiber Reinforced Plastic), 

which is characterized by its low density p ~ 1.7 gj cm3 and small thermal expansion coefficient 

0 < 1 X w-6 /deg (figure ~ . 9). The CfrtP box (see figure 3.5) is - 1.3 mm !tick at the side 

plates and - 2.1 mm thick at the face plates. Three stiffners encircle the side plates of the body. 
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T hese stiffners are also used as mounting points to the spacecraft body. The collimator body 

itselt weighs about 8.0 kg and was manufactured by Nihon- Hikoki Co., Ltd. 

4.5 D etector System (HXT- S) 

4. 5.1 Detector Module 

Figure 4.12 shows a schematic drawing of a detector module. The module consists of aNal (Tl ) 

scintillation crystal and a photomultiplier tube with a high- voltage breeder and a pre-amplifi~r 

tnsta.lled. Each crystal is 25 mrn x 25 mm square and 5 mm thick, so that tLe crystal well 

covers the corresponding aperture of each bottom grid and more than 94 o/t of incident X-ray 

photons at 100 keV are photoelectrically absorbed. The crystal is surrounded by an aluminum 

case whose thickness at the photon inciden side is 0. mm (±0.01 mm). The case in front of the 

cryst,al acts as an X- ray filter so that it avoids contamination from thermal sofl X- ray emission 

of ftares into tl1e HXT energy bands and possible pulse pile-up due to this contamination in 

the photon counting. Figure 4.13 shows the spectral response of RXT. In tl1e figure, photon 

detection efficiency of tl1e Nal (Tl) crystal , thickness the alumimun case, t.l1 CFR.P face plates, 

...rd the tungusteu grids (0 .5 mm t.l1.ick) are taken into account. 

ln order not to be damaged by vibrations at the time of launch. the photomultiplier t.ube 

(RPK 2497 from the Hamamatsu Photonics Co., Ltd.) is of an anti- vibration type. Th tube 

is magnetically shielded by /<- metal so as to suppress gain vari<ttion which otherwise might be 

caused by the earth magnetic field vari•tion in orbit. Typical energy resolution (FWl:fM ,·alue) 

of the detectors is given experimentally by 

t:.E 1 E = 1.3 x .jE (E in keV) (4.9) 

( fi gure 4.14), which is similar 10 typical values for NaJ scintillator. thus far known. 

lt is essential for synthesizing images to adjust gain of the 61 detectors qually within ~ 1 o/c 

(c .f. section 4.3). For calibrating the detector gain, a small radioisotope source. 241 Am . is 

attached on at th center of each of the aluminum filter in front of the Nal crystal. The 
241 

Am 

sources emit 59.5 keV X- rays as is shown in figure 4.27 ( b) and (c ). Each calibration source 

emits X- rays at an average count rate of several ctsjs . Au accumulation time of 600 s (typical 

time duration in a KSC contact passage) enables us to determine tlie 59.5 ke\' peak position 

at an accuracy of 0.5 keV, thus leads to gain adjustment within - 1 % a.ccuracy. Since the 

geometrical size of the source is small (4 mm2 ; ~ 0.6 %of the aperture) and the a.verage X- ray 

count rate is small in comparison with that 'from flares. the calibration sources do not interfere 

observations of flares so much. Not that the contribution from the calibration somces can be 

subtracted accurately enough from the observed count rates by using pre- flare or post-flare 

count rate data as background and hence we can obtain hard X- ray counts even from weak 

flares. 
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In order to avoid pulse pile- up, time constant of charge amplifiers (pre-amplifiers) is set 

to- 10 11s so that ea.ch detector can measure X-rays up to nearly 10
5 

cts/s (see figure 4.15). 

Since this value is larger than the expected X-ray count rate (10
4 

ctsfs; spectrum and filter 

characteristics taken into a.ccount) from largest flares , HXT can observe flares without any 

significant distortion of count rates by pulse pile-up. 

Gain of each pre- amplifier was adjusted equally to each other within 1 % accuracy before 

launch. This mades subsequent in-mbit gain adjustment (see section 4.11 .2) much easier. 

4.5.2 High Voltage Power Supply 

One DC- DC converter, or high- voltage (HV) power supply unit, supplies high voltage to eight 

detector modules (figure 4.16), so in total 8 HV units are attached to HXT-S. The HV supplies 

about 935 V in the nominal case. The input voltage is 12 V. The HV output is set by commands 

to be in one of equally spaced 8 levels between 795 and 1037 V. 

Since the spa.c craft enters the ra.diation belt (SAA) once in an orbit (section 3.1.2), the HV 

outputs .need be reduced at the time of SAA entry in order to avoid possible damages to the 

photomultiplier tubes. The outputs are reduced to nearly zero without turniJ1g off the control 

circuit of the unit, thus enables to supply stable rfV outputs just after exit of SAA. This HV 

reduction function is a lso used at the time of spacecraft night for saving spacecraft power. 

4.5 .3 D etector Assembly 

Eight detector modules are assembled into a case made of magnesium . The magnesium case 

not only has low mass density (p = 1.74 gf cm 3 ) but also is easy to fabricate. Eight magnesium 

cases are mounted on an aluminum base plate so that they comprise a package of 64 detectors, 

with the 8 HV power supply units at\acl1ed outside on the both sides of this pa.ckage (see figure 

4.3}. 

4 .6 D ata Processing E lectronics (HXT- E) 

Analogue signals from the 64 pre-amplifiers of tl1e detectors a.re sent to the electronix box of 

HXT (HXT-E) and are processed individually by 64 independent circuit modules (figure 4.17). 

The analogue signals are first gain-adjusted by operational amplifiers. Gain of each amplifier 

is controll d ill a wide range (±32%) in equally spaced 64 steps, which makes it possible to 

adjttst gain of the 64 detector outputs within ~ 1 % accuracy. Then the signals a.re converted 

into digital ones by 6- bit flash A/D converters (FADC; RCA CA3306D). The A/D conversion 

is performed whenever the input signal level exceeds a certain analogue discrimination level 

(analogue lower discrimination; ALD). The ALD can be set to correspond either to ~15-keV or 

to- 19-keV photon energy. HXT-E wa.• fabricated by Meisei Electronics Co., Ltd. 
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The HXT- E has two modes of operation ; Pulse Count mode (PC mode) and Pulse Hei ht 

mode (PH mode). Digi tal signals from the FADCs are processed. d'ff g 
to the mode. 10 a 1 erent manner according 

PC mode processing : 

The PC mod~ is t he KXT n.ormal mode for flare observations. Each FAD output (binar di It 

from 0 to 63) IS encoded for binning and sent into one of the four 12- bit scalers. The four ~c g 

represent t he four energy bands of H XT . t h L b d . 1 alers . . · · e an mc udes 1 (or ~)-7. M! band .1 5, M? 
16--31, and I! 32- 63 , respectively (see table 4.3). The digital val . . li . . f h . . ue corresponding to the lower 

rrut o t e L band (dJgital lower discrimination· DLD) is selectabl b t l Pul · . . . ' ' e ween va ues of 1 or 4 
ses wtth Jts d1g1tal value lower than DLD are n t d. . · o counte In any ol the four channels Phot on 

counts are atCllmulated for 0.5 s by the scalers, and 256 (= 64 detectors X 4 b d.) l . 
count data ar 

5 
t " an s P 10ton 

e. en every 0.<> s to the spacecraft data processor (DP) simultaneously. !\sea h. 

scaler has 12 bits, the maximum co unt rate of HXT without scaler overflow is 4095 cts > ·0.5 :. 

PH mo d e p r ocessing : 

The PH mode (or the HXT CALm d ). . . Tl PH . o e IS prepared for calibration purpose of the detector gain . 
te mode 1s usually set dur·ng . f . . ' spacec ra t rught and energy spectra of 2•11 Am calib ration 

sou~rces are taken m 64 energy channels between 15-100 keY. This mode starts and ends when 

~o tco.mmt andded from the ground. l.n this mode, each o:f the FADC outputs is sent toget her with 

e ec or mo ule number directly to c h 1 . a owlter memory, whe re the photon count is binned in 64 

c alllle s directly corresponding to the di it 1 1 . . g a pu se heights. The memory consists o:f two b IT 
each bemg 4096 (- 64 64) . u ers, 

- X -channel 8- b1t counters. A set of PI! d t . 

5 

d . . a a IS sent to DP •very 8 

.econ s. Figures 4.27 (b) and (c) show examples of the P H data output &om detector moduJP.,. 

4 .7 Aspect Sys t em (HXA) 

The aspect system, HXA, provides indispensable informati'on 

1 

to locate hard X- ray sources 

re alive to the solar disk within an accuracy of ~ 1 t 2 ' o arc sec. The ElXA enables us to 

accurately measure the coal ignmen t between RXT d f . . . C . . . • an spacecra t axes, U\cludwg compensation 

or possible In-orbit thermal distortion in the coalignment between the two. 

The HXA optics consists of two identical systems (HXA-X d l!XA y fi 
4.19). Each of them takes (one- . . . ' an - ; gure 4.18 and 

dimensional) Images of the su n in wide-band visible light and is 

composed of the foU.owing compon t ( ) A fil . · en s. a n achromatic, doublet imaging lens (10 mm¢) with 

te.rs on the top gnd plate. The lens (BSC7 N) . I. d . -! IS ughly tolerant against in-orbit radiation 

amage wh1cb leads to a loss of transp (b) A · arency. set of fiducial marks placed at the bottom 

gnd plate. (c) A one- dimensio 1al CCD (2048 · 1 pixels) placed at the top of HXT-S. The CCD 
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gives white light distribution of the sutt together with fiducial shadows (figure 4.20). We can 

obtain relative direction of the X-ray a.xis of HXT and the optical axis of HXA via the location 

of fiducial shadows {see section 4.10.-l). Two CCDs are set in a di rection orthogonal to each 

other. 

Video signals from the CDs are processed by HXT-E and the following two types of data 

are sent to DP (sec figure 4.21). (a) Addresses of the CCD pixels at wlticu the video signal 

output crosses a certain threshold level. This type of data is sent to DP every second (in the 

high bit-rate ca.~e). The threshold level is selectable from four levels by a command from the 

ground. (b) One-dimensional brightness distributions of the sun (figure -1.20), digitized in 6-bits 

and sent to DP once every G4 s (in the high bit-rate case). 

4.8 Spacecraft Interface 

Figure 3.5 shows arrangement of the three major HXT compouents ( !TXT-C. HXT-S, and 

HXT-E) in the spn.cecraft. The collimator body ( lCXT-C) is mounted onto the center panel 

wltile the detectors ( HXT- S) on the base plate. The IIXT-C and HXT-S are mounted withi n ~ 

I mm accuracy to each other so that each grid aperture in the bottom grid plate is geometrically 

well coincided to the corresonding detector. 

4.9 Commands and Telemetry Formats 

4.9.1 HXT Commands 

Figure •1.22 shows ta bles of commands for HXT. The HXT comm <tnds ase sent to HXT-E 

through TCU and ase executed by llXT-E. Like other in struments aboard Yohkoh, two types 

of comm and s. i.e., (a) discrete comm ands (DCs) and (b) block commands (BCs), are prepared 

for HXT. 

Discre te Commands (DCs) 

Most of the DCs are used for turning power on/off of HXT components such as analogue elec­

t ron ics and high-voltage power supply. Commands for tu rning high-voltages on (THV- l ~ 

THV-7 ON commands) ·art be executed only following HV E A (high-voltage enable) com­

mand every time to avoid a.n accidental turn-on of high-voltages. Such protected commands 

a re ailed 'double commands". 

Block Commands (BCs) 

BCs a re used fo r changing the detector gain, high-voltage level, and discrimination level. A 'BC­

ENA' DC needs be executed prior to sett ing any B . All items (det ctor gain etc.) controlled by 

-------- - -------------
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BCs have their default values as shown by underlines in figure 4.22. These values are re-set to 

default ones wl1en power off (and on) DC is executed for the corresponding IIXT- E components. 

4.9.2 Data Handling in DP 

Data transfered from HXT-E to DP are then edited into the telemetry frame format according 

to the DP mode (see section 3.3.1). [n this section [ briefly describe HXT data processing in 

DP. 

Telemetry allocation for HXT count data 

[n the flare-mode, HXT count rate data of all the four energy bands have their telemetry 

allocation. The time resolution is 0.5 s (in high bit-rate case). On the other hand in the quiet 

mode (and also in any other mode than the flare-mode), only the L band count rate data 

accumulated every 2 s (in high bit- rate ca.<e) have the aiJocation and the data in the M L M2. 

and li bands are not edited at all. This is not ttnrea.1onable since few ha.rd X- ray counts at·e 

expected to be detectable fo r 1IXT fro m quiet sun especially in the higher energy bands. The 

L band data in non flare- modes a re used fo r tudying small !lares which do not trigger the 

fl are-mode. Other HXT data such as from HXA , power status of the i nstruJ11ent, and gain of 

the detector amp lifiers. have their telemetry allocation regard less of the DP mode. 

Pre-storage of X-ray count data 

Since the flare-mode is triggered by increased count levels of SXS, UXS, or n S, data at th~ 

onset of flares tend to be lost (es pecial ly those from Ml , M2. and H bands). To avoid this 

demerit, X- ray count data of HXT is pre-stored for ·I seconds in DP regardless of the DP 

modes . Then DP telemeters out the pre-stored data with addit ional time delay depending on 

the bi t-rate. For examp le, in t he telemetry data with time tag of T0 , HXT count rate dar ;, 

accum ulated from To - 4.5 s to T0 - 4.0 shave t hei r allocation in the case of high- bitrale while 

from To- .5 s to To- 4.5 s for med ium- bitrate. 

Data compression 

12-bit HXT count data are com pressed in DP into 8 bits (bit reduction) according to the 

following relation (after 4-s in tegration in med ium bit- rate case) : 

m = n 

m = T[4fo] 

m = 255 

(n = 0 ~ 15), 

(n = 16 ~ 4080), 

(n = 408~ ~ 4095). 

(4.10) 

Here T(n] represents the t run cated integer value of n. On the ground the original count ·n is 

decompressed from m, when digi tal error ~n' due to the bit reduction is always smaller than 

the Poisson noise statistical error by a. factor of wo, because 
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1 (m + 1)2 - m 2 m .,fii 
~n < ~ - ~ - . 

16 8 2 
(4.11) 

From t his relation , it is guaranteed that n 1 estimated from 8-bit m has nearly the same standard 

deviation as the original rt. Decompression of n from mare performed quite eaSily by using a 

table form- n conversion. 

4.10 Pre-Launch Calibration 

ln this section , l discribe pre- launch calibration of modulation patterns of the HXT grids, 

calibration of the detectors, and coalign ment measurements between the HXT- HXA axes. For 

calibrating the moduJ.a tion patterns, we used optical (visible light ) and X- ray measurements 

independentl y. Optical mea.surements w•re mainly used for measuring phases of the mod ulation 

patte rn s precisely. On th e other hand, X- ray measurements were used. fo r obtaining modulation 

amplitudes of the patterns as well as average grid transmission. 

4.10.1 Optical Measurements of Modulation Patterns 

The main objective of the optical mea.<; urements is to measure phase of each modulation pattern 

precisely. In case of the act ual collimator, the pltases need be known within ~ l" accuracy 

(or~ i!-'m on one grid plate witlt the separation of the plates D ~ 1400 mm ). For the optical 

measurements , we utilized a pair of grid assembly(= grid plates) with its separation D ~ 10 mm 

(hereafter [ call this pair of grid plates 'shortened' collim ator) . This shortening of the separation 

D enab les us to measure much more easily the phases than i l would be in the case of D ~ 1400 

mm. In fact, for the D = 10 m.m grid separation, a length of 7 J.Lm. co rresponds to an angle of 

2.41
, which is large enough to measure. Detai led description of the measurements and results 

will be presented by lnda- Koide (1993), the essence of which is as follows. 

We measured Moire patterns which are formed by illuminating djf[use white light to the 

collimator (figure ~ .23) by a one-dimensional CCD located behind the shortened collimater 

and set orthogonal to the grid wire direction. Relative phase of each. modulation pattern was 

obtained as the loca&ion of peak transmission of the Moire pattern. Although the Moire patterns 

t hemselves were affected by diffraction of light through two grid layers, this effect was symmetric 

around each peak. transmissio1t angle and hence did not affect measurements of the phases. 

4.10.2 X-ray Measurements of Modulation Patterns 

X-ray measurements of modulation patterns were carried out using a 25- mete r X-ray beam 

facility at the Institute of Space a nd Ast ronautical Science (ISAS ). Figure ~.24 is a schematic 

drawing of the measurement system. i.e. beam generator, beam line, HXT grids, and reference 

components. Electrons accele rated in a high- voltage (50 kV ) electric field !lit a Cu target and 

X- rays are emitted by BremsstTahlung emission. Electric current supplied to the beam generator 
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was ~0 rnA. A.n exam ple of energy spect rwn of X- rays produced by the beam generator is shown 

in figure 4.25. The X-ray beam is well-collimated at the ex.it of the beam line; it sp reads out 

from the line with an angle of ~ 0.01°, which is small enough in comparison with the angular 

size of the measured modulation pat erns (see below). 

The mea.surements were carried out using a shortened collim ato r whose separation D of the 

two grid plates is D = 100 mm. U we use the actual co llimato r. i.e. if D ~ 14 00 mm, it would 

make the measurements quite difficu lt . For example, since the finest angular pitch of the actual 

modulation patterns is 15.8" , the actuaJ collimator wollld require measurements with poinl.ing 

accuracy of ~ 1", which is quite difficul t to achieve. A pair of t he grid plates, assembled on the 

CFRP face plates, were ftxed to each other ( D = 100 mm) using the shortened colli mator. 

The collimator was fixed on a stage mounted on a rotator. Tt is rotated in 8 and 'P directions 

as well a.s in X and Z directions as are shown in figure 4.24. The movement of the rotator 

was controlled by electric pulse signals f:rom a personal computer via a p<uaUel TTL interface. 

The average minimum steps of the movement were~ 10 I-'m for X an d z directions a nd ~ JO" 

for 8 and <p directions, respectively. lncident angle of X-rays to ea h grid pajr was changed 

by rotating the grid plates in either 0 or <p direction. While moving the table in the X or z 
dhection , X- rays passing th rougl1 each of the 64 grid pairs were me;>sllr •d with a N<>.I(Tl) crystal 

and photo-multiplier tube detector wltich was set behind the grid pl ates. 

Before starting X- ray measurements, we located the grid plates norma l to the X-ray beam 

as accurately as possible. As the modulation patterns had the fundam ental angular pitch of 

Ao ~ 0.5 degree for the D = 100 mm collimator (note that t he fundam ental grid pitch do is 

840 !-'111) , we set the grid plates normal to the beam wi hin 0.5 degree accuracy. This was 

achieved by using (1) a small witness mirror (~ 3 cm,P) attached to one side of th e grid plates 

and (2) an auto-collimator whose cross-shaped . hair-cursor fidu cial light is reflected by the 

witness mj rror. 

Although the rotator itseH was contro!Jed fairly well by sending electric pulses to the stepping 

motors, there might be possible Ouctuations due to backlashes in control steps. Hence it was 

important for this measurement to know the absolute movem ent of the shortened collim ator, 

To achieve this, a small semi-conductor l a.~er and a two-dimensional position sensi ive diode 

(PSD) were also moun ted on the rotator. Size of PSD was ~ 12 mm x L2 rnm. Laser beams 

were reflected by a high- flatness mirror which was located ~ 50 em behind th rotator and 

PSD received the reflected beams. The PSD outputs four linear analogue signals in voltage . 

two in the horizontal direction (PSD- X) and the other two in the verticaJ. (PSD- Y) direc tion. 

Center-of- gravity position of the laser light on PSD was obta i11ed by simply taking li11early ­

weighted averages of the two output voltages both in the horizontal and verti cal directions. The 

Un earity of the output voltages with respect to the position of the ligh t was quite good; with the 

difference between t he actual and the estim ated (assunling the linear rel a tion) positions smaller 

than 0.1 mm , which corresponds to an angle smaLler than~ 14" in our setup. The four outputs 
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were first A/D- converted and then transfered to the personal comp uter via IEEE--488 interface 

(figure 4.24). In order to avoid stray lights which might shift the center-of-gravity position of 

Ughts iU llminating PSD , an interference filter was mollnted in front of PSD wh ich selectively 

passes t he laser light . Also a neutral density filter was mounted to adjust intensity of the laser 

light injecting on PSD, which enables PSD to output a proper range of voltages. 

X- ray counts fro m the detecto r photomultiplier was accum ulated for 5 s by a scaler. Transfer 

of the accumulated coun ts to the same com ptlter as weU as control of the scaler from t he computer 

were carried on t via IEEE--488 interface. 

With t hi s setu p. we measured (1) X- ray moduJation patterns and [2) average transmission 

of the 64 collimato rs as shown below. 

Modulation pat terns 

The modulation pattern of each coUimator was measured by moving t l1e rotator in either 0 or 

<;>di rectio n dependin g on the position angle of the coUimator to be measured. For example, if 

the positio n angle is o• or 30°, the table was rotated in the 0 direction and if the posit ion a ngle 

was 60° or 90°, then in the tp direct io n. 

Once t he 5- s accu muJat ion of X-ray counts was fi!lished, the collimator was rotated in either 

0 or <p direction by~ 10" ( by send ing a pulse to eit her 0- or <p- stepping motors) to measure 

X- ray tr ansmission at a different X- ray incident angle. A total of 140 data points were measured 

during one scan of a modu lation collimator, whi ch gave a transmi$sion pattern in a range of 

~ 0.4° (note that the fund amen al pi tch for t he shrinked collimator with D = 100 mm is 0.48°). 

It took about 15 minutes to complete a scan for one collimator. In order to know the absolute 

ph as s of t l1 e modula tion pattern s, modulation patterns of reference grids (= alignment pat tern s; 

shown as OA 40, 90A840, and 90A750 i11 figure 4.10 ( b)), whose highest peaks in 0- and <p­

scans give angular direction of HXT axis, were also measured. 

Figure 4.26 (a) and (b) show exam ples of measured X-ray moduJation patterns for fanbeam 

and Fourier grids: (a) A set of four fanbeam patterns with position angle 0 = 90°, and (b) Top 

left: moduJation pattern of a reference grid shown as 90A840 (and also 90A750) in figure 4 .10 

(b) (position angle 0 = 90°). Tb.e positio n (in PSD-X out put in this case) of the peak of this 

pattern gives HXT axis in t he hori zontal (i.e. X-) direction. Other three figures are moduJation 

patterns of Fourier grids wi th posit ion angle 0 = 90° . Absolute phases of these patterns are 

directly obtained by comparing with t he reference pattern. Verti cal error bars represent lu level 

of measu.red X-ray cou nts while ho rizontal bars indicate positional. errors. Figure 4.26 (c) shows 

an exam ple of combined mod ulation pattern s of two reference grids (p = 840 JJm and 750 JJm ) 

with position angle 0 = 90°. We see that t.he highest peak in the right band side of the fig11re, 

formed by an overlap of 840 JJm a nd 750 JJm peaks . gives HXT ax.is location in t he horizontal 

(X-) direction. Scan range of figure 4.26 (a) is shown by a bar in the lower right of figure 4.26 

(c). 
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Average transmission 

In order to reconstruct reliable images, we need to know precisely DC levels and amplitudes (see 

section 4.11.1 for definitions of these terms) together with phases of the modulation patterns 

Although the measurements described above are quite complete, there is another way to measure 

DC levels (in other words, average transmission) of the patterns in a more stable and precise 

manner. T he measu rements of average transmission were carried out by simply loca,ting each of 

the grid assembly (top and b ottom, separately) normal to the X- ray beam. Average transmission 

of a co.llimator is then given as a product of t ransmission of a corresponding pair of top a nd 

bottom grids. In orde r to measure raw X- ray beam intensity as well as to calibrate possible 

fluctuation in the beam intensity, direct X-ray counts from the beam were measured frequ ently 

d11ring the measurements. 

Together with the optical measurements, the above two X-ray measurements. with fluctuation 

of the X-ray beam take n into accou nt, were compiled to give phase, DC level, a nd amplitud of 

the modulation patterns. Results of the measurements, com bined with post-launch calibration, 

are presented in able 4.4 (a) and (b) (see also section 4.11.1 ). 

4.10.3 Detector Calibration 

Temperature compensation for ADC channels 

As channel wid ths of each Hash A/D converters (FA.D Cs) might not be equal to each other 

and also vary with temperatures, t he channel widths were measured at several temperatures 

whi ch are likely in orbit. For this pLupose, we used a pulse signal generator whose pulse height 

i.ncreases at a constant rate and measured the channel widths at -to•c, o• , and + to•c (fLgu re 

4.27 (a)) . An example of in- orbi t 241 Am line profiles before and after this correction are shown 

in figure 4.27 (b) and (c), respectively. The data were ob tai ned by an HXT CAL measurement 

(see section 4.6) with data accumulation t ime of 600 s. As the in-orbit temperature of HXT- E 

is ~ +9°C. we use t.he channel widths measured at +I o•c. 

4.10.4 Measurements of HXT-HXA Axes 

In order to overl ay obtained hard X-ray images with other image data, it is of cruci al importance 

to know relative position between HXT and RXA axes with an accuray better than ~ 2". Sinr;o 

detailed procedure an d res ults will be given by Sawa et al. (1993 ) and .Masuda ( 1993), I only 

briefly describe the essence of t he pre-launch experiment. 

Figure 4.28 shows schematic view of the measurements. Diffu se white light was illumi nated 

from the detector-side grid plate. Color diffraction patterns, formed by the reference grids (e.g. 

OA840, 90A840, and 90A7.50 in figure 4.10 (b)), were focused on the focal plane of a CaJllera 

through a long-focal-length tense. As the camera system is focused to the inJht.ity, diffraction 
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patterns observed directly give angular information of the diffracted light (:\1akishima 1977). 

These diffraction patterns give position of the HXT axis including a periodic ambiguity of the 

f11ndamental pitch. This ambiguity however, can be removed once we overlay HXT images 

with other images after launch. Together with the diffrac ed light, light passing through HXA 

fiducial grids (c .f figure 4.10 (b)) was also focused by the camera through HXA lenses. figure 

4.29 shows an example of the diffraction patterns and HXA fiducial grids taken with the camera. 

As we can tell positions of HXA fiducial s.hadows on ffXA CCDs, location of the f!XT optical 

axis relative to the su n cent r is derived from the F!XA CCD outputs. 

4.11 In- Orbit Calibration of the HXT 

4.11.1 Calibration of HXT-C Parameters 

Although we mea.~ured param ters for the grids such as phases and amplitudes of modulation 

patterns in deta.il before launch, it is possible tha these parameters would slightly change due 

to mechanical vil>rat.ion and shock at the time of lauch. Therefore it is desirable to estimate 

in- flight parameters of tlw IT XT grids, and if necessary, to revi e the pre- launch values of them. 

By use of bard X- ray data from fl.ares, we estimated the following parameters : (1) Mutual 

rotation angle IIR between the top and bottom grid plates, and (2) DC level, amplitude. and 

phase of each modulation pattern. Detailed procedure for estimating the above parameters 

wi ll be described by Tnda- Koide (l993). Here in the following, I will describe the essential 

points. IIR wa.s estimated, when synthesizing images, by systematically changing IIR, hence by 

changing phases of modulation patterns, and monitoring x2 values as well as image quality such 

as smoothness of images. This procedure ha.s been adopted for seve ral flares ~nd IIR is now 

estimated to be OR ~ -1.0 x l.O-" radian (or ~ 20") , where the minus sign means that the 

sun-side grid plate is rotated counter- clockwise relative to the detector-side plate when viewing 

the sun. S.imilarly, the phase and amplitude of each modulation pattern we re estimated by 

using several flare data, but in this case simultaneously, to search for a set of parameters that 

gave the best imaging results . As a result, we found that a set of parameters thus found was 

almost simila r to the pre- latu>eh one; well within the required accuracy of the parameters listed 

in section 4.3.1. Even the pr launch set of parameters gives satisfactory images. 

Summary of the modulation pattern parameters are listed in table 4.4 ((a) for fanbeam 

and (b) for Fourier grids, respectively). The table incorporates results from the post-lauch 

calib ration of the mutual rotation angle while the modulation pattern parameters obtained 

from the pre- launch caUbrations are listed in the table . This set of parameters gives sat isfactory 

results in the image synthesis . ev n if we do not use modulation pattern parameters derived by 

the post-launch calib ration. In the table,[,· is the se rial number of modulation collimators, S# 

is the corresponding sensor numbers, k is the spatial wavenumber , PA (6) is the position angle, 

DC (d) is the DC level, Amp. (f) is the amplit(•de, 'Phase' (<p) is the phase, and 'Pro• is the 
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correction added to the phases cp corresponding to a unit mutual rotation angle of OR= I x 1 o-4 

radian. The quantities d,!, and cp are conventionally defined as in figure 4.30 for both fan beam 

and Fourier grids. Note that for fan beam grids, d is always equal to f and that Tp = d + f 
gives peak transmission. It is worthwhile to point out that if grids are fabricated as designed, 

i.e. ww = 3ws for fan beam grids and ww = ws for Fourier grids ( ww and ws are wire- and 

slit- widths of a grid, respectively), then the designed quantities J and j would be J = j = 0.125 

for fan beam grids and d = J = 0.25 for Fourier grids, respectively. 

For each collimator, the actual phase 'Po(IIR) of the modulation pattern is given a.~ : 

(-U2) 

where IIR is given in units of I x lO--t radian. 

4.11.2 Calibration of Pulse- H eight Response 

The detector gain suffers from a secular vari ation, though only slightly, during a long mission 

life. As mentioned in sec ion 4 .3.1 , gain of the detectors need b adjusted equally to each other 

within ~ 1 %accuracy. Hence, we have been making HXT CAL measurements typically once 

a month (see section 4.6) when the Yohkoh KSC contacts are in night. time. X- rays from the 
241 Am calibration source are accumulated for about 10 minutes, yielding typically~ 7000- 000 

counts for each detector. From the set of 64 line pro.files thus obtained, we make a template 

profile by averaging the 64 profiles. By taking cross-correlation between the template and each 

line profile of the 241 Am source at 59.5 keV, the line center position (in units of 64 energy 

channels of HXT CAL outputs) is well determined with an accuracy of 0.1 ch. Gain of the 

detectors is then adjusted in ~ 1% accuracy so that the 241·Am line center will be located at tile 

energy channel of CpH = 37.0 ch. Note that th is adjustment gives th following channel-.. nergy 

relationship : 

E = L2.52 X (CPH + 10.1) , where 0 ~ CPH < 64 . (4.13) 

The four energy bands of I!XT are Lheu given as L: 13.9-22. 7, Ml : 22.7 -32.7, M2 : 32.7 -52.7. 

and H : 52.7- 92.8 keV, respectively (see section 4.6 and table 4.3 ). Detailed procedure of the 

de ·ector gain calibration will be described by Masuda (1993) . 

4.11.3 Overlay of HXT Images with Other Images 

As is described in section 4.10.4, angular offset of the HXT axis from the HXA axis was measured 

in a satisfactory accuracy of~ 2". Here I only briefly describe procedures to overlay HXT images 

with other images. Detailed description of lhe procedure as well as resultant images will be given 

elsewhere (:\1asuda 1993). 
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Overlay with SXT images 

The sun center position derived from HXA outputs ca.n be related to the SXT CCD pixel 

address. This procedure was prepared by J.- P. WU.Iser (private communication) by taking 

regression between positions of HXA sun center and the sun center derived from fu.ll-sun SXT 

images with orbital and secular variations taken into account. Then, HXT images are located 

on the SXT images. As the SXT CCD is ti lted from the HXT X (or Y) directions, the ti lt angle 

of~ 0.7° need be incorporated in the overlay. 

Overlay with images from ground observatories : 

Overlay of I!XT images with images taken at ground-based observatories such as radio and 

optical (e.g. Ha: ) ca.n be done as follows. As we know angular offset of the HXT a.x.is from the 

sun center , we can locale HXT images on the solar disk once we know the solar north- pole 

direction (o r the direction of the celestrial north). Th is information is derived from attitude 

history of the spacec raft within a typical accuracy of 0.1°. 

In addition to the above method which utilizes HXA in formation, we can overlay HXT 

images with other images in a practical manner using soft X-ray images taken with SXT. As 

soft X-ray images (especial ly taken with the Be filte r of SXT, with which the highest temperature 

component of a flare is imaged among the SXT filters) generally resembles to hard X-ray images 

in the L band, we can ove rl ay the two images so that the overall profiles and bright portions of 

the sottrces would match with each other. The accuracy of overlay with thjs method is typically 

~ 2". When makin g overlay with images from ground observato ri es, we can utilize optica.l images 

taken with t he optical telescope of SXT. By matching SXT sunspot images with sunspots imaged 

at ground observatories, and/or matching the solar limb , HXT images are overlaid with radio 

and optical images with an accuracy of~ 3". 

4 .12 Summary 

Since the beginning of the observations in October 1991, the HXT has observed, with an event 

recognition threshold of 3 cts/s/SC, a total of 774 flares by the end of September 1993, including 

13 GOES X- class flares, 252 M-class flares, and 500 C-cla.ss flares. Some initial results of 

imaging observations with HXT, together with statistics of observed flares are described in 

Kosugi et al. (1992), Matsushita et al. (1992), and Sakao et al. (1992). These restllts show that 

HXT is in fact a powerful instrument for understanding high energy aspects of solar flares as 

was described in chapter 3. In the next chapter, I give breif description on the image synthesis 

procedure which is a.clually utili zed in the RXT image synthesis. In chapters 6 and 7, I describe 

imaging observations of hard X-ray sources of several impulsive flares with tl1e HXT instrument. 

The obser vational results especially the characteristics of hard X- ray 'dou ble sources', are 

4.12. SUMMARY .57 

analyzed and discussed from my own viewpoint of particle acceleration and hard X-ray emission 

mechanisms, with respect to geometry of magnetic fields in which flares take place. 
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Table 4.1: Design goals of the HXT instrument (comparison with its predecessors; after Kosugi Table 4.3: Follf PC channels in the observation mode (PC mode). 

et al. 1991) 
Energy band Energy range (keV) 

Digital data value -n-om-in-al---=----=a-ct....:u_al-,-.:.._ __ _ 

li.\T !SOLAR-A) liiNOTOR I imager liXI S (S~ ! ~ I) 
L 1(4)- 7 15.0(19.0) - 24.4 13.9(17.7)- 22.7 

Collimutur I~ rc: ~ f ulti-el. bignd MC Rola<ing bigrid MC Mult i-ci.IC 
:'-J0 0f clement" 64 SCs 2 (onhogonal) (F) 304: (C) 128 
Stzc c,r clements 2J mm 0 110 mm 0 7.5 mm 0 
l ma~e ncqui"HI(lO 2D Fouricr synlhesis I 0 scans- 20 image I cl./1 pixel 
•\O_!!:tlbr fC'<.:('JUIIOO -s· - tO" 8" (32") 
Field nf ,~,e" ''hole Sun whole Sun 2'40" (6 '24") 
S\nLhccqs arcnure 1 06 " 2' 11" 2'40" (6'24") 

M1 8- 15 24.4 - 35.2 22.7 - 32.7 
M2 16- 31 35.2 - 56 .8 32.7- 52.7 
H 32 -63 56.8- 100.0 52.7- 92.8 

Values in the pa renthesis correspond t he digi tal lower discrimination (DLD) level of~-

T1me rc..:(\lu11on 0.5 s - 10 s 1.5-9 s 
[n•..::rg.~ bando;; .t channels I channel 6 channels 
iko\' ) Ch. L: IS( 19)-24 3.5-5.5 - 8.0 

Ch. M I: 24-JS S( 17)-40 8.0-1 1.5-16 
Ch. M 2: 35- 57 16-21-30 
Ch. H: 57-100 

D~:tccwr Nat(1l) scin L Nai(TI) scinL Gas prop. counter 
(25 mm 0 x 64) ( 120mm 0x2) (7.5 mm 0 x 900) 

Effl.'Ctln: .:~re:J -70 cm2 
..... 8 cm2 x 2 0.07 cm2 pixel - 1 

Table -1.4: (a) Mod ulation pattern parameters of t he HXT fanb eam grids. 

]( S# k PA (0) ID DC (d) Amp.(! ) Phase ('!') 'Prot 

'"me · f\1 = modulatron collimator; IC = imagi ng collimator; SC = subcollimator; 20 = two-d imensional: 
ID = <' ne~dimcnstonal: (F)= fine field of dew; (C) =coa rse field of view. 

01 14 0 1 0. 106 0.106 -0.012 -0.0 18 
02 15 0 2 0.108 0.108 0.242 -0.013 
03 11 0 3 0.108 0. 108 0.4 9 -0.013 
04 10 0 4 0.106 0.106 0.7<17 -0.018 

05 70 45 0.116 0.116 0.008 0.000 
06 7l 45 0.113 0.113 -0.240 0.004 

Table 4.2: Parameters of fan beam/ Fourier elements. 07 75 45 0.115 0.115 -0.496 0.000 
08 74 45 0.11 5 0.115 -0.752 -0.004 

Fanbeam elements Fourier elements 

o. of elemments 16(4x4PA) 48 (4 x 2 (cosine, sine) x 6 PA) 
09 00 90 0.106 0.106 -0.041 -0 .019 
lO 01 90 2 0.111 O.lll -0.282 -0.0 19 

Position angle (degree) 0, 45, 90, 135 0, 30, 60, 90, 120, 150 
Phases 4 (O, rr /2, ,- , 3,- /4) 2 (cosine, sine) 

11 05 90 3 0.111 0.111 -0.539 -0.013 
12 04 90 4 0.111 0.111 -0.799 -0.013 

Wavenumber coverage k = 1, 2 k = 3,~ ,5, 6 , 7, 
Wavenumber (k) 2 3 4 5 6 
Pitch (J.tm) 840 280 210 168 140 105 

13 64 135 0.106 0.106 -0.0 14 0.000 
14 65 135 2 0.110 0. 110 0.270 0.004 
15 61 135 3 0.115 0.115 0.497 0.000 
16 60 135 0.109 0.109 0.715 -0.004 

(arc sec) 126 42.0 31.5 25.2 21.0 15.8 
Slit width (J.tm ) 210 1 0 105 84 70 60 60 
Wire width (l•m) 630 140 105 84 70 60 45 
Material 0.5 mmt tungu sten 0.05 mmt tungusten films x 10 
Fabrication Electric discharge method Photo-etd-,ing 
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Table 4.4: (b) Modulation par.tern parameters of the E!XT Fourier grids. 

/{ 
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18 
19 
20 
21 
22 
23 
24 

25 
26 
27 
28 
29 
30 
31 
32 

33 
34 
:15 
36 
37 
38 
39 
40 

41 
42 
4.3 
44 
45 
46 
47 
48 

49 
50 
5 1 
52 
53 
54. 
55 
56 

57 
58 
59 
60 
61 
62 
63 
64 

5# 
62 
66 
51 
50 
45 
44 
30 
34 

12 
16 
55 
54 
2! 
20 
31 
35 

06 
02 
76 
72 
25 
24 
41 
40 

63 
67 
53 
52 
47 
46 
32 
36 

13 
17 
57 
56 
23 
22 
33 
37 

07 
03 
77 
73 
27 
26 
43 
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3 
3 
3 
3 
3 
3 
3 
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5 
5 
5 
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6 
6 
6 
6 
6 
6 
6 
6 

7 
7 
7 
7 
7 
7 
7 

8 
8 
8 
8 
8 
8 
8 
8 

PA (0) 

30 
30 
60 
60 
120 
120 
150 
150 

0 
0 
60 
60 
90 
90 
!50 
ISO 

0 
0 

30 
30 
90 
90 
120 
120 

30 
30 
60 
60 
120 
120 
!50 
150 

0 
0 

60 
60 
90 
90 
ISO 
150 

0 
0 

30 
30 
90 
90 
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120 

ID 

c 
s 
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s 
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s 
c 
s 

c 
s 
c 
s 
c 
s 
c 
s 

c 
s 
c 
s 
c 
s 
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s 
c 
s 
c 
s 
c 
s 

c 
s 
c 
s 
c 
s 
c 
s 

c 
s 
c 
s 
c 
s 
c 
s 

DC (d) 

0.171 
0.164 
0.190 
0.192 
0.194 
0.197 
0.204 
0.209 

0.206 
0.197 
0.205 
0.199 
0.211 
0.204 
0.227 
0.237 

0.187 
0.194 
0.204 
0.211 
0.227 
0.220 
0.236 
0.207 

0.223 
0.204 
0.240 
0.244 
0.198 
0.219 
0.281 
0.284 

0.215 
0.219 
0.183 
0.199 
0.202 
0.220 
0.232 
0.232 

0.174 
0.230 
0.242 
0.21 
0.232 
0.255 
0 193 
0.229 

Amp. (f) 

0.168 
0.164 
0.180 
0.170 
0.177 
0. 181 
0.194 
0.195 

0.183 
0.184 
0.170 
0.178 
0.191 
0.189 
0.172 
0.187 

0.173 
0.172 
0.178 
0.191 
0.178 
0.176 
0.176 
O.LT 

0.165 
0.154 
0.154 
0.152 
0.161 
0.1.64 
0.168 
0.184 

0.173 
0.179 
0.147 
0.156 
0.152 
0.156 
0.163 
0.178 

0.173 
0.171 
0.147 
0.140 
0.167 
0.167 
0.144 
0.151 

Phase (<p) 

-0.051 
-0.303 
0.217 

-0.061 
-0 .002 
0.247 
0.056 

-0.196 

-0.068 
0.167 
0.008 

-0 259 
-0.250 
-0.057 
0.041 

-0.227 

-0.073 
0.164 

-0.102 
-0.303 
"0.309 
-0.127 
0.025 
0.257 

-0. 125 
-0.366 
0.285 

-0.059 
-0.003 
0.246 
0.012 

-0.300 

0.060 
0.388 
0.144 

-0.145 
-0 233 
-0. 149 
-0.100 
-0.380 

0.179 
0.440 

-0. !28 
-0.330 
-0.375 
-0.208 
0.076 
0.285 

'Prot 

0.041 
0.049 

-0.003 
-0.025 
-0.003 
-O.Oll 
0.052 
0.044 

-0.03 1 
-0.031 
-0.005 
-0.034 
-0.032 
-0.032 
0.051 
0.040 

0.039 
0.0~9 

-0.001 
0.013 

-0.0!3 
-0.013 
-0.029 
-0.042 

0.054 
0.070 
0.025 

-0.019 
0.025 
0.009 
0.049 
0.033 

-0.018 
-0.018 
0.029 

-0.022 
-0.056 
-0.056 
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Figure Captions 

Figure 4.1: Schematic iUustration of the concept of image synthesis with HXT. Each bi- grid mod­

ulation coUimators samples two-dimensional spatial Fomier component of hard X- ray sourc '. 

Figure -!.2: Arrangement of the 64 su bcollimator grids on the base plate (top view). The sl it 

directions of each grids are shown by the hatching. The s ine and cosine Fourier elemen pa ir< 

are represented by solid and dotted hatch.ing lines, respectively. Number of the lines denote the 

wave number of each Fourier element. The spacecraft coordinate is shown in the figure (after 

Kosugi et al. 1901). 

Figure 4.3: The detector assembly (HXT-S; top vie w). Squares wi h octal numbers in it r p ­

resent 64 scintillation counters. Every 8 counters are grouped into a sub- module and ltave a 

common high voltage power supply (s hown as 'HV' i11 he figure). Two inclined rectangulu 

boxes near the center of the HXT-S denotes two one-dimensional CCDs for the HXA. The 

space~raft coordinate is shown in the figure (after I<osugi et al. 199!). 

Figure 4.4: Schematic drawing of (a) cosine and (b) sine grids of modulation col limato rs wi th 

their modulation patterns (.Mc(x) and Ms(x), respectively). 

Figure 4.5: Relations!Up among the distance r, the position angle 8, and a two-dimensional 

brightness distribution. Note that in the actual image synthesis procedure and in identifying 

HXT grids, I use different definitions of xy-coordinate and position angle (J from the one shown 

here (see figure 5.2). 

Figure 4.6: Arrangement of sub collimators in the UV plane. Each dot denotes the position angle 

(J and the wavenumber k of a pair of cosine-sine Fomier elements. Each a.rrow near the orig~n 

of the UV plane corresponds to a set of four fan beam grids with the same position angle. ote 

that the defmition of position angle in this fig11re is the same as the one in figure 4.5. 

Figure 4.7: Modulation patterns for a set of fan beam elements. Four fan beam elements, with the 

same position angle and whose phases of modulation patterns are successively shifted by 1r /2 , 

compose a set (denoted as Gl, G2, G3, and G4). Note that in the figure, moduJ.ation patterns 

of Gland G2 are shifted by ;r/2 in phase with each other. 
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Figure 4 .8: Exapmles of image-synthes.is simulations by MEM for the actual !L'<T design. Top: 

original maps. Bottom : restored maps . Contour levels are 10% steps (solid lines) and 5% 

(dashed lines) of the peak in each map. Size of the maps is~ 2' x 2' (after Kosugi et al. 1091). 

Figure 4.9: Comparison of varjous material with respect to (a) mass density p and mass ab­

so rption coefficient 1< at a photon energy of 100 keV, (b) thermal expansion coefficient Ct and 

th rmal expansion coeffici nt K, and (c) mass density p and Young ratio E. 

Figure 4.10: (a):\ pair of fan beam grid plates (position angle B = 45°) for Lop and bottom grid 

assemblies (llO % in scale). 'r he slits have a width of 210 1<m and a pit ch of 840 1<m. Thr ee 

small slits at the lower left corn er of each grid plate are optical alignment patterns with a slit 

width. of 100 pm and a pitch of 8·10 J.J.m (for OA840 and 90A~~O) or 750 J.tm (for OA750). These 

alignment patterns are utilized when mounting the grid assembl ies to the top atld bottom face 

plates of the collimator body (see e.g. Bradt et al. for the alignment of grid assemblies by use of 

optical diffraction patterns produced by (reference) grids) . (b) Fiducial grid s for HX<\ ( l26 % 

in scale). Tltis grid plate is fixed to the bottom grid assembly. Slits at. the top and bottom of 

the plate are t he reference grids which are used to obtain r[XT a.xis (c.f. secti01t4 .l0.2). Pitch 

( 40 Jtm or 750 Jtm) and position angles (0° or 90°) of the refenrence grids are shown in the 

figure. 

Figure 'l.l1: (a) A Fourier grid plate (100 % in scale; position angle B = 120°) for the top 

grid assembly. Pitch (in J.J.m) and cosine/sine type of the grids are shown in the figure. Three 

parallel lines in each of the grid are supporting wires which run orthogonal to the grid wires. 

(b) A Fourier grid plate (100 % in scale) for the bottom grid assembly which corresponds to tlte 

plate (a). (c) Magnification of a. part of Fourier grid (a) (200 % in scale). 

Figure 4.12: Schematic drawing of a detector module. The detectors of HXT consist of a. set of 

64 identical photomultiplier tubes with NaJ (Tl) scintillat ion crystals (after Kosugi et al. 1991). 

Fig11re 4.13: Spectral responses of HXT- 5 and HXT- C. The efficiency of the Nal (Tl) crystal 

for detecting X-ray photons is shown by the tltick line. 'rhe transmission efficiencies of the AI 

filter (0.8 mm thick) alone and plus the two CFRP face plates (each 2.1 mm thick) are shown 

by dashed a nd thin lines, respectively. T h absorptio n efficiency or the stopping power of the 

tungsten grids (0.5 mm thick) is shown in dott d line (af er Kosugi et al. 1091). 
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Figure 4.14: Relation of energy resolution uE (FWl:!M value) of a typical HXT detector against 

incident photon energy E. Energy resolution of the detector is e.xpressed as .::,.E/ E = 1.3 x E- 1/ 2 

(E in keY) , which is similar to typical values for Nal scintillators thus far known. 

Figure 4.15: Configuration of electric circuits of an HXT detector module (a photomultiplier , a 

high-voltage breeder, and a pre-amplifier) . 

Figure 4.16: Schematic view of an HXT high- voltage (HV) power supply un it. Eight HV power 

supply units are prepared for the 64 d tectors. 

Figure 4.17 : Block diagram of the X- ray signal processing circuit modwe. Each of the 6<1 

ide11tical modules processes each analogue output from the corresponding delcctor (a[ter Kosugi 

et al. 1991). 

Figure 4.18: Schematic drawing of HXA optics. Both HX A- X and l!XA- Y have the same 

system with fiducial grid and one- dimensional CCD orthogonal to each other. The lense for 

HXA-X (-Y) is mounted on the top grid plate while the f-iducial grid (f1gure <-1 .10 (b)) is on th e 

bottom grid plate. The CCDs are mounted on ITXT-5. 

Figure 4.19: Schematic view of the two one-dimensional HXA CCDs. The two CCDs (for HXA 

X and HXA-Y) are set orthogonal to each other a1td are mounted at the central area ofHXT- S 

as is shown in figure 4.2. 

Figure 4.20: An example of HXA CCD output , i.e. one-dimensional intens ity distribution of 

the sun, for both HXA-X and Y. Four narrow dips ilt each of the figure are the shadows of the 

fiducial marks. 

Figure 4.21: Block diagram for fD0\ signal processing. 

Figure 4.22: Discrete commands (DC) and block commands (BC) for HXT. BO in t.he block 

command tab le represents the most significant bit (MSB), while 87 the least significant bi t 

(LSB), of a variable consisting of 8 bits(= 1 byte). 

Figure 4.23: Examples of CCD output showing Moire pattern formed by diffuse white ligh t 

through the shortened collimator: (a) a fanbeam grid, and (b) Fourier grids of a cosine-sine 

pair (afte r lnda 1991 ). 

Figure 4.24: Schematic drawing of the X- ray measurement system. 
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Figure 4.25: Top: energy spectrum of X- rays generated by ISAS beam generator with acceler­

ation voltage of 50 kV and electric current of 30 rnA. Bottom: energy spectrum of X-rays from 
241 Am for giving absolute energy scale to pulse height channels of a pulse height analyzer used 

in the measurement. The highest peak in the figure corresponds to 59.5 keY. 

Figure 4.26: Example of measured X-ray modulation patterns. (a) A set of four fa.nbeam 

patterns with position attgle IJ = 90°. (b) Top left : combined modulation pattern of two 

reference grids (position angle IJ = 90°) shown as 90A 40 and 90A750 in figure 4.10 (b). The 

other three patterns are also from the same position angle. Bottom left : modulation pattern 

of a cosine-typ Fourier grid whose pitch p = 210 Jim. Top r·ight : a cosine-type grid with 

p = 105 flm (i.e. the finest grid). Bottom right: a sine-type grid with p = 105 Jim. (c) An 

example of combined modulation patterns of two reference grids 90A 40 and 90A 750 in figure 

4.10 (b) (p = 840 Jim and 750 Jim, IJ = 90°). See text for details. 

Figure 4.27: (a.) Rela.live channel widths ofFADCs (for sensors 500 and SOl) at +l0°C. (b) Sam· 

pie 2'11 Am Lin e profiles obtained by a.n ~IXT CA L measurement after launch, before corrections 

for FADC channel widths. (c) Same as (b), but after the channel width correction. 

Figure 4.2 : Schematic view of HXT - HXA axes measurement system. The a.xes were measured 

separately for HXA-X and HXA- Y. The auto-collimator was used as a reference between the 

two measurements. 

Fig11re 4.29: Diffract ion patterns of reference grids taken with the long~focal- Jength camera. 

Top: Diffraction pattern of a reference grid shown as 90A750 in figure 4.10 (b) (pitch p = 750 Jim 

and position angle IJ = go•). A thin cross in the figure is the reference hair- cursor light from the 

auto-col limator. Bottom : Diffraction patterns of reference grids whose position angles IJ = o• 
and go• with the same pitch ofp = 840 Jim (OA840 and 90A 40 in figure 4.10 (b), respectively). 

Overlaid is a shadow of HXA fiducial grids. 

Figure 4.30: Definition of the DC level (d), amplitude(/), a nd phase (rp) for fanbea.m (a.) and 

Fourier (b) grids. For fan beam grids, d is always equal to f. 
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1. Discrete Commands (D Cs ) 

y X () I 2 _, 3 -~ l j 5 G 7 
. ------- ------
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\• I I Off' CAL OFF CAl UH 

~--; - ~; -i IIV k~O -
I svrs ON IIXTI ON IIXTl ON IIXT IIXA ON IIXA 

I I ON CAl. ON fAL UN I I 

~· 
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2. lllo ck Comma nd s (IJCs) 
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Chapter 5 

Image Synthesis 

5.1 Image Synthesis Software 

5.1.1 Overview 

Count rate data of HXT down! inked to the ground a.re regarded as a time series of sets of 64 two­

dimensional spatial Fourier components. To obtain an image of solar flare hard X-my sources 

it is necessary to perform , in principle, a two- dimensional inverse Fourier transform (image 

reconstruction) to a set of downlinked data. The HXT has four energy bands for studyi~ng the 

spect ral variation of the hard X- ray sources. Also we need to reconstruct as many images as 

possible so that we can study temporal evolution of sources. Moreover, in order to ext rac t 

maximum scientific output, precise location of HXT images on the sun must be known so as 

to overlay the images to SXT images as well as optical and radio images. For these p\lfposea 

I have developed an J-IXT data analysis software system both on mainframe computers as well 

as on workstations. The former accesses data stored in the SIRJ11S database while the latter 

is for the reformatted database ( c.f section 3.4). In this section I concentrate on mainfram, 

p rograms developed for a general use in synthesizing HXT images. Here the Max.imum Entropy 

Method is adopted as a standard image synthes is procedure. Programs on workstations are 

essentially th e same as those on mainframe computers. Figu re 5.1 shows a schematic diagra.rr, 

of the software system. No detailed description will be given regarding the data arrangement 

part of the system, because it is so simple that this figure explains almost everything. 

5.1.2 Determination of Flare Location on the Sun 

As is mentioned in section 4.3.1, the mod11lation collimators of HXT have a fundamental repeti 

tion pitch of 126", which is a fundamental size of the synthesis aperture . Before starting image 

synthesis, we fi rst need to define the synthesis ape rture, which can be achjeved by roughly es­

timating the flare location (position of the highest hard X-ray intensity in the source) in the 

HXT coord inate. Then we set an image synthesis field of view (usually equals to th.e synthesis 



66 CHAPTER .5. f.\f..\GE S'r:VTlfESTS 

aperture) centered on the estimated location. The image synthesis is performed assuming that 

no hard X- ray pboi.Oit comes from outside this image synthesis field of view. 

The procedure for determining flare location (x 0 • y0 ) consists of the following steps. The 

coordinate is given in section 4.10.2 and xo 1tnd Yo in units o[ HXT pitch ( = 126"). 

.l. Extract HXT pulse count rates in every 0.5 s (in the high bitrate case; 4 s for the medium 

bit rate) in a certain energy band from the SIRIUS database, decompress the data (section 

4.9.2), and accumt1late them for a specified time interval. After this step, a set of 64 

photou coun ts [rom th ·' (i4 detectors is prepared. 

2. l"rom the photon count data set, make a dirty map which covers the whole Stln. Details 

for making the dirty map is given below. 

3. List up positions of peaks in the dirty map. The flare location (x0 , Yo) may not necessarily 

correspond to th e highest peak; this is especially so when hard X-ray sources scatter in a 

relatively diffuse area. About 50% of fl a res thus far analyzed have tlteir location where the 

program suggested as the 1st candidate. More than 80 % of the flares are listed witltin, say, 

he first .5 ~ 10 candidates. Even if the sit11ation is worse, we can practically obtain the 

location by use of the corresponding Ha flare location reported in the Solar Geophysical 

D(lta as weLl as tlte location suggested by SXT. 

The location (.to, Yo) need not be so accurate; about 10" ~ 20" accuracy is usually enough 

for synthesizing images . Even if (x0 , Yo) is not accurate enough, this only resnlts in syn­

thesized sou rces located in the image synthesis field of view at a position shifted from its 

center which makes no problem in synthesizi1tg images. 

In the foiJowing, f briefly describe how to construct dirty maps used for the determination of 

flare locations. Suppose we have a. limited number of wo--dimensional fo11rier components (i.e. 

limited number of UV coverage) of a brightness distribution. If we simply reconstruct a two-­

dimensiona.J map by the inverse-Fourier transform (from the data with DC level subtracted), 

we obtain a dirty map with spurious structure such as side-lobes and repetitive patter ns, due to 

the limited UV coverage and the fundamenta.J p riod of t lte Fottrie r transform, respectively. The 

map contains negative data points as we subtTact DC level from each of the observed Fourier 

component. 

Even in this dirty rnap, we may S<'>e enhancement of brightness at the location where the 

real source is situar;ed. The enhancement is, in fact the largest one in tlte dirty map as far 

as the source is more or l.ess point-Uke (in the sence tl1at the source is not much ex-tended in 

comparison with the fundamental period) and as far as we have enough co11nting statistics for 

making the map. As solar fla.re harc.l X-ra.y sou rces are, in most cases, expec ed to be point-Uke 

in the above sense, we utilize this dirty map from wltich we ma.ke the first g11ess of the flare 

location ort the sun. Th modulation patterns of HXT are not t rigon omet ric . Nevertheless, as 
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our main interest here is to obtain rough positions of flares, we construct dirty maps using the 

first Fo11rier-amplitude term in the l"ourier expansion of each modulation pattern as is given 
below. 

Before describing the dirty map procedure itself, it is useful to show l"ourier expansion of 

fan beam and fourier modulation patterns for later explanation . Fourier e.xpansion of fan beam 

and l"ourier patterns (Mra(x) and Mrn(x), respectively; note that xis given by angles rather 

than physica.J positions) shown in fig11re 4.30 is given as follows: 

(a) Fan bea.m patterns : 

' · ( ) h 4h ~ 1 ( rrn) 2rrn(x- x0 ) n'ha X = - + 2 L., - I - cos - cos ----'--,----'"-
·~ 7r n=l n2 2 A 

h 4h { 2rr(x- x0 ) 1 ·l1r(x- x0 )} 
"' 4 + 7r 2 cos -' + 2 cos ,.\ 

(b) l"o11rier patterns : 

.M ( ) _ h + 4h ~ 1 2rrn(z- x0 ) h 4h 2rr(x- x0 ) 
FR x - 2 rr2 n f;;'dd ;:;'i cos ,\ "' 2 + rr2 cos ,\ 

D irty map 

(5 .1) 

(.5.2) 

Let b~ (K = 1 ~ 64) be background-subtracted photon counts obtained by the 64 modulation 

collimators. Here the suffix 1\ correspond to the serial nttmber for tbe collimators used in table 

4.4. The fan beam grids correspond to A- = 1 ~ 16 wh ile J> = 16 ~ 64 are the Fourier grids. 

define incident DC count Eoc as foiJows : 
16 

JFB o 
Eoc = L -bg , 

K=l dg (5.3) 

where dK represents 'DC level' of the K - tb fan beam pattern and is given in table 4.4 and JFB is 

the designed va.lue of DC level for fan beam modulation patterns : dr-a = 0.125 (see also section 

4 .1 1.1). The quantity Eoc is the expected incident count for each collimator from a fiat (or 

gray) brightness dist ribu tion . Using Eoc, we eva.luate DC level-s ubtracted incident co1utts for 

each collimator bg from bK as follows : 

(for fan beam grids; [( = 1 ~ 16) , 

(for Fourier grids; !( = 17 ~ 64) , 
(5.4) 

where dr-R a nd fFR a re the designed values of DC level and amplitude for Fourier grids, respe<:· 

tively (JFR = fFR = 0.25), O:r-s and O:FR are designed values of aperture ratio for fanb eam and 

Fourier grids, i.e. O:pa = 1/16 and &rn = 1/4. 

With these bg, Fouder components F/( and Pi( of the fundamental pitch (i.e. k = 1) for 

each of the position angles, 0°, 45°, 90°, ancll35° a.re obtained from the fanbeam co11nts by the 

following equations : 
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~ { (hx + hK +t) + (br; + hK+J)} 

H (iir: + bx+d- (bi< + bi<+J)} 
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([( = 1,5,9,13). (5.5) 

These equations are derived if we note that th (designed) p.hase of the (K + 1)-th (K 

1, 5, 9, 13) fan beam colli mator is shifted by ,. /4 from the [( -th collimator, and that of the 

(Ii" + 3)-th, 31f/4, and that incident and observed counts a.re related with each other in such 

a way as eqs.(4.2), with the modulation pattern approximated by Fourier expansion given in 

eq.(5.1). Taking these into account we conclude from eq.(5.5) that rt and Fj{ are, respectively, 

good approximation to Fourier amplitudes for cos kx and for sin kx with k = 1. We do not use 

Fourier components with k = 2 in the procedure described here. 

As for Fourier grids, bx directly gives I\-th Fottrier component (c.f. eq.(5 .2)): 

(K = 17, ... ,64). (.5.6) 

Us.ing the Fourier components obtained from both fanbearn and Fourier grids, each pixel 

value P;; of the dirty map is obtained as follows : 

(5.7) 

P;; = L Fx cos 21T¢;i,K , (5.8) 
KEG 

here G is a set of collimators consisting of four fan beam elements whose (designed) phase is 0 

and all the Fourier elements. In the above equation, 8x =Ox+ 1Tj2, where Ox is the position 

angle of/( -th grid, and (x;, y;) is expressed in the H.XT coordinate in units of HXT pitch. 'Po,K 

is the actual phase of [( -th modulation pattern as given in section 4.11.1. 

5.1.3 Image Synthesis 

The next step i.s to actually syntltesize images. Before describing the image synthesis procedure 

in detail, let me briefly summarize essence of the procedure. The image synthesis procedure 

compTises of the following steps : 

1. Obtain a set of 64 photon counts from the 64 detectors in the same way as is described in 

section 5.1.2. 

2. Subtract background data from the above pltoton count data set. The background data 

itself is prepared in t he same procedme as above. 

3. After setting the image synthesis field of view centered on (x0 , yo), an image is recon­

structed from the count set by Maximum Entropy Method (MEM). The reconstructed 

image data, as well as additional information such as start and end time of the photon 

count data set and the resultant values of the image synthesis procedure (e.g. x2 value) 

are stored in an image file. 

----- A 
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A series of photon count data sets can also be produced by the above procedure for processing 

multiple images (in one energy band) at one time. In this case the image file produced by 

the image synthesis procedure also contains a series of images corresponding to each count 

set together with additional information. In the following I describe deta.ils on the synthesis 
procedure. 

The response matrix 

Let b~,(f( = 1 ~ 64) be background-subtracted pl1oton counts obtained by the 64 modulation 

collimators as in section 5.1.2. Suppose B;j is the two-dimensional brightness dJstribution 

of hard X-ray sources. Here we consider the brightness distribution in N x N pixels, •. e. 

1 S i,j S N. Let No X No pixels have the same size as the synthesis 11perture of the HXT, 

i.e. 126" X 126". Note that N X N pixels gives the image synthesis field of view, whkh is not 

necessarily the same as the synthesis aperture. In the actual image synthesis, I usually set 

N = 64 while No = 51. This choice, No = 51, gives a pixel size of 126" /5 1 = 2.-17", which 

is almost the same as the pixel ize of the SXT CCD (2.46"; c.f section 3.2.2). This is very 

convenient in comparing HXT and SXT images to each other. 

The observed X-ray count rate b'l, for the [( -t.h modulation collimator, due to the brightness 

distributim1 B;;, is given by using two-dimensional r·esponse matrix P;
1
,K as follows : 

N 

b'l< = .L P;i,I< Bt + n'l< , 
1,]=1 (5.9) 

where n7< represents uncertainties in b'l< dJLe to Poisson statistics and systematic errors inevitably 

included in observations. Let (io,jo) be the pixel numbers at the center of the image synthes.is 

field of view, i.e., (io,}o) = ((N + l)/2,(N + 1)/2). Note tl1at (i0 ,j0 ) need not necessarily be 

integers ; in the case of N = 64, (io,}o) = (32.5. 32.5). Setting A to be the geometrical area 

(includJng both slit and wire areas) of each collimator (A 31 6 cm2), the]( -th response matrix 

P;;,x is given by the following expression : 

(5.10) 

where tPij,K = kgr;;.J< is the phase (not necessarily 0 S </>;;,K < 1) i11 the tr11nsmission function 

Mx (=modulation pattem; c.f. section 4.2.2), k is the wavenumber of tl1e modulation pattern, 

and r;;,K is a signed distaJtce from the center of the field of view (x0, y0) (or (i
0
,j

0
)) to tl1e poin t 

D;;.K in figure 5.2. Note that D;;.K is the projection of the (i,j)-th pixel to the line lx which 

is normal to the wires (or slits) of the]( - th collimator grid. The angle 8 1, in figure 5.2 is given 

by e K = OK+ 1f /2 where 0 K is the position angle of the grid (see table 4.4 ). The distance, r,;,K' 
is given as : 

( ·i- io) ( j- io) . 
T;j,K = Xo + lV;' cos8K + YO+~ Sin 8K (5.11) 
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b1 the image synthesis procedure, I use a pproximate forms of MK(<I>) as follows: 

(a) Fan beam grids : 

4pK · ( <Prrnc - 'Po,K) + PK 

-<lpg · ( tf>r;.,- 'Po,K) + PK 

0 

( -0.25 $ ¢rr""- \"0,1\ < 0) , 

(0 S ¢rra.: - 'Po,f( < 0.25) , 

(for other <br,..,) . 

(5.12) 

Here PI> = d1,· + !K and ¢r,"" = ¢- [¢], where [1>] is the largest integer that is llD greater 

than 1,6. 

(b) Fourier grids : 

(5 .13) 

If lvig(¢>) < 0 at some c/J, then Ah·(¢>) is replaced by zero; i.e., Mr; (r/J) ~ 0 for all 1,6. Note that 

t he fanbeam modulation patterns are approximated by triangular patterns while the Fourier 

modulation patterns by sinusoidal patterns . In eqs.(5.12) and (5.13), ro,J> is the phase of 

modulation collimator with mutual rotation between the top and bottom grid plates taken into 

account (section -1.11.1). Expression for 'Po,K is given in eq.(4.12). 

The maximum e ntropy image reco nstr uction 

The Maximum Entropy Method which we are using in the image synthesis is based on the one 

developed by Gull and Dan.iel {1978) and Willingale (1981) . The M.EM is a procedure in wruch a 

quantity called entropy (S) is de·fined (see eq.(5.15l) and an image which maximizes the entropy 

is regarded to be the best solution among those which do not contradict with the observation. 

Here the observational erro-r is taken i11to account as described below. The method has advan­

tages in that (1) it tends to ch.oose the smoothest solution among the solutions consistent with 

the observations, (2) inherently reconstruct positive images , and (3) easily hantlles the observa­

tional errors if they ob y the Poisson statistics. The MEM is especially powerful for guessing 

the original distribution from a limited number of observations. ln our case we reconstruct hard 

X-ray images in N X N = 64 x 64 pixels from a set of only 64 data; a simple inverse-Fourier 

method would give too dirty images with many spurious sources due to enhanced side..:lobes of 

the point spread function. 

Now let us return to eq.(5.9). The maximum entropy solution which corresponds to eq.( 5.9) 
can be written as 

N 

bK = L P;j,KBij ' 
i ,;:;l 

(5.14) 

where S, j gives MEM image of hard X-ray sources. We adopt the entropy expression given 

originally by Frieden (1972) : 
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S = - t ( S~) . In ( S,~) , 
,,1 ; 1 S S (5.15) 

and S 0 
is the average incident hard X-ray photon counts per pixel : 

80 1 so · = 1y?. Lot· (5.16) 

Larger entropy S implies less structures in the image (or, I can say, smoother images), i.e., 

maximizing entropy under no observational constraints si mply gives tlat brightness distributio11 : 

S;j = const. In eq.(5.15), 8;1 /8° is the normalized pixel counts and hence the above entropy 

expression is independent of the absolute value of B;
1 

itself. The total number of incident 

photons 8~0, in eq.(.5.16), is app roximately evaluated from fanbeam counts b~.;(l\ = 1 ~ 16) : 

B~o< = ~ ( L &1,- + L b?.; + L b?, + L b?,-) = ~ t b?,· · (5.17) 
o:::::oo 8=45° B=uoo O:=::t 3so a 1,·~ 1 

where a is a factor which represents the average aperture summed up for each of the four 

fanbeam grid sets with the same position angle 0 : 

1 ( ) l 16 
a= 4 L Jlr; + L Jll{ + L PI\ + L 1'1{ = 4 L J'l{ ~ 0. 8 . 

8=0° 0:15° 0=90° Q;;;; JJSO /(:::::J 
(5.18) 

The principle of the image synthesis is to obtain a two-dimensional brightness distribut.ion B,
1 

which rna..xirn.izes the entropy S among those which gives bx consistent with the observations 

b~\, i.e., 

2 _ 1 ~(bg-&CJ.Y 
Xv;6•1 = M L... 

0 2 ~ LO , 
K=t a!( 

(5.19) 

where a?< is a standard deviation of the photon count error which includes both Poi sson and sys 

tematic errors . Then, this principle becomes equivalent with maximizing the followin g quanti ty 
s, 

(5 20) 

Here ~ (or ~/2) is a parameter \vhich compromises relative weight between observations (ex 

pressed as x2
) and entropy S. To increase ~ means to put more weight on the observations 

than tl1e entropy term or smooth ness of images, hence x2 value decreases while synthesizeJ 

images (B;j) contain i·ncreased structure. The final image is obtained when the x2 valu. satisfie 

eq .(5. 19). By taking partial derivatives of eq.(5.20) with respect to B;i to be zero, we obtain 

S;j = B
0

exp [-Swti, + >.B0 f .. {-h (bg- t Pmn,I<8mn) P,j,K}] 
},=·I U/( m,n.==l 

(.5.Ll) 

Here Swti, is the tmit e ntropy per pixel, i.e. Surut = SjN2 • Starting (rom a uniform initial 
b . h d' . b . B(O) 1 

rrg tness Jstrr ut1on ;1 , or so-cal ed gray map, we obtain the maximum entropy image Su 

at a given~ by successively taking weighted average of iteration in eq.(5.2l) as follows: 
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(I= 0,1,2,3, ... ) (5.22) 

Here Bi? is the image after 1- th iteration, and 1 is a weighting factor called iteration gain. Note 

that a larger 1 makes the iteration more stable but the convergence slower. Usually 1 ~ 0.02-0.1 

gives satisfactory con vergence of images within reasonable number of iteration. A condition fo r 

the convergence of Bi;) is given as 

(5.23) 

where 5 lies typical ly in the range 5 ~ 0.01-0.03 in t lte image synthesis program, and JIB g) II is 

defined as 

(5.2-1) 

In many cases , the iteration eq .(5.22) gives s<Ltisfactory convergence. However, the exponential 

term in eq.(5.22) may sometimes cause convergence of the iteration difficult, since smal l changes 

in tlte index of the exponential would result in large changes in Bi;+t) To make the co ttvergencc 

more stable, if the total flux in the resultant .a!J) differs significantly from the observations, i.e. 

(5.25) 

then afJl is practically r~normalized to have the observed total flux .8~0, : 

.8 !1) ( B~0'. ) B(l) 
•J ==> (I) >i ' 

L:B,; 
(5.26) 

As A in eq. (5.22) cannot be determined from the observations, we assume certain values of A in 

the iteration. In the actual iteration we start with A ~ 0.2 and when the iteration converges, 

increment,\ by a certain amount (typ i cally~ 0.1 ) and restarts the iteration (eq.(5.22)) with 

lhe new A. Converged Bij obtained by the last sequence of iterations (with the old A) is used 

as the initial bright·ness distribution E GO) in the new iteration sequence. 

-----
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Figure Captions 

Figure 5.1: Schematic diagram of HXT software system. 

Figure 5.2: Signed distance between •he projection of (x,y) onto line IK. which is denoted as 

D;j,K, and the center of the image synLhesis ·field of view (x 0 ,x0 ). See text for details. Note 

that the definition of position angle e is different from the one in figure <1.5. 
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Chapter 6 

The 15 November, 1991 Flare 

6.1 Introduction 

In this chapter, I describe HXT observations of an intense solar flare whi h occurred at 22:3·1 

UT on 15 November, 1991. This flare was well observed with HXT as well as other instrumen tb 

aboard Yohkoh. Observations of the solar flare hard X- ray sources with unprecedented temporal 

and spatial resolution (0.5 s and 5", respectively), together with ground-based observations, 

enable us to discuss (a) how (hard X- ray) flare initiates with respect to the global magnetit 

field structure, (b) spatial relation between flaring loops, in which energy release in the early 

phase of the flare took place, and the loops in which impulsive energy release is going on, (c) 

location of 'flaring loops corresponding to individual spikes seen in hard X- ray time profiles; is a 

single loop flaring repeatedly, or different loops are flaring for the individual spikes? (d) Particle 

acceleration after the impulsive phase and relation between flaring loops in the impttlsive and 

the post-impulsive phases, i.e. evolution of flaring loops with time, and (e) prodttction of high 

temperature plasmas and location of loops filled wilh such plasmas with respect to the loops i tl 

which significant part icle acceleration too k place (i.e. loops mentioned in the above (b) - (d) ). 

In section 6.2 T describe overall featu res of hard X-ray sources, to give general view on 

how this (hard X-ray) flare developed with time. In section 6.3 detai"led analyses on the hard 

X-ray sources, especially on their double-source structure above ~ 30 keV, will be presented. 

In section 6.4, I discuss the nature of hard X-ray sources, especially of the double sou rces. In 

section 6.5, a brief summary of HXT observations of this event will be given. 

6.2 General Description of the Event 

The hard X-ray ( ;(: 20 keV) flare commenced at 22:34 UT on 15 November, 1991 in an ac· 

tive region NOAA 6919 (Sl4Wl9). The GOES X-ray class of this flar is Xl.5 and the He. 

importance is 2B. Yohkoh observed this R.are from the beginning until the end of hard X-ray 

emission above 20 keY (at 22:44 UT). Figure 6.1 shows time pro·files of this flare in the fom 
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energy bands of HXT. The flare-mod e was triggerd at 22:34:38 UT. Besides hard X-ray images , 

HXT provides spatially averaged incident spectra of flares as well as spatially resolved ones 

using the four energy bands. Assuming a spatially-averaged, power- law incident spectrum of 

1 (£) = Azo(t:/20 keY)-1' photons/s/cm 2 / keY, I estimated photon index 1 and flux Azo at 20 

keY from M2/M1 a.nd H/M2 bands count data pairs (see lnda-Koide 1993 for details of this 

procedure). Figure 6.2 shows time profiles of param ters 1 and Azo. When th.e spacecraft en­

tered night (at around 22:46:30 UT), there was still some excess l1ard X- ray counts above the 

background level by- 40 cts/s/SC in the L band and- 2 ctsfs/SC in the Ml band. However 

X- ray counts in the energy bands above 33 keY (i .e. in the M2 and H bands) returned to their 

background level by 22:43 UT. A prelimin ary report on the HXT observat ions of t his 'flare is 

given by Sakao et al. 1992. 

Th SXT (section 3.2.2) obtained sequence of excellent so ft X- ray images of the flare with 

v;Lrious filters . The llare was so intense that SXT also observed white- light brightenings with 

its optical telescope (Hudson et a/. 1992) . DCS (section 3.2.3) obtained Ca XIX resonance line 

spectra from th e beginning of the Hare to 22:37 UT and plasma velocities are derived from 

t he spectra (Culhane et al. 1993). After 22:37 UT, the BCS saturated due to increased X-ray 

co llnts. The WBS instruments (section 3.2.4 ) obtained energy spectra of t he flare (Yosb.imori 

et a/. 1992, Kawabata et a/. 1993). Nuclear 1 -ray lines as well a.• continuum 1-ray emission 

were observed with GRS. The Yoh!:oh data were downlinked at a DSN station in Madrid . 

Th.i s flare was also observed with the Solar X- Ray/Cosmic Gamma- Ray Burst Experiment 

(Hurley eta/. 1992) aboard the Ulysses spacecraft in an energy range of 15-150 keY , together 

with hard X- ray and -y- ray spectrometers aboard Pioneer Venus Orbiter (PYO) and Comp­

ton ObservatoryfCR.O (Kane et al. 1993a, 1993b), which en.abled multi-spacecraft stereoscopic 

observations of the flare. 

Together with observatio.ns from spacecrafts, the flare was well- observed in Ha and in Ca 

n K- line at the Mees Solar Observato ry (MSO) in IIawaii (Canfield et a/. 1992, 1993, Wiilser 

et a/. 1993, 1994). Snapshots of photospheric magnetic field during the 'flare were obtained 

by the Stokes Y- polarimeter (Mickey 1975) at the MSO. The MSO observations cover a time 

int •rval between 22:00 and 22:43 UT, i.e., well cove ring pre-flare time interval as well as flare 

interval itself. 

There were also radiometer observations at the Nobeyama and Toyokawa Solar Radio Ob­

servatories in Japan. The radio observations were made at seven fiequencies; namely, 1, 2, 

3.75, and 9.4 GHz at Toyokawa, and 17, 35, and 0 GHz at Nobeyama, respectively (figure 6.3; 

cou rtesy Enome, S.). 

As is seen in figure 6.4, hard X- ray sou.rces in t his flare showed a clear pattern of evolution. 

[n order to s ummari ze the HXT observations according to the time profile shown in figure 6.1, [ 

divided the flare into tluee phases: (a) precursor phase (22:34- 22:37 UT) , (b) impulsive phase 

(22:37-22:38 UT), (c) post-impulsive phase (22:38-22:41 UT) , and (d) decay phase (after 22:41 
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UT). In the following , I describe general description of the development of flare hard X-ray 

sources according to t he above phases. 

6.2.1 Precursor Phase 

The most prominent feature seen in the precursor phase is that the hard X-ray sources scatter 

across an area with a spatial extension greater than t ' (figure 6.4 (a),(b)). For comparisott, 

in figure 6.-1 (c) [snowed hard X- ray sources in the M1 hand observed during the impulsiv • 

phase. The impulsive phase sources are located in a rather compact regiou (within- 30" x 30") 

in contrast to the precursor phase images. I can say that in the precu rso r phase, hard X-ray 

sources extend over a wider area; e. g. some ::?:, 20. 000 km away from the main energy release 

site in the impulsive phase. Just before t he onset of he impulsive phase, as is seen in figures 

6.4 (a) and (b), the source in the left- hand side shows a continual expansion along t he magnetic 
neutral line. 

ln the off-band Ca IT K- line filtergram images taken at ~ISO, the flaring site began to 
brighten at 22:28:08 UT, which is ~ 8 minutes before the onset of the flare in ha rd and soft 

X- rays. There was an Ha filament eruption starting al abo ut 22:20 UT (Canfield eta/. 1993), 

- 14 minutes before the hard and soft X- ray fl are onset . 

Also at MSO , red-shifted bright and compact patches (flare kernels) were observed at the 

Ha + 3.0 A wavelength (Wiilser et a/. 1993, 1994) . Figure 6.5 (a) shows an overlay of an 

HXT image (M1 band; grayscale) to an Ha red- wing image (3 A shif ed from th.e line center; 

contours). Figure 6.5 (b) is an overlay of an SXT image to the same lla image <lS (a). Magnet ic 

neutral lines are s hown in the figures in dashed lines. We notice that hard X- ray sources are 

visible at the south--<!ast (SE) and tl1e north-west (NW) kernels. However in rite north- east 

(NE) kernel we do not see hard X- ray em ission although the NE and SE kernels are bright in 
soft X- rays. 

During the precursor pha.•e, BCS observed a blue sh ifted com ponent in the Ca. XIX resonan ce 

line spect ra as is shown in figure 6.6 (a) by he solid histogram (Culhan e et al. 1993). The Ca. 

XIX spectra indicate plasma upflow velocities of about 250 km/s. Figure 6.6 (b) shows time 

profile of the ttpftow velocities overlaid with hard X- ray count rates observed with HXS (se~tiou 

3.2.4) in the 20- 60 keY range. The blue-shifted com ponen t (respresenting plasma upflow ) was 

observed at least 60s before the hard X- ray enhancement observed with H.XS , and the inferred 

plasma upflow velocity diu not change significan tly dming 22:33:40 UT and 22:36:00 UT. 

6.2 .2 Impulsive Phase 

The impulsive bursts comprise three separate and distinct sp ikes (figure 6.1); I call these spikes 

Pl, P2 , and P3. and the valleys between them Yl and V2. Figure 6.7 shows te mporal evolution 

of the hard X-ray sources in the M1 and M2 bands. In the lowest energy band (the L band ; 14-
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23 keV) only single sources a~e seen throughout t he impulsive pha.,e. The single sources , which 

seem to connect the double sources seen in the higher energy bands (see below), did not show 

large structural changes during t he impulsive phase. In the energy bands above 23 keY we also 

see a si ngle sou rce at P l and Vl, while at and after the ti me of P2, do11ble sources, separated 

from each othe r by t3"- l6", are seen in the energy bands above M2 ('i.e., above 33 keV). These 

double sou rces are located on both sides of the magnetic neutral line. The se paration between 

th e double so urces becomes larger with time ( ~ 13" at P2 while ~ 16" at 22:38:00 UT) . In 

the Ml band the d011ble sources are seen at the peaks of t he spikes P2 and P3. On the other 

hand in the valleys Vl V2, and a fter the 3 rd spike (at 22:38:00 in figure 6.7) the hard X- ray 

images differ greatly between t he 23- 33 keV band 0'11) and the energy bands above 33 keV. In 

the Ml band a sin gle-source structure dominates, and it spUts into double sources as the X- ray 

intensity increased toward P 2 and P3 peaks. The si ngle source is located at the magnetic neut ral 

line. Accompanying with this structural evolution. the energy spectrum showed the welL-known 

soft- hard-soft evolution (e.g. Kane and Anderson 1970. Dennis and Schwartz 19 9) during the 

individual spikes {see figure 6.2 (a)). Thus it can be said t hat the harder- s pec trum componen t 

origi nates mainly from t he double-source st ru ctu re, and the softer-s pectrum component from 

the si ngle source loca ted between the double sources. In the H band, the hard X-ray sources 

showed the same st ructure at the same location as in the M2 band, i.e. the single so urce at Pl 

and Vl, th e double sources a t <tnd after the t ime of P2. 

6.2 .3 P ost-Im pulsive Phase 

In the post- impulsive phase which starts at about 22:38:00 UT, we see that there are still a 

plen ty of microwave emissions in the freque1tcy range above l7 GHz (figure 6.3 ), suggesting that 

accleration of e lectrons are continuing and th e re are stili many energet ic electrons existent and 

ernit.Ling microwaves. 

In figure 6. r sltow post- impulsive phase hard X- ray sources in the Ml (top) and M2 

(bottom) bands. Tn the M2 band (and also in the H band), hard X- ray SotLrces show a double­

source structure just as in the impulsive phase but the separation of t.be two sources are larger 

than that ill the impulsive phase; the se paration increases with time. Ln the impulsive phase, 

the separation is~ 1311 at the second spike ( P2) and it in creased to be~ 16" at the end of the 

impulsive pha.~e. In the po t - impuJsvie phase, the separation is~ 20" at 22:38:50 UT wh.ile it 

further in creased to be~ 3l" at aroUJld 22:39:22 UT, when 35 GHz (and 17 GHz) microwave 

time proftle showed a valley as is seen in figure 6.3. Together with this increase in separation, the 

angle sustained by the double sources and the magnetic neutral line became larger with time; 

the double sources rotated with each other co unter-clockwise. Also it is interesting to note that 

tlLe southern source beca me brighter than t h.e nor t hern source after 22:39:22 lJT . 

Using a Gaussian fi tti ng procedure wh.ich will be described in section 6.3 and, in detail , in 

sec tion 7.3.1, I obtained plwton index 7 for eaclt of t he hard X-ray sources in figure 6.8 at around 
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22:39:31 UT (.Ml band : 22:39:31 UT - 22:39:32 UT, M2 band : 22:39:30 lJT - 22:39:33 UT) 

Photon index for each of the double sources seen in the figure is roughly the same as "'DS ~ 3.5, 

which is in good agreement with 7 derived from the H/ :VI2 coun t ratio (see figure 6.2). On the 

other hand, tl1e loop-like stru cture, which is significant in the :VIl band image. originating from 

the southern source B in figure 6.8 alld extend ing towards the west , bas a much softer energy 

spectrum with IL > 6, or with a temperature as high as T, ~ 3.5 x 107 K assuming single­

temperature thermal emission. Therefore the observed differe nce in 7 between the M2/M 1. a11d 

H/ M2 band data in figure 6.2 can be explai ned by the presence of this soft loop- Uke component 

in the Ml band, which could be emissions from a thermal plasma whose temperature reaching 

to or exceedin g 30 MI<. 

During t he impulsive and the post-impulsive phases, a white-light flare was observed wi th 

t!1e aspect sensor of SXT (Hudson t al. 1992). Relation between th hard X- ray double sources 

and the white-Ught flare, as well as the spatial evolut ion of tlle double sources will be di scussed 
in section 6.:3. 

6.2.4 Decay P hase 

After 22:40:30 UT, hard X-ray time profiles show smooth and gradual decay. The smoot h decay 

of hard X- ray emission may be attributed to the fact that no ad di tioual pa r ticle accele ration is 

taking place; the hard X-rays may be emitted by high temperature plasmas produc d by the 

flare. Assuming that tlte observed 1-LX:T counts originate from a single temperature therm ::J. 

emission of a plasma, electron temperature (T.HXR) a.nd emission measure (E1vJH:XR) of thP 

plasma at 22:44:00 UT are estimated to be .1~HXR = 2.3 x 107 K and £MHXR = 4.7 x W'g /cm1 

from the L and Ml bands count da ta pair. 

On the other hand, we can also estimate electron temperature (T. ) and emission measure 

(EM ) of the plasma in the decay pha.'e from radio data taken at the Nobeyama and Toyokawa 

radio observatories. Figure 6.9 shows the radio spectrum of this fl a re a t 22:44:00 UT. As is seen 

in the figure , radio flu.x density at and above 17 GHz has a nearly consta11t value of ~ 100 sfu (1 

sfu = 10-
22 

Wjm
2
/ Hz) . This constant radio flux density suggests that ril.(UO em issio n a bove 11 

GHz is opticaUy thin t l1 ermal emission while emission at 9.4 GHz ( ~ 32 sfu) is optically thi k 

(see e.g. Shimabukuro 1972, Svestka 1976) . There may be additional component seen at the 

frequencies of 2 and 3.75 GHz. The radio flux density S (erg/s/cm2 j Hz) is giveJL as follows: 

S(v, T.) 2kav2 

~Tbfl 

2kav
2 

T. fl ( _ -•·') c2 eff 1 e l 

(6.1 ) 

wh ere fl is the solid angle subtended by the t hermal so urce, "• is the absorp t ion coefficient , z 

is the linear thickness of the emitting region , Tb and Terr are brightness an d effedive tempera-­

ure, respectively (Dulk 1985) . In the case of thermal Bremsst rahlung emission, the absorption 
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coefficient "" is given as: 

2 -t -2 
"" ~ (n, T, v (/em) (€ ~ 0.2). (6.2) 

Hen ce in optically lh.in (e-"•' ~ l - ~<vz) and thick (C"•' ~ 0) frequency regions, the flux 

density is given as : 

2~~8 T,-~nn;z o.s6( 10~\rt (w~~~ 3 ) (sfu), 

2kca2v2 T,f! 014 (~) (- v- )2 (-~-)2 
· 107 K l GHz 109 em 

Sthin 

(6.3) 

(sfu) , 

where l is the size of th.e thermal sou rce. The hot thermal source observed with HXT would 

produce, e.g. optically thin radio flux of Sthm = 3 sfu, wltich is two orders of magnitude lower 

than Lhe observed flu x of~ 100 sfu. On the other hand, if [ asstune the size l of the source 

(projected on the su rface of the sun) to be ~ 30" from SXT images of this flare, then the 

temperature and emission measure of the plasma are estimated to be T, = 5.1 X 106 K and 

EM = 8.3 x 10'
19 

/cm 3
. Such a plasma would produce no hard X-ray count detectable even 

in th L band. Hence it can be said that the thermal plasma which HXT observed is different 

from what is seen in the microwave frequencies. or at least there is a plasma witlt differencial 

emission measure whose high- temperature, low-emission measure tail is observed with HXT 

wl1ile its low-tempera.tllre, high-emission measure portion with microwaves. 

6.3 Behavior of the Double Sources 

As is shown in the previovs section, one of Lhe prominent features of the hard X- ray sources 

in this flare .is that the double sources, which an; seen during the impuJsi ve and post-impulsive 

phases (es pecial ly in the energy bands above 3:3 keV), change their location systematically witl1 

respec t to the magnetic neutral line as the flare develops. In this section, I mainly focus on 

behavior of the double sources, such as (1) temporal variation of hard X-ray flux from each of 

the double sources, (2) location of the dot1ble sources with respect to the photospheric magnetic 

field , and (3) energy spectra.! hardness of the double sources. 

6.3.1 Hard X-ray Emission from the Double Sources 

ln order to examine ill detail the poiuts (1) and (3), [ developed a Gaussian model .fitting 

procedure. Details on this procedure are given in section 7.3.1. As the [EM, which we usu ally 

use for the HXT image synthesis, is a non- linear procedure , quantities evaluated from MEM 

images (such as hard X-ray flux from each of tlte double sources) need be dea.led with careful 

consideration. On the con ra.ry. the Gaussian fttting procedure is suited for deriving quantitative 

values necessary for the current study. 

Using the Gaussian fitting proeedure. time variations of hard X-ray flux (S; in eq. (7.1)) from 

each of the double sources are analyzed for the 2nd and 3rd spikes in the M2 and H bands. Figure 

6.3. BEHrtVTOR OF THE DOUBLE SOURCES 

6.10 shows a. result of the fitting for Lhe 3rd spike in the M2 band (22:31:·15 CT- 22:3i:55.5 UT). 

[n figure 6.10 (a), hick solid a.nd dashed lines show Lime profiles of hard X-ray flux from the 

northern (hereafter sotuce A) and southern sources (hereafter source B), resp cLively. Temporal 

resoJution of the plot is 0.5 s. Thin solid line in the figure denotes spatia.lly-i·ntegrated incident 

hard X-ray flux while dotted line is the sum of fluxes from sources r\ and B. Error bars indicate 

1u level. Cross- correlation between these time profiles shows that the two sources emit hard 

X-rays simultaneously within 0.1 sat lu level (figure 6.10 (b)). The Gaussian fitting to the 1! 
band data gives essentially the same result as in the M2 band. 

Spectra.! hardness of each of the double sources is obtained by comparing S; for the same 

data set in the M2 and H bands as is shown in eq.( 7.3). Figure 6.1 J shows time profiles of the 

hardness for the sources A (solid line) and B (dashed line) during tbc 3rd spike (22:37:-1.6 .. 5 UT 

to 22:37:55.5 UT) for every 0.5 s integration. Typical error (at lu level) is about lO % of each 

hardness value. [n this figure, we see that the brighter sou rce A shows a systematically harder 

energy spectrum than the darker source B. If we assume a. power-law photon incident spectrum, 

photon spectral indices "/A and "18 would be "'A~ 2 and "18 ~ 2.5, rcspecLively. 

Since this flare was also well observed at MSO, we can compare location of Lhe double sources 

with a photospheric magnetic field map (magnetogram ) La.ken M MSO between 21:05:59 UT and 

22:35:59 UT. Figure 6.12 shows an overlay of the double sources in he M2 bn.nd at the time 

of P3 (22:37:-19 UT) with the magnetogram. Procedure for making overlay is also described in 

section 7.3.1. The brighter source A is located in a positive polarity region (th.in solid contours) 

whose longitudinal magnetic fteld strength B,1 ~ + 100 G while tile darker source B is in a 

negative polarity region (dashed contours) with B9 ~ --100 G. As the magnetogram was ta.ken 

closely in time with the flare, rotation of the sun due to the time difference between hard X- ray 

and magnetic field images need not be taken into account. Accuracy of the overlay is, then, 

mainly determined by the overlay between HXT a nd SXT images and the overall a.ccura.cy is 
less than 5". 

6.3.2 Relation Between Impulsive and Post-Impulsive Phase Double Sources 

One interesting behavior of the double sources during the impulsive and post-impulsive phases 

is that they changed their location in a systematic manner. The angle sustained by the double 

sou rces and the magnet ic neutral line becomes larger witlJ time, i.e., the double sow-ces rotated 

with respect to each other. Also the separation between the double sources increased. This is 

clearly seen in figure 6.13. In figure 6.13 (b), I show an overlay of the doubt sou rces in the 

post-impulsive phase (solid line; 22:39:50 UT) and the impulsive phase (dashed line; 22:37:37 
UT) together with the magnetic neutral line. 
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6.3.3 Relation with White-Light Flare 

During the impulsive and the post- impulsive phase, a white-light flare was observed with the 

aspect telescope of SXT. To enhance contrasts of images, the initial frame taken at 22:34:58 UT 

was subtracted from a sequence of observed optical images (cotutesy Strong, K.T. and Hudson, 

fl.S). In figure 6.14 a white light flare image obtained with the above method is overlaid with 

the hard X-ray sources in the M2 band at the time of P3 (22:37:49 UT). They show close 

correspondence with each other. In figure 6.13 (a) hard X-ray sources in the post-impulsive 

phase (22:38:49 UT) is overlaid with the white-light image. Here again we see close spatial 

correspondence of hard X-ray sources with the white-light flare. 

6.4 Interpretation and Discussion 

6.4.1 Precursor Phase Phenomena 

Flare trigger 

The hard X- ray sources seen in the precursor phase (figures 6.4, 6.5) are located at remote sites 

(- 20,000 km) from the main energy release site of the impulsive phase. The hard X- ray sources 

elongated along the magnetic neutral line just before the onset of the impulsive phase. These 

observations suggest that some instability which caused activation or deformation of surrotLnding 

loops eventually led to the impulsive energy release (see figure 6.15 (a)). 

Furthermore, Ha filament eruption was observ d to start about 14 minutes prior to the hard 

X- ra.y detection with HXT, and even - mjnutes before the brightening in an off-band Ca. 

II K- line filtergram images. They are consistent with results obtained by Kahler et al. (1988) 

that filamerH activation may start prior to the iia.re onset. Also, Harri son (1986) reported that 

some coronal mass ejections wottld precede the onset of flares (see also a review by Kahler 1992). 

These observations suggest that global re--structuring of coronal magnetic field tends to precede 

the onset of, at least, some flares. 

Plasma upflow 

In figure 6.5 (a) we see that in the precursor phase at around 22:35:00 UT, hard X-ray sources 

are visible at the south-east (S'E) and the north-west (NW) ffa red-shjfted kernels while in the 

north-1!ast (NE) kernel we do not see hard X-ray emission although the NE and SE kernels are 

bright in oft X- rays (figure 6.5 (b)). During the precursor phase, BCS observed blue-shifted 

component suggesting plasma upflows. Using HXT, SXT, BCS, and Ha data, Wlilser et a/. 

(1994) have studied the difference in the origin of Ha red-wing kernels. After showing that 

the bulk of the soft X-ray emi sion observed with BCS and SXT comes from the same plasma, 

they found that the total momentum of upward flowing material derived from the BCS and 
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SXT observations is in agreement with the total momentum of downJlowing material at the 

red-shifted kernels. This suggests that chromo pheric evaporation (Antonucci et a/. 19 2) is 

taking place. Combining derived downfiow plasma velocity Vd at each kernel ( vJ" ~ 32 km/s, 

v~w - 19 km js, and v~E- 42 km /s, respectively) with a flare loop model developed by Fisher 

(1989), they concluded that the NW kernel, which is bright in hard X- rays, is formed by electron 

precipitation while the N'E kernel, w!Uch is barely visible in hard X-rays, is formed by thermal 
conduction. 

The above result indicates that electron precipitation, as well as thermal conduct ion , is 

taking place well before(~ 3 minutes) lite impulsive energy release, in large-scale magnetic 

loops other than tJ1e rather compact loops in which impulsive hard X-ray bursts took place. 

6.4.2 Hard X-ray Double Sources 

Flux correlation 

The double-source structure seen it) the imp11lsive phase most likely corresponds to the footpoints 

of a flaring loop (Sakao et at. 1992, Canfield el a/. 1992). During the spikes P2 and P:J, ead1 of tl1e 

double sources in the M2 band as well as in the H band emits hard X-rays simultaneously within 

0.1 s at 1 0' level. The observed simultaneity can naturaJ!y be explained if hard X-rays from 

the double sources are emi tted by high-energy electrons whose velocity v, ~ 0.3c corresponding 

to a kinetic energy greater than 30 keV. Thermal source models (Brown eta/. 1979, Smith and 

LiJliequist 1979) assume that anomalous conduction fronts which are produced by impulsive 

heating near the loop top travel downwards to the footpoints along the Aariltg loop at the ion 

sound speed v; = JkaT,fm. , giving ·u; - 3 x J0- 3c = 1, 000 km/s for T. - 108 K. lt is 

unlikely tl1at the conduction fronts can account for the observed simul taneity as follows. If the 

conduction fronts witlt v;"' 1, 000 km/s is respons ible for the hard X-ray emission as thermal 

sou rce models suggest, then the region where impulsive heating took place should be located 

within ±50 km from the midway between the [ootpoillts to make the dou.ble sources brighten 

simultaneously within 0.1 s. Tfl assume a semi-ci rcular loop of radius- 8" (= 6,000 km ), hen 

the loop lengtlt will be l.9 x 10·• km which implies that the aJiowed regio,n has a fraction of only 

- 1 % with respect to the loop !eng h. Thermal source models can explain the observation only 

if the energy release site is located precisely at the midpoint of the flaring loop, wltich is not 
likely. 

Evolution of the sources 

During the impulsive phase, the separation of the double sources. which were clearly seen in 

the energy bands above 23 keV, became larger at P:J than at P2. The increasing separation of 

the double sources suggests a multiple loop system naring successively with rising energy release 

sites. Eack spike would correspond to the energy release taking place in a dHferent magnetic 
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loop. It is interesting to note that only a single source was observed at Pl. This is probably 

because the length of the loop was so short that the correspo nding two footpoin ts were not 

resolved by HXT, or the ambient plasma densi ty was so high that the hard X-rays were emitted 

near the loop top. 

Ln the post- impulsive phase, we still see significant microwa,·e emission at 17, 35, and 80 GHz 

(figu re 6.3) as well as hard X-ray emission. As it is generally believed that (im pulsive) microwave 

bursts are produced by gyro-synch rotron emission from accelerated electrons (Takakura 1960), it 

is most likely that acceleration of particl es is continued and high energy electrons still exist in the 

post- impulsive phase. The ha rd X-ray double so urces, which a re most likely foot points of the 

flaring loop, are sti ll seen in the energy bands above 33 keV. As is show n in figures 6.8 and 6.13, 

the separation of the double sources increases with t ime, reaching about 30" at the end of the 

post-imp1J!s ive pha.se. Furthermore, it is noteworthy t hat t he angle between t he line connecting 

the double sources and the magnetic neut ral line increases with time . Therefo re I can say t hat 

(1) particle acceleraLion (and hence ertergy release) is still going on during t he post- impulsive 

phase, and (2) particle acceleration originally started in a low lyi ng, mo re sheared magnetic loop 

just above t he neutral line and the accele ration took place successively in overlying, less sheared 

loops with risi ng energy release sites as the fl a re went on, t hroughout the impulsive and the 

post- impulsive phases. A shematic drawing o( the proposed loop geometry is shown in figure 

6.15 (b) . 

Asymmet ry of the sources 

In fi gure 6.7 we see there is asy mmetry in brigh t ness of the double sources in t he impulsive phase 

(as well as in the post- impulsive phase). Compari son with photosp heri c magnet ic fi eld (figure 

6.12) shows t ltat the brig hte r source is located in a weaker magnetic field region th.an the darker 

one (longitudinal magnetic field strength BA ~ 200 G a nd B 8 ~ 400 G, respectively). 

Elect rons precipitating downwards along a magnetic field line with ini t ial pitch angle 00 will 

increase their pitch angle du e to momentum t ransfer between the parallel and parpendicular 

components with respect to the magnetic fi eld line and will be reflected wh en the following 

condition is satisfi ed : 

0 -l [B; 
o=cos v1-B. (6.4) 

Here Bois the magnetic field strength at which electrons a re injected , and B is the field strength 

at which electrons are refl ected (mirror point). The loss cone is defined as the range of pitch 

angles 0 which satis fies B < Oo or 0 > 1r- Bo . Electrons with pi tch angles 0 < 00 (i.e. para llel , 

rather than parpendicular, to the field line ) will then precipitate from the region whose fi eld 

st rength is B. 

As the doubl sources are most likely foot'points of flaring magnetic loop(s), the above resuJ t 

sugges ts that the footpoint with stronger magnetic field (corresponds to source B) has stronger 

----
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magnetic field convergence and hence have less electron precipitation than the foot.point with 

weaker field (source A) due to magnetic mirroring. This point will be statistically examined in 

the next chapter by several impulsive flares observed with HXT (see section 7.4 .5). 

Energy- d ependent behavior in the impulsive phase 

In the impulsive phase, hard X-ray sources greatly diifered between those below 33 keV (Land 

Ml bands) and in t he energy bands above 33 keV (M2 a11d H bands). ur the valleys between th, 

spikes, the hard X-ray sou rces showed single-source structures in the M1 band while double­

source stru cttu es in the energy bauds above 33 keV. T hese observations suggest the followings: 

At the peaks acceleration of electro ns takes place and the elect rons are confined in such a way 

that higher-energy electrons have a. higher escape probability towards the footpo in ts. At the 

val leys when the acceleration weakens, lower energy electrons near the loop top still survive 

due to longer lifetimes because o f lower plasma density there and emit X-rays (Kipli nger et al. 

1983). Note that the ambient electron density, n., seen along trajectory of energetic elect ron' 

with its energy E, may characterize the burst decay time r(E , n,) such ~hat 

r(E, n.) ~ (~ ~~) _, = 2 X 108 Efn;' (s) (E in keV; n, in cm3), (6 .5) 

implying longer lifetime of elect rons in lower density plasma near t he loop top in comparison with 

elec trons precipitating toward s the foot'points wh ere the plas ma density is high. T he observed 

soft- bard- soft spectral evolu t ion th rough t he individual sp ikes (figure 6.2) can be exp lained by 

the difference in lifetimes o( .lower e·nergy electron s near t he loop top an d higher energy electrons 

precipitating to the footpoints. 

Melrose a.nd Brown (1976) have studi ed ene rgy spectra of hard X- rays from the loop top , 

wh ere elec t rons are trapped, and t.h e loop footpoints, where precipitatiug electrons from the 

trap emit X- rays interacting with dense and cold ambient plasma. The have ass11med thal the 

preci pitation of elect.rons from t he trap region is caused by Coulomb scattering of the electrons 

into the loss cone and that the scat teri ng is described in terms of diffu sion in pitch angle of the 

trapped electrons . Pitch angle diffusion occurs at a rate vo = 2vE (Trubnikov 196.5), where ~'E 
is the energy loss rate of electrons due to Coulomb colli sions : 

dE 
dt =-VEE. (6 .6) 

The quantity vg is numeri cally given as follows (see also eqs. (2.5) and (2.6)) : 

VE "'5 X 10-9n;E- ~ , 
(6.7) 

where E is in uni ts of keV. They have found that in the case of 'weak di.ffusion limit' (Kennel 

1969) , where t he scattering of elect rons in to the loss cone is not dornin an t, electron precipitation 

rate Vp is described as : 

(6.8) 
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which gives smaller precipitation rate for higher-energy electrons. They also found that the 

resultant spectra of the emitted hard X-rays from the loop top and the footpoi nts have similar 

intensity and spectral shape with each other. Tltis may not be able to explain the observed 

changes in the struoture of the bard X-ray sources in he Ml band. 

Re lation with white-light brightening 

As is shown in figures 6.14 and 6.13 (a) we see clear correspondence between hard X-ray and 

white--light sources both in the impulsive and the post-impulsive phases. Tllis suggests tltat botlt 

hard X-ra.ys a.nd white-light emissiollS have a common origin, most likely due to precipitating 

electrons downwards to the footpoints along the loop (Hudson 1972, Kltrokawa et al. 19 8). 

Rust and ll •gwer (1975) argued that, from tlte close temporal correspondence of hard X- ray 

and white-light intensities of the 7 August, 1972 flare, the hard X- ray source must have had a 

close spatial corresportdence with the white light brightening. The result presented here is the 

first direct observatio·n of snch a correspondence. 

6.4.3 Production of High Temperature Plasmas 

In figure 6.2, power- law photon indices derived from J\112/Ml and H(M2 bands coun t ratio 

differed by a.bout 1.3 in the post- impulsive phase. This can be explaiJtcd by appearance of a 

loop- like source seen in Lhe Ml band (figure 6.8). From the Gaussian fitting procedure, I pointed 

out in section 6.2.3 that the photon indices for the double sources are similar Ctos ~ 1.5) with 

the value deriv d from the M2 and H bands pair, in which on ly double sources are seen. On the 

other hand, Lhe loop- like source shows a softer spectrum than those from the double sources with 

the photon index 7& > 6. This soft spect rum is also consistent with thermal emission from hjgh 

temperature pla.>mas as high as T. ~ 3.5 x 107 K. The loop-like structure seen in the M1 band 

seems Lo origi11ate from one of the doltble sources (source B in figure 6. ), bllt it elo·ngates in a 

diflerent direction front the other double source. Therefore it is suggested that high temperature 

plasma was produced by electron bombardment at the southern footpoint B, whjch is consistent 

with the chromospheric evaporation scenario. It seems that the high tempera ure plitsma thus 

produced filled a different loop from the one in which energy release took place. 

6.5 Summary and Conclusion 

An intense impu lsive flare, which occ urred at 22:34 UT on 15 November, 1991, was observed 

with HXT, as well as other instruments aboard Yohkoh, in unprecedented detail. Hard X-ray 

sources in tile precursor phase (22:34-22:37 UT) are located at remote sites ( ~ 20,000 km) 

from the main energy release site in t he impulsive phase. On the contrary, hard X- ray sources 

i1\ rhe impulsive phase are located in a rather compact region in contrast to the precursor 

6.5. SUMMARY .-IND CONCLUSfO.V 
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phase images. This suggests that some instability which caused activation or deformation of 

surrounding magnetic fields eventua.lly led to the impulsive energy release. \!\lith this respect, 

it is interesting to point out that Ho filament eruption and brightenings in the off-band Ca 11 

K- line were reported more than 8 minutes prior to the hard X-ray detection, giving support 

to an idea that global re--structuring of coronal magnetic field tend to precede occurrence of 

some flares. [n the meanwhile , combined SXT, BCS , and Ho observations revealed that the 

chromosp heric evaporation is likely to be taking place during the precursor phase and that 

different mechanisms (electron beams a.nd beat conduction) are respon ible for the flare kernels 
seen in the Flo red- wing images. 

In the impulsive phase which lasted about 1 minu te (22::J7-22:38 UT), we see double sources 

located on both sides of t he magnetic neutral line in the energy bands above 2:3 keV (M2 

and H bands). The double sources emiL hard X-rays simult<tneously within 0.1 s at l.a level, 

strongly suggesting that hard X- rays are emitted by accelerated electrons and the double sonrces 

correspond to the footpoin ts of a flaring loop . Double sources are seen also itt the post-impulsive 

pltase (22:38-22:41 UT), suggesting that particle acceleration is still taking pla.ce. The double 

sources show a systematic movement du ring the impulsive and post-i mpuJsive phases : the 

sepitration between the double sources increa.s d (frorn ~ 15u to~ 30") with Lh angle sustained 

by the sour ces and the magnetic neutral line incr asi ng. These observations suggest that part.icl • 

acceleration originally started in"' 10\v lying, more sheared magnetic loop just above the neutral 

line and the acceleration took place successively in overlying less sheared loops with rising energy 

release sites . The double sources show good spatial correspondence with white- light brightenings 

observed with the opticitl telescope of SXT. This suggests !;hat, at least for his flare, white-Ligh t 

brigh tenings are caused by accelerated electrons precipitating towards the foot points of the loop. 

Comparison of t he double sources with longitudinal photospheric rmcgnetic field has shown 

that t he brighter sou rce is located in the weaker magnetic field region tha.n the dark r one. Th is 

suggests that the foot point with stronger magnetic fi eld has st ronger magnetic field convergence 

and bas less electron precip itation than the other footpoint, hence is darker in har·d X-rays. 

The behavior of hard X- ray sources in the impulsive phase differed significantly between the 

Ml and M2 (or H) bands, at least after the time of P2 in figure 6.7 (a 22:37:37 UT): aL the peaks 

(P2 a.nd P3) both Ml and M2 band images show double-source structure. O·n the otl1er hand , in 

the valleys (V2 and at 22:38:00 UT), Ml band images show single sources wltile M2 band sources 

remain double. Th ese observations suggest that higher-energy electrons precipitate towards the 

footpoints while lower-energy e.lectrons remain near the top of the loop. Such energy dependent 

behavior of accelerated electons is inconsistent witll the partial pr cipitation model, as far a.~ 

weak scattering process is operating, which suggests t hat energy spectra of hard X-rays emitted 

from the loop to p and the footpoints are simjla.r in intensity and in spectra.! sltape. 

An important suggestion obtained from this study is that the double sources, seen in the 

non-t hermal energy bands of FIXT (typically ~ 30 keV) , would give us essential information 
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on the characteristics of hard X-ray emission as weU as propagation/confinement of acceler­

ated electrons and acceleration mechanisms themselves. In the next chapter, I present RXT 

observations of hard X-ray double sources in impulsive flares, analyze characteristics of the 

double sources, and discuss physical implications derived from the analyses, with respect to the 

magnetic field geometry of flaring loops. 

FIGURE CAPTIONS 89 

F igure Captions 

Figure 6.1: Time plots of the hard X-ray count rates in the HXT four en.ergy bands of the 

1991 November 15 flare. The average counting rates (derived from 0.5 s imegra.tion ) of the 6·l 

imaging elements of HXT are given (after Sakao eta/. 1992) 

Figure 6.2: Time profiles of (a) power- law photon index 7, and (b) hard X-ray flux A2o at 20 

keY, for the 15 November, 1991 flare with temporal resolution of 0.5 s. The index 1 is derived 

using M2/M1 (solid line) and H/ M2 (dashed Une) band count data pairs. Here , incident photon 

spectrum I( e) is assumed to have the form I(<) = .42o(c/20 keY)-' photonsjsjcm2 /keY (e : In 

units of keY). We see that the two 7's show good agreement with each other befo re 22:38 UT 

while after that time, th.ey differ by about t::.1 ~ 1.3. 

Figure 6.3: Cm- to-mm wave time profiles of the 1991 November 15 flare at 2, 17, ancl 35 GJh 

observed at Toyokawa (2 Gllz ) and Nobeyama (17 and 35 GHz) Solar Radio Observatories 

with data integration time of 1 s. Time proflles of radio flux density and polarization degree ar c 

shown in each figure. 

Figure 6.4: Hard X- ray sources (in the L band for (a.) , (b), and (cl), and in the M1 band for 

(c), respectively) at different phases of the 15 November, 1991 flare: (a) precursor phase; (b ) 

precursor phase, but just before the onset of the impulsive phase; (c) impulsive phase where 

the magnetic neutral line derived from the MSO magnetogram is overlaid; (d) post-impulsive 

phase. The contour levels are 18, 25. 35, 50, and 71 % of the maximum l1rightness for each 

image. The data averaging t ime for the image (c) is 0.5 s, while [Ol' the other images the data 

averaging intervals are sbow11 in the images (after Sakao et al. 1992). 

F igu re 6.5: (a) RXT image (grayscale; black in white) overlaid with the Ha flare kernels (Iabelle< 

as NE, SE, and NW) observed at the Mees Solar Observatory. Solid (dash.ed) contours i.n the 

figure indicates the Ha red- wing (+3 A) (blue-wing (-3 A)) excess emission. The HXT image i& 

from the M1 band, integrated from 22:34:56-22:35:10 liT. The magnetic neutral line is show n in 

dashed line. (b) SXT image (grayscale; white in bl.ack ) overlaid with MSO I:Ia and magnetograph 

data. The SXT image was taken at 22:35:04 through SXT's Beryllium filter. Both (a) and (b) 

have the same field of view of 80" X 0". Solar north is up and east is to the left (after Wiilser 

eta/. 1994). 

Figure 6.6: (a) Ca. XlX resonance line spectrum (solid line) observed with BCS at 22:34:45 

UT. Dotted line represents plasma at rest, which is shown for comparison. (b) Plasma upflow 

velocity from fits to theCa XlX spectra superimposed on a hard X-ray lightcurve obtained wi th 

HXS (after Culhane et a/. 1993). 
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Figure 6.7: HXT images at tlte peaks and vaUeys of spikes during the impulsive phase (top: M1 

band, bottom: M2 band ). The size of each image is 37" x 37". Magnetic neutral lines are shown 

in P2 and V2 images in the Ml band. The data averaging times are 1, 1.5, 0.5, 0.5, 0.5, and 1 

s for the M 1 band images, and 1.5, 3, 0.5, 1.5, 1, and 2 s for the M2 band images, respectively. 

The countour levels are the same as in figure 6.4 (after Sakao et al. 1992). 

Figure 6.8: HXT images (top: M1 band. bottom: M2 band) in the post-impulsive phase. Each 

image has the same image size of 59" x .59". The center of each image is the same as in figure 

6.7. The contour levels are the same as in ftgure 6.4 except an additional 13 % contour level. 

The data averaging time (in UT) is shown at the top of each image. Location of the double 

sources seen in the M2 band images shifted between 22:39:20 UT- 22:39:2-1 UT, when 35 GI!z 

(also 17 GHz) microwave time profile showed a vaUey. 

Figure 6.9: Radio spectrum in the decay phase of the 1.5 November, 1991 Oare at 22:44:00 UT. 

Data points at 2, 3.75, and 9.4 GHz are take.n at Toyokawa and 17, 3.5, and 80 GHz are at 

Nobeyama Solar Radio Observatories, respectively. 

Figure 6.10: (a) Time variation of hard X-ray flux s from the double sources &om 22::37:45 UT 

to 22:37:55.5 UT obtained from the Gaussian fi ting procedure. Time resolution of the plot 

is 0.5 s. Thick solid lin e and dashed line denote fluxes &om source A and B in figure 6.12, 

respectively. Thin solid line denotes spatially- integrated incident hard X-ray nux while dotted 

line is the sum of fluxes from sottrces A and B. Error bars in t he fi.gure indicate lu level. (b) 

Correlation between hard X- ray fluxes from sources A and B. Error bars indicate 1u level. 

Figure 6.11: Temporal variation of spectral hardness (derived from the H/M2 bands count ratio) 

for eac h of the double sources in the 3rd spike (aournd P3 ) from 22:37:46.5 UT to 22:37:55.5 UT. 

Time resolution of the plot is 0.5 s . Solid line denotes the hardness for source A while dashed 

line is for source B. Typical 1u level for eac h data point is ±10% of each vaJue. If we o,ssume a 

power-law photon incident spect rum , corresponding photon spect ral indices for sources A and 

B would be /A ~ 2 and IB ~ 2.5, respectively. 

Figure 6.12: Overlay of M2 band hard X-ray sou rces at P3 (22:37 : -~9 UT; thick solid contours) 

with a vector magnetogram taken at MSO between 21:05:59 UT and 22:35:59 UT. Thil1 solid 

contottrs represent positive polarity while dashed contours negative polarity. The contollr levels 

for the longitudinal magnetic field strength are ± 50, 100, 200, 400, 00, 1600, and 3200 G 

for positive ( +) and negative (-)polarity, respectively. Short stra.ight lines indicate t ransverse 
magnetic field strength. 

FJGU/lE CAPTWNS 

Figure 6.13: Hard X- ray sources in t he post- impulsive phase in the M2 band (solid contours) . 

(a) 22:38:47-22:38:50 UT, ove rlaid with an image of the wh.ite--light flare observed with SXT 

(dashed contours). (b) 22:39:4 -22:39:52 UT. Hard X- ray sources in the impulsive phase (at 

22:37:37 UT) are overlaid as dashed contours. The magnetic neutral line is shown in the image. 

Both images (a) and (b) have the same size of 59" x 59" (after Saka.o et at. 1993). 

Figure 6.14: Overlay of a hard X-ray image (in the M2 band; so lid contours) with white-light 

flare (dashed contours) at P3 (22::l7:49 UT). The contour levels are 20, 40, 60, and 0 % for the 

hard X-ray image and the same levels for the white-light image with the 20 % contour removed. 

The wh ite-light image was obtained with a 238 ms exposure while the data accumulation time 

for the ltard X-ray image is 1 s (after Sakao et at. 1992). 

Figure 6.15: Possible geometry of flaring magoe ic loops in (a) the precursor phase and (b) the 

impulsive and the post-impulsive phases of the 15 November. l991 flare. 
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Chapter 7 

Characteristics of Hard X-ray 

Double Sources in Solar Flares 

7.1 Introduction 

In the early observations with Tlinotori and SMM, several authors reported the double-source 

structure in their hard X- ray images from a Umited number of flares (e.g., Hoyng eta/. 1981, 

Ou.ijvernan et a/. 1982, Tanaka and Zirin 1985, Tanaka. 1987, Nit,ta. eta /. 1990; see also chapter 

2). However, for temporal varia.tion of hard X- rays from the double sources, due mail y to 

the low time resol ution (~ 10 s) of the hard X- ray telescopes aboard Hinotori and SMM, the 

differentiation between non- thermal (Du.ijveman eta/. 1982) and thermal models (MacKinnon 

et a/. 1985) has not yet fully been successful (see, e.g., Dennis 1988). Also rather low energy 

range of both Hinotori and SMM hard X- ray telescopes (typically below 20 keV), possibly 

contaminated by thermal emissions of flares, prevents us to derive firm conclusion on solar flare 

non - thermal events. From this point of view, imaging observations from the IrXT with time 

resolution as high as 0.5 s a.nd in multiple energy bands, especially a bove 30 keV, wi ll give us 

a. unique chance to investigate the origin of hard X- ray sou rces as well as electron acceleration 

sites in magnetic loops. 

As is mentioned in the previous chapter, in the impulsive a11d the post- impulsive phases 

of the 15 November, 1991 flare, hard X- ray (.::; 30 keV) sources showed t]Je double-source 

structure located on both sides of the magneti c neutral line. This double-source structure most 

likely corresonds to footpoints of a flaring magnetic loop . The double sou rces emit hard X- rays 

simu ltaneously within 0.1 s a.t 1<7 level, sugges ting that the flare energy release (specificall y 

particle acceleration) takes place near the top of the loop and that hard X- rays are emitted 

by accelerated electrons precipitatig downwards to t he footpoints. Also, these double sources 

showed a systematic change in location ; the separation of the double sources increased with time 

and t he angle sustained by the double sources and the magnetic neutral l.ine became larger with 
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time. These o bservational facts sugges t th a t particle acceleration in the flare first took place 

in a low- lying, strongly sheared magnetic loop, and the acceleration took place successively in 

overlying, less sheared loops with rising energy release site . 

As is suggested by th e above example, hard X- ray imaging observations of footpoint sou rces 

{manifesting themselves as double so urces) are the key clues to understartd the origin of hard 

X- ray emission, particle acceleration, propagation of accelerated particles , and si tes of particle 

acceleration with respect to magnetic loops. 

From such a point of view , [ analyze solar flare double sources seen in the non- th ermal 

energy bands {;:: 30 keY) of HXT with emphasis on (1.) temporal correlation in hard X- ray flu.x 

between the double sourc:es, (2) locations of the double sou rces with respect to the corresponding 

p'hotospheric magnetic field, and (3) hard X- ray spectra of the double sources. 

Ln the next sect ion (section 7.2), I describe a statistical study of hard X- ray source mor­

phology. In sect ion 7.3 I present detailed case studies of several impulsive flares, and find some 

tendency in the above (1)- (3). l.n section 7.4, I discuss physical implications of the obse rved 

tendency. Finally in section 7.5, I summarize lfXT observations of the double sources . 

7.2 A Statistical Study 

In this section, I describe statistical study of morphol_ogy of hard X- ray so urces observed with 

HXT a bove 30 keY, specifically in th e M2 band . As is mentioned in the previous sect ion, hard 

X- ray imaging observations with SMM and Flinotori were made only below ~ 20 keY range, 

where possibl e contamination of t hermal emission from high temperat ure plasmas is pTesent. 

Ha.rd X- ray sources of purely non - th ermal origin will only be observed with imagings in th e 

i!:. 30 keY ra.nge and if there is a systematic tendency in the morphology of hard X- ray sources, 

it would refl ect some fund amental characteristics of hard X- ray emission with respect to th e 

magnetic field st ru cture. li enee a statistical study of hard X- ray (;:: 30 keY) sottrce morphology 

will be quite important. In th e following, I use M2 band images, rather than H band ones, to 

increase the number of flares available for t he statistics. 

Figure 7.1 shows examples of hard X- ray sources in the M2 band in six different flares. All 

the images in the figure have the same image size of 124" x 124 11 • In figures 7. 1 (a)- ( c), bulk of 

hard X- ray emissions originates from doub le sources. Such a double-source structure is most 

frequently see u in the M2 band . In figures 7.1 (d) and (e), only si ngle sources are seen. While (d) 

shows simple si ngle source , lower brightness contours in (e) show a possible loop- like structure. 

In figure 7.1 (f), hard X- ray emission originates (rom lltree discre te sources. 

Table 7.1 is a list of HXT flares used for the statistical study. The flares are selected in 

such a way that they have peak count rates in the M2 band of ~ 30 cts/s/SC and occurred 

between October 1991 and December 1992. In the table, morphological classification of hard 

X- ray images in the M2 band at the peak of hard X- ray emission (in the M2 band) is shown: I 
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classified hard X-ray so1uces in the ~ I :I band into three morphological classes; i.e., single source 

(SGL), double sources (DBL), an d multiple sources wh.ich consist of more than two discrete 

sources . 

A total of 33 flares, though not necessarily were observed from the beginning till the end, 

matches the criterion. Among these, 5 events were either (a) behind-the-limb events thus miss­

ing emissions from footpoints (15 December , 1991, 11 August. 1992. a.nd 2 November, 1992 

even ts) , (b) long duration events (LD Es) lasti ng more than 1 hour in the L band with no impul­

sive behavior in t he observed hard X-ray time profiles (30 October, 1992 and 2 November, 1992 

events), or (c) no background da ta was available (2(i December, 1991 ev m). Thus these 5 events 

are excluded from t he cu rrent classification. Together with the morphological classification . r list 

in the table GOES so ft X-ray class (in 1- A). tlte Ha impor tance, NOA A active region number 

in which fl a res occu.rred. and the location of H<> fl are. These information is obtaiited from the 

Solar Geophysical Data. Also r list count rates (i n units of cts/s/S ) in the four ene rgy bands 

of HXT at the peak t ime of M2 band co unt rate to give information on t.he spectral ha rdness. 

Numbers of Hares which belong to either of the above morphological classification (single, 

double, and multiple sources) out of the 2 events are summ <Lrized in tab le 7.2. I also show in 

the table resul ts with an increased threshold peak coutlt rate in the M2 band (50 cts/s/SC). The 

resu lts with the t hreshold count rates of 30 ctsjs/SC and 50 cts/s/SC do not J.iffer sign ifi cantly. 

We see that about 40 %of impulsive flares show do1tble so urces a.> long as th yaw 110t behind 

the limb events. The rest of the flares sho1v either multiple- (;:: 30 %) or single-source structure 

(;S 30 %). 

As is seen in tab les 7.1 and 7.2, even if we exclude single sources, in more than 70 %of 

the impulsive flares p resented here bard X-ray sources above 30 keV co nsist of discrete sourc s. 

Especially double sources, which are most commonly seen ( ~ 40 %) in the M2 band, are quite 

often located on both sides of t he magnetic neutral line. Moreover, they seem to be located 

on both ends of a long , thin structure which is s en in the L band which possibly traces a 

flaring magnetic loop (Kosugi 1993) . This suggests t hat the double-source structure, seen in 

the non- thermal hard X- ray range (;:: 30 keY), is not just a chance encounte r o f two di stinct 

single sources, but it re(rects ftmd amental characteristics in the hard X-ray emission process : 

at least in impulsive flares , hard X- rays above 30 keY Me emitted mainly from footpoints of 

flaring magnetic loops. 

Multi ple sources consisting of three or more discrete sources may be a n ensam ble of doub le 

sources. As is shown ill the next section , we often see double sources with asymmetric l1.ard 

X- ray brightness. Hence it is possible that sometimes th e asym metry is so large t hat one of a 

pair of doubl e sources is not imaged with HXT due to a limi ted dynamic range of HXT (typically 

~ 10 %; see also section 7.4.3), producing odd numbers of discrete sources. As for the single 

sonrces, the following three cases are likely: (1) asymmetry in hard X- ray brightness of double 

sources is so large that one of a pair of double sources is not imaged with IL'(T, (2) the separation 
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of double sources is so small that the sources are not well resolved by HXT, th us an apparent 

si ngle source is imaged, or (3} hard X- ray sources act ually show single-source s tructure , e. g. 

hard X-rays originate from the top of a. flaring magnetic loop. 

7.3 Case Studies 

In this section, [ analyze HXT observations of the following seven flares : (1) 15 November, 

1991 flare (22:37 UT), (2) 3 December, 1991 flare (16:36 UT), (3) 7 February, 1992 flare (11:54 

UT), (4) 16 December, 1991 flare (4:56 UT), (5) 10 September, 1992 flare (22:53 UT), (6) 10 

November, 1991 flare (6:48 UT), and (7) 2 November, 1991 flare (6:47 UT). All the flares with 

their M2 band peak cou nt rates exceedi ng 50 ctsjs/SC in ta.bl.e 7.1 are studied here. These 

Dares are selected accordin g to that (a) they are impulsive flares showing impulsive spikes in 

their hard X-ray time profiles (time scales of spikes ranging from~ 10 s to~ 30 s), (b) double­

source strllcture is seen in the HXT energy band above 33 keY (specifically in the M2 band), (c) 
rel atively intense flares whose maximum X- ray count rates in the M2 band typically being more 

than .50 cts/s/SC. The criterion (c) is set so that temporal variation of hard X-ray intensity 

from each of the double sources is studied with time resolution typically as high as 1 s . Ortly the 

7 February, 1992 flare does not meet criterion (c); peak count rate of this flare in the M2 band is 

34 cts/s/SC. However, as this flare shows clear double sources and photospheric magnetic field 

data is available, here [included this fl are as a case study. 

Figure 7.2 show time proJiles of the seven flares in the four energy bands of HXT. We see a 

wide variety of time profiles of imp ulsive spikes in the figure with time scales ranging from ~ lO 

s (e.g. 15 November, 1991 flare) to nearly 1 minute (2 November, 1991 flare) in the M2 band. It 

can be said that the observed double-source structure in these flares is not related to a specific 

hard X-ray time profile. 

7.3 .1 Method of Analysis 

Gaussian fitting p rocedure 

The Ma..'<imum Entropy Method (MEM), which we are using for image synthesis of HXT (c.f. 

section 5.1.3), is an image restoration procedure with a non- linear characteristic. Hence, it 

is sometimes not so easy to derive quantitative values , such as X-ray flux from each of the 

double sources Se<!n in MEM images , unless the images are well-converged. Also as the MEM 

procedure requires (time-integrated) hard X-ray counts of typically ~ 100 cts/SC to make 

images with enough statistical significance, it is sometimes d.ifficult to study behavior of hard 

X-ray sources with high time resolution, especially for rather modest flares. In order to study 

temporal and spectral behavior of ha rd X-ray emission from each of the double sources with high 

time resolution, I developed a Gaussian model fitting procedure. This procedure approximates 
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hard X-ray source distribution by a certain number of two-dimensional circular Gaussian sources 

(figure 7.3). The procedure has the following advantages over the :VfEM procedure: (1) s the 

proced ure has a linear characteristic, it can handle quantitative valu s of hard X-ray sources 

(such as flu:< from each of the doubl.e sources) properly, and results of the fitting can be properly 

evaluated with the x2 statistics. (2) As the procedure makes model fitting to simple circular 

Gaussian profiles, it gives satisfactory fitting even if the time integrated counts are less than 100 

cts /SC; say, typically around 30-50 cts/SC, hence suited to study more flares than MEM. On 

the other band, the Gaussian fitting procedure is not suited for obtaining precise shape of hard 

X-ray sources. Nevertheless , it does not affect the following analyses significantly as long as the 

sources imaged with t he l11lEM procedure show (nearly circul ar) double-source structur 

Le t the i-th Gaussian somce B; be expressed as follows : 

(7.1) 

where (X ;, Y,) denotes the center position a nd w; the size of the souJ·ce. respectively. Note tb a. 

the full width at ha.lf maximum (FWHM) of the source is ~ 2.35w;. ln tile fitting procedure, 

w;, x, y, X;, andY; a re given in units of HXT pixel (= 2.4711 ; c.f section 5.1.:1). Hard X- ray 

brightness distribution BHxR is assumed to be an ensamble of N circular Gaussian sources : 

N 

BHxR(x,y) =I; B;(x,y; S;, w;,X;, Y;). 
i=I 

(7.2 ) 

From BHxR. ha rd X- ray counts bK (K = 1 ~ 64) from the 64 collimators are derived usin~; 

eq.(5.14) . These counts are compared wit h background-subtracted observed counts b~( and the 

best- fit parameters fo r each of the Gaussian sources, such as location. (X., Y;) and hard X-ray 

flux S;, are obtained by the linear least-squares method ( Bevington 1969). Goodness of fit is 

evaluated by the reduced x2 values, x;ed, which are defined in eq.(-5.19) . If th app roxi ma­

tion with circular Gaussian source profiles gives a consistent result with the observations, then 

X~ed :S 1. If x;ed > I then it implies that the actual hard X-ray sources (1) do not have Gaussian 

pwfil es, (2) are not circular, e.g. e longated to a certain di rection, and/or (3) t here are additional 

sources present ot.he r than the double sources. [n the following analysis, I nominally obtain re· 

duced x2 
values of x;ed ~ 3- 5, which is fairly in consistent with the observations although 

MEM images give smaller x2 values. [tis worthwhile to stress that hard X- ray flux S;, obtained 

by the Gauss ian fitting, is quite insensiti ve to e.g. size of double sources as is described below. 

When apply.ing th.is procedure for analyzing double sources, the Gaussian fitting with setti!lj; 

all S;, w;, X ;, and Y; as free paran1eters (i.e ., total of 8 free parameters in the case of N = 2) 

usually gives satisfactory results. However, to make the fitting more stable even when the 

counting statistics is not very good and/or the separation of double sources is near tl1e resolution 

limit of HXT, in the subsequent analysis T fixed values of 10; to be 1.0 ( HXT pixel; i.e. 2.4711 ). 

This sets the FWT:IM value of a Gaussian source to be~ 611
• I compared S, and (X;, Y;) between 
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different '"' values. An example of the results is shown in figure 7.8. where 1 show S, 's in the 

M2 b;utd for w; = 1.0 and 1.5. Two sets of S, are nearly the same with each other; thus to fix 

w; to a reasonable value (say, 1.0) does not have serious influence on the source flux S;. As we 

are mainl y interested in hard X- ray flux from the double sources. hereafter we apply Gaussian 

fi t ting procedure with fixed w; 's. 

By applying the Gaussian fitting in two adjacent energy bands of RXT for the same sets of 

data, we can derive spectral hardness of i-th double source H'(' /n whicl1 is defined as 

H"''" = s~ 
I 5:' • (7.3 ) 

Here Sf' (SI') is hard X- ray fl1t:-r from the i -th Gaussian component in. the energy band m (n). 

1 mainly choose m to be the H band and n to be the M2 band as long as counting statisbics 

allows. When COli nts in the J{ band are too weak, r set m. to M2 and " to M1, instead. 

Comparison with photospheric magnetic fields 

Observed double sonrces are overlaid with photospherjc magnetic fields (magnetograph data) as 

follows . First, hard X- ray images are overlaid with SXT images using llXA information, with 

a typical accuracy of~ 3". As the optical telescope of SXT, wruch is well- aligned with the 

soft X- ray telescope and the offset jg measured within 111 accuracy, optical images of sunspots 

can be well overlaid with continuum sunspot images taken with magnetogr'1phs. [f he sunspot 

images are taken at different times between SXT and magnetographs , then the magnetograms are 

ove rl.aid with correction for the rotation of the sun. Following this procedure, l1ard X- ray double 

sources are overlaid witl1 photospheric magnetic fields (see aJso section 4.11.3). Magnetograrns 

used in this analysis are taken at Mees Solar Observatory (hereafter, MSO) in Hawaii or at 

Okayama Astrophysical Observatory (hereafter, OAO; Sakurai 1991, 1992). Accuracy of the 

overlay between hard X- ray sources and magnetograms js typically no la.rger than 5". 

In then x:t sectjon (section 7.3.2) , I denote st rength of longitudinal photospheric magnetic 

field where source A (B). one of the double sources, is located as BA ( B6 ) . Sign of the quantity 

BA and B·6 indicates magnetic polarity (plus : positive, minus : negative, respectively). 

7.3.2 Individual Flares 

(1) 15 November, 1991 flare (X1.5) 

The double sources seen in this flare have been discussed in detail in the previous chapter (c.f. 

figure 7.2 (a)). Here l briefly summarize observed characteri stics of the double sources in the 

impulsive phase (see figure 6.7). Figure 6.12 haws overlay of the double sources in the M2 band 

at 22:37:~9 UT and photospheric magnetic field map taken at MSO between 21:05:59 UT and 

22:35:59 UT. The brighter source :\ is located in a positive polarity region with BA ~ tlOO 

G and the darker source B is in a. negative polarity region with B6 ~ -400 G. The Gaussian 
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fitting procedure shows that the flux ratio RA/6 = SA/Ss in the M2 band, where S; is given 

in section 7.3.1, is about RA/B ~ 1.5 as is seen in figure 6.10 (a) . Simultaneity of hard X- ray 

emission from the double sources is quite good; with relalive time lag 6.T = 0.0±0.1 sat 1o- level 

(figure 6.10 (b)). From figure 6.11 , we see that energy spectrum of source A is systematically 

harder than that of sotuce B. Assuming power- law photon spectrum, .I obtained photon indices 

/!1 - 2.0 and /6 ~ 2.5. 

(2) 3 December, 1991 flare (X2.2) 

T hi s Hare commenced on 3 December, 1991 at 16:33 UT in NOAA acti ve region 6952 near the 

east limb. The Ho flare location and importance were N 17E72 and 2D, respectively. The GOES 

soft X- ray class of this flare was X2.2. Figure 7.2 (b) shows hard X- ray time profiles of this 

flare obsen·ed in the four energy bands of HXT. The time profi les show spiky components in 

the energy bands above 33 keV while the profiles are relatively smooth below 33 keV. Detailed 

analysis of this flar e will be reported by I nda- Koide (1993) . 

Hard X- ray sou rces in the M2 and H bands show the double source structure (figure 7.4) with 

the sou th- western source (hereafter source A) brighter tha.n the north-eastern one (hereafter 

source B). The separation between sources A and B is ~ 14". 

Figure 7.5 is an overlay of an H band hard X- ray image at the peak of hard X- ray burst 

( 16:36:17 UT) and a vector magnetogram taken at MSO from 21:35:15 UT to 22:28:35 UT. The 

brighter source A is located jn a negative polarity region (dashed contours) whose longitudin al 

magnetic fi eld strengt h BA ~ -80 G wh ile the source B is in a positive polarity region (thin 

solid contours) with B6 ~ +300 G. 

Figure 7.6 (a) shows t ime profiles of hard X- ray flux in the M2 band for the double sources 

(t hick solid and dahsed lines for sou rce A and D, respectively) in the t ime interval 16:36:00 UT 

to 16:36:44 UT using th e Gaussian fitting proced ure with t ime resolution of 1 s. Flux ratio 

RA/6 is RA/B ~ 1.3 during this interval. The overall simultaneity of hard X- ray fluxes from 

the double sources is good; with the cro s- correlation anaJys.is gi ving a time la.g of 0.0 ± 0.2 s 

(figure 7.6 (b)). However, at spike P I in figure 7.6 (a), we see that rapid increase in hard X- ray 

intensity a.t around 16:36:06 UT is mostly due to increased emission from source A. A similar 

analysis using the H band data. with time resolution of 1 s gives essentially the same result. This 

indiddual behavior of X- ray emissions from sou r es A and D wil l be discussed later. 

Figure 7.7 shows temporal vari ation of spect ral ha.rdness 1/ 11 /Ml (c.f. eq.(7.3)) of each of 

I he donble sourc~s with lime resolution of 1 s from 16:36:00 UT to 16:36:44 UT. fn the figure 

solid line denotes the hardness for source A while dashed line is for sou rce B. Source A shows 

s:·sJnma.ticaUr larger spect ral hardness than source B throughout the impulsive pha.5e of this 

fl a rP. If we ass ume power- Ja w photon spect rum , we obta.iu /A ~ 3.0 and /B ~ 3 .. ) at a.rouncl 

16:36:11 UT. 
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(3) 1 February, 1992 flare (M3 . 7) 

This fl a re comrnenced on 7 f cbru<Lry, 1992 ilL about 11 :-16 UT in NOAA active region 7035. 1 he 

Jl a flare !oration a nd importance were S21 W53 a11d 2D , respectively, with th e GOES ;oft X- ray 

class being M3.7. The flare showed several impulsive spikes between 11:51 UT and 11:55 UT , 

with the one at around I 1:54:30 UT (hereafter P2) is most insense and has the hardest energy 

spectrum among the spikes (figre 7.2 (c)). I call the spike at around 11:53:40 UT as P1 in the 

following explanation. 

During spike P2, hard X- ray sources showed the double source structure (figure 7.9) in the 

energy bands Ml to H, with the southern source A being brighter than the northern source 

B. The separation between the sources is~ 17". On the other hand, during spike PI, many 

discrete sources (more that\ four) a re seen in add ition to the double sou rces in P2, suggesting 

flaring of mulliple loops. Although the difference in flaring loops between spikes Pl and P2 is 

itself interesting, here I concentrate on behavior of the double sou rces seen in spike P2. 

Figure 7.10 is an overlay of the M2 band double sou rces near the peak of P2 (ll:5~:21 UT 

- 11:54:27 UT) and a vector magrretogram taken at OAO from 2:38:56 UT to 4:25:20 UT. The 

brighter source A is located in a. negative polarity region (dashed contours) whose longitudinal 

magnetic field strength BA ~ -30 G while the darker source B is in a positive polarity region 

(thin solid contours) with Bs ~ +200 G. 

Figure 7.11 (a.) shows time profiles of hard X- ray flux in the M2 band from the double 

sources (thick solid and dashed lines for sou rce A and B, respectively), which were obtained by 

the Gaussian fitting procedure, du ring the time interval between 1 I :54:03 UT and I 1:54:-!5 UT. 

Eac.h data point in the figure corresponds to a 2 s data accumulation, due to rather low hard 

X- ray count rates. The figure shows that the flux ratio RA/B is about RA/B - 1.5, and that 

hard X- ray flux from the double sources vary si multaneously, with the time lag of /:;.T = 0.0~~:~ 

s, i.e., consistent with no time lag within statistical uncertainty (figure 7.11 (b)) . 

Spectral hardness of the double sources are derived from the M I and M2 band data in the 

same way as before. Figure 7.12 shows time variation of spect ral hardness of the double sources 

JfM1/M l taken from 11:54:03 UT to I 1:54 :45 UT. Data are accum ulated every 2 s to improve 

counting statist ics. Tn the figure source A (solid line) shows systematically harder energy spectra 

than source B (dashed line). Assuming a power-law photon incident spectrum , photon indices 

are derived as "''A - 2.5 and "''B ~ 3.0 around the peak of spike P2. 

(4) 16 Decem ber, 1991 flare (M2.7) 

The fl are commenced on 16 December, 1991 at- 4:54 UT in NOAA active region 6961. The Ho 

fl are location and importance were N04W45 and SF, respectively (figu re 7.2 (d)) . The GOES 

soft X- ray class of this flare was M2.7. 

Figure 7.13 shows hard X- ray images of this flare in the M2 and H bands at around the 
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peak time of hard X- ray emission . During the impulsive phase hard X- ray sotuces in the energy 

bands above 23 keV (i.e. in the M1, M2, and H bands) show double sources, separated by~ 28" 

and located on both sides of the magnetic neutral line. After the impulsive phase (i.e. after 

4:56:20 UT) there appears a loop- like structure connecting one of the double sources (southern 

sou rce; source A) and the midpoint between the double sources. Detailed description on HXT 

observations of this flare, from a v.iewpoint of chromospheric evaporation , is given by Culhane 

et a/_ (1994). 

Figure 7.14 is an overlay of M2 band hard X- ray sources and an OAO vector magnetogra.m 

taken from 2:50:04 UT to 4:04:59 UT (Culhane eta/. 1994). The double sou rces (thick solid 

contours in the right hand side) are located in an opposite polarity region; source A in positive 

polarity region (thin solid contours) BA ~ +300 G, and source D in neg:.tive polarity region 

(dashed contou rs) Bs ~ -700 G, respectively. 

Figme 7. 15 (a) shows hard X- ray flux time profiles in the M2 baud for the double sources 

from 4:56:02 UT to 4:56:17 UT using the Gaussian fitting procedure, with ti me resolution of 

l s. The ratio of ftttx from the double sources RA /B is RA/B ~ 0.8; i.e. source B is brighter 

I han sou rce A in the M2 band. However, in the H band, source A is a.lmost as bright as source 

B with RA/B ~ 1.0. The overall simultaneity of hard X- ray fluxes between the double sou rces 

is, again , good; with the cro s- correlation. analysis giv ing a time lag of 6r = 0.0 ± 0.2 s (figure 

7.15 (b)). A simila r a nalysis on the II band da.ta gives essentially t.he same result. 

Figure 7.16 shows energy spectral hardness of the double sources derived from the M2 and H 

ba nd data. Source A shows harder energy spectra than source B: assuming a power- law photon 

spectrum, we obtai n photon indices "''A ~ 3.4 and ')'B ~ 3.8 around t.he peak of the impulsive 

phase. 

(5) 10 September, 1992 flare (M3.2) 

This fl are commenced on 10 September , 1992 at 22:51 UT in NOAA active region 7276 (figure 

(.2 (e)). The Ha flare location and importa.nce were N12E41 and 2U, respectively. The GOES 

soft X- ra.y class of thjs flare was M3.2. Magnetic field data. for this flare wa.s not available. 

Figure 7.17 shows M2 band ha.rd X- ray sources of the fl are during the impulsive phase 

(22:52:29.6 UT - 22:52:31.6 UT). We see doub le sources separated by ~ 25" in the M2 band 

images. This double- sou rce structure is also dearly seen in the other energy bands (i.e. L, 

Ml , and H bands). The northern source (herealter source A) is brighter than the southern one 

(hereafter source B). 

In figure 7.18 (a) I show hard X- ray flux time profiles in the M2 band for the double sources 

from 22:52:13 UT to 22:52:35 UT, with I s time resolution. The flu x ratio RA/B is RA/B ~ 1.3 

and the time profiles show a high simultaneity; hard X- r<ty fluxes from the double sources vary 

simultaneously within 0.2 sat la level as is shown in figtue 7.18 (b). 

Figure 7.19 shows temporal variation of spectral hardness of the double sources. Data arc 
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accumu lated every 1 s to improve counting statistics. For this fl are, spect ral hard ness of oOurces 

A and B are about tJ,e same with corresponding power- law photon indices "/A ~ 1B ~ 2.3. 

(6) 10 Nove mbe r, 1991 flare (M2 .2) 

T his fl a re commenced at 6:47 UT on lO November, 1991 in NOAA AR 6919 ( ll a loca tion 

S L4 E53). T he GOES X- ray class of this fl are is M2.2 a nd the Ha importance is 2B (figure 7.2 

(f)) . Yohkoh obser ved this fl a re from the beginning, but a t 6:48:30 UT the spacecraft entered 

the South Atlantic Anormaly (SAA ), where the high- voltage outputs of HXT are reduced to 

a void possible da mages of the detector photomultipliers (see section 3.1.2 and 4.5.2) , hence we 

could not obtain l'ohkoh data exce pt SXT after thi s time. Magneti c field data for this flare is 

not avail a ble. 

Ha rd X- ray sources of this fl are show double sources separated by ~ 4611 with additional 

two sources; each of these additional sources was located near either of the double sources as 

shown in fi gure 7.20. The Hting procedure with four Gaussi an sources shows that emissions 

from the additi onal sources are not signifi cant with respect to the double sources (fluxes from 

the northern a nd southern additional sources are less than 7 % and l5 % of the total flux , 

respectively) and hard X- ray flu xes from sources A and B in figure 7.20 show essentially the 

same time profiles as those obtained by the fitting with two Gaussian sources_ Hence, in thi s 

a nalysis J use the Gaussian fitting procedure with two sources. 

Figure 7.21 (a) shows hard X- ray flux temporal variation in the M2 band for the double 

sources from 6:48:25 UT to 6:48:39 UT (tltick solid line is for source A whi le dashed line for 

source 13) . IO:ach of t'he data was accumulated for 1 s to improve counting statistics. In the M2 

band , bard X- ray fluxes from sources A and B are nearly the same; RA/B ~ 1.0, while in the 

If band source A seems to be brighter than source B with RA / B ~ l. 2. Simultaneity of liard 

X- ray fluxes from the double sources is generally good; with the time lag 6.r = 0 . 2!g:~ s (figure 

7.21 (b)) . This means that sources A and B emit hard X- rays simultaneously within statisti cal 

un ce rtainly. 

Figure 7.22 shows time profiles of spectral hardness of the double sources from 6: -18:25 UT to 

6:48:39 UT, with time resolution of 1 s (solid line: source A, dashed line: source B), with source 

A showing a tendency to have a harder energy spectrum th an source B. Assuming a power- law 

photon spectrum, photon indi ces "/A ~ 2.5 and 7B ~ 3.0 are obtai ned. 

(7) 2 November, 1991 flare (M9.1) 

This flare commenced at 6:43 UT on 2 November, 1991 in NOAA AR 6891 (Ha location Sl3W6 1; 

fi gure 7.2 (f)). The GOES X- ray class of this flare is M9.1 and the Ha importance 1 B. SXT 

observed white-light brightcnings with its optical telescope. Observations of thi s flare with SXT 

and HXT are reported by McTiern an et al. (1993) . 
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Figure 7_23 shows double sources in the M2 band at the peak of hard X- ray emission (6:~5:45 

UT - 6:-1.5:<16 UT) . The double sources, whiclt are seen in all of the fou r energy bands at the 

peak time of hard X- ray emission, are separated with each other by~ 3-1". The double ources 

seem to well match with tl1e white-light brightenings. 

Photospheric magnetic field data for this llare is nvailab l.e from MSO, which is taken from 

17:56:59 UT to 19:55:06 UT on 1 November. 199!. Although the difference in time betwe n 

the magnetogram and the fl are is quite large, the brighter sou rce A seems to be located in the 

stronger longitudi nal magnetic field r gion (positive polarity) with 8,~ ~ +400 G wh.ile th 

darker source Bin the weaker region (negative pola rity): Be~ -'1.00 G. 

Figure 7.24 (a) shows hard X- ray (1.112 b~nd) time profiles for the individual sources in the 

M2 band from 6:45:20.5 U'I' to 6:4 6: l · .~ UT with time resolution of 0.5 s (thick solid line for 

sott rce A and th in solid li ne for source B). Solid li ne corresponds to source A and dashed line to 

sou-rce Bin figure 7.2:J. Ratio of hard X- ray fluxes from the doub le sources is RA/ B ~ l.5. There 

is an ap parent di fference in hard X-ray peak ti mes; the hard X- rays from source A precedes 

source B by~ l.5 s. Mo reover, smaU spikes denoted as 'S' in figu re 7.24 (a) seem to originate 

only from the sou rce A; no spiky structure corresponding to 'S' is seen in t he time profile of 

source B. Figu re 7.24 (b) shows the the result of cross- correl«tion nnalys is of the hard X- ray 

time profiles between the double sou rces. As temporal variation of hnrd X- ray flux from sourc~ 

A di ffers significantly from that of source B, t h.e overall correlatio·n is not good. 

Figure 7.25 shows time variation of the S]lect ral hard ness for t he same time interval as fi gurP 

7.24 (a) wi th a data accumulation in te rval of 0.5 s. T he spect ral ha.rdness of sources A and B 

a re almost t he same, wi th photon indi ces of the power-law photon spectrum "'A ~ "/B ~ 3.0 

around the peak of hard X- ray emiss ion (at around 6:45:45 UT) . 

7.3.3 Summary of Observations 

Results of te mporal/spect ral behavior of t he double sources (i n t he M2 band) mentioned a.bove 

a re summarized in table 7.3. In t he tab le, the following qua nti ties are given : (a) Difference in 

fl ux from the doubLe sources in the M2 band ; in t he fo r.m of fl ux ratio RA/B = S;~ /Sa. S,, and 

Sa are obtained by t he Ga ussian fitt ing procedure (S, in eq.(7.J ) cor responds to SA and Ss). 

(b) Relat ive time lag 6.r of hard X- ray fl uxes between the double sources derived by th' cross-­

correlation analysis (together wi th la level). Here 6.r > 0 means that source A lags sou rce B. 

(c) As an indicator of spectral hard ness, photon ind ices 7A and 'YB assuming power- law photon 

spectra . Note t hat in t he 7 February. 1992 Rare, photon indices are derived from the Ml and M2 

bands coun t data pair while the i\112 and H bands were used for the otl1e r flares. (d) Strength 

of longitudinal photospheric magnetic fie ld BA and Bs in wh ich the double sources (sources A 

and B) are located. 

From this table, the followin"s are poi nted out : 
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o In mos• of the flares (6 out of 7), simultaneity of bard X-ray fluxes from the double sources 

are quite high; showing no time lag (i.e., D.r = 0.0) within statistical uncertainty. 

o Three out of 5 events show that brighter footpoints tend to have harder energy spectra 

than darker ones (SA > Sa - /A < "J'a and vice versa). There are two cases (the 10 

September, 1992 and the 2 November, 1991 flares) that the spectral hardness is roughly 

the same bA ~ 'l'a) despite there is a difference in SA and Sa. But none of the darker 

sou rce shows harder spectra than the brighter ones; in the 16 December, 1991 flare, source 

A in figure 7.15 (a) is darker than source B with RAta~ 0.8 in the M2 band. However, in 

~he H band source A is almost as bright as source B with RA;a ~ 1.0, yei1ding a harder 

energy spectrum than source B, which is also consistent with the tendency discussed ltere. 

Also in the 10 November, 1991 flare , RAta~ 1.0 in the M2 band whi le RAta~ 1.2 in the 

][band, hence yielding a harder s pect rum for sotuce A than source B. If we add these two 

flares, we can say that five out of 7 events show the above tendency. 

o For the 5 events for which magnetograms are available, all of the double sources are located 

on both sides of the magnetic neutral line. Also , three out of the 5 flares show that the 

brighter footpoint tends to be located in a weaker photospheric magn.etic fi ld region 

(SA.> Sa~ IBAI < IBal and vice versa), regardless of t he magnetic polarity. Also we 

see that the 16 December, 1991 flare is consistent with this tendency by the same reason 

as is described in the previous item. Thus we can say that four out of the 5 events show 

this tendency. There is one exception which shows the opposite tendency, i.e. the brighter 

footpoint is located in the stronger magnetic field (2 November, 1991). 

Implications from t hese observations wiU be discussed in the next section. 

7.4 Interpretation and Discussion 

7.4.1 Fundamental Structure of Hard X-ray Sources 

Among 2 inteJlSe impulsive flares observed with RXT during the 15 months from 1 October , 

1991 to 31 December , 1992. hard X- ray sources of the flares most frequently ( ~ 40 %) showed 

double-source structure in the M2 band (tables 7.1 and 7.2). When tlte double sources are 

seen, they are located on both sides of the magnetic neutral line. These observations suggest 

that the hard X- ray double sotuces, seen in t he purely non-thermal energy range ( ~ 30 keY), 

are mangeticaUy conjugate and are not formed as a result of simple chance encounter of two 

individual single sources, i.e. non-thermal hard X- rays are emit ted mainly from the footpoints 

of a sillgle flaring magnetic loop , at least in impulsive flares , which is one of the fundamental 

characteristics in the hard X- ray emission process. It is interesting to point out that, in several 

flares it is shown that the double sources correspond to the footpoints of flaring loops from 
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combined imaging observations with soft X-rays and Ha, as weU as the L band images of HXT 

(Kosugi eta/. 1992, Sakao eta/. 1992, Kosugi 1993). Hence, it is suggested that the double-source 

structure is tl1e fundamental structure of impulsive flare hard X-ray sources in the non-thermal 

energy range. 

Apart from the double sources, the rest of the flares show either single- or multiple-source 

structure. As for multiple sources, they may be an ensamble of double sources. This is supported 

by several combined llard and soft X-ray imaging observations from Yohkoh; for example , Hud­

son et al. (1994) have shown that in an impu lsive flare commenced on 26 .JanuaJy, 1992, hard 

X- ray multiple sources in the .\12 band correspond to foot points of individual flaring loops se n 

with SXT. Sometimes we see odd numbers of sources in hard X-ray images. Such images are 

produced if asymmetry of fluxes from double sources is so large. due to asymmetry in magneti c 

field strength around the double sources (section 7.4.5) , that the flux from one of a pair of dou ­

ble sources is below tile dynamic range of HXT (typically ~ 10 %). Th same ide<t is applied 

to the observed single sources, i.e. if one of the double sollrces is so weak in hard X-rays l.o 

be imaged with HXT , then the other so1uce would be observed as a single so urce. Also some 

other possibilities need be considered; such as (I) the separation of double so urces is so small 

for HXT to be imaged as double sources, hence an apparent si ngle soarce is imaged, and (2) 

hard X- rays a re emjtted ne<•r the top of a Aari11g loop. These possibilities can be examined by 

detailed comparison of hard X- ray images with soft X-ray images and photospheric magnetic 

fields in the future study. 

7.4.2 Simultaneous Brightening of Hard X-ray Double Sources 

Among seven intense impulsive flares which show the double-source stwcture in the M2 band, 

six showed good simul taneity h1 hard X- ray fluxes from the doubl sources, i.e., the relative 

time lag 6r is consistent with 0.0 s within 10' level (tab le 7.3). There is only one exception (:1 

November, 1991) in which the peak times of hard X- ray emission from the double sourctJS differ 

by~ 1.5 s. ln this case, as is seen itt figure 7.24 (a), emission (rom one of the double sources 

(source A) shows spikes 'S' which is not seen [or SOllrce B. If this spiky l mporal variation of 

source A took place near the peak of the hard X- ray emission, then a superposition of this spiky 

component in source A time profile would cause the apparent time lag of~ l.5 seven though 

non.-spiky X- ray emissions from sources A and B might show good simulta11eity. 

The fact that the double sources emhs hard X-rays simultaneously strongly suggests that, 

at least in impulsive flares , hard X-rays arc emitted by accelerated electrons which stream down 

toward footpoints of a single flaring magnetic loop. Hard X- ray emission caused by beams of 

accelerated ions (mainly protons; Simnett 1986, 1991, Heristchi 19 6) may not be the case as is 

shown below. 

Simnett ( 19 6) h.as reviewed difficulties in the electron beam hypothesis and has argued 

instead that the bulk of released flare energy resides in beams of protons whose energy is ypicaJJy 
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a hv hundred keV. The accelerated protons stream down towards t he footpoints along magnetic 

loops, prouucing very high temperature plasmas (T, - 107 -109 K) and hard X- rays are emitted 

by thermal Bremsstrahlung of electrons in the nigh temperatllre plasmas near the [oot points. 

Simnett ( l!l!ll ) has argued that , instead of tl1ermal Bremsstrahlung emission . the accelerated 

ions cause runaway acceleration of electrons near the foot points and non-thermal hard X- rays 

are emitted by the accelerated electron s in the ch romospheric portion of the footpoi:nts. !Iecistchi 

( 1986) has proposed that hard X- rays are emitted by inverse Bremsstranlung of higl1 energy 

protons interacting with ambient electrons. 

In any case, since proton velocity ·up for an kinetic energy of several hundreds ke V (c.a. , 

~ 400 keV) is Vp ~ 0.03c (c: li ght velocity) and, i[ co nbincd with our result, this would imply 

that the accele ration site need be located exactly at the midpoin t of the fl aring loop. In order 

l.o exp lan the observed simultaneity of footpoint emission s (say. within 0.1 s), only a region of 

6.1 ~ 900 km is allowed on bot.h sides of the midpoint along the loop . This 6./ is only 4% of the 

loop length for a typical footpoint separation of 20" (assuming a semi-ci rcular loop ), and it is 

quite unlikely th<tt proton acceleration always takes place in such a narrow and specified region 

of tho flaring loop for six ind ependent flares . 

It is worth while mentioning that , even apart from this observed simultaneity, inverse 

Bremsstrahlung pro ess of high energy protons 3-' t lte origin of hard X- rays has been rejected 

du to the la.rge number of protons requ.ired to produce the observed l1ard X- ray flux (Emslie 

and Brown 1985); 103 - 10'1 times larger number of protons are required than those required to 

ex plain the observed -y- rays for the same flare. 

Ther mal Bremsst rahlu.ng mission from a very high temp erature plasma (T :::>: 108 K) as the 

origin of hard X- rays (Smith and Lilliequist 1979, Batchelor et a/. 1985) may also be unable 

to explain the simultaneity of emissions from the d.onble sources. Accord.ing to this type of 

Lltermal models, plasmas around the energy r ·•lease site are impu lsivdy heated up toT~ !OS K 

and are temporality conftned behind a pair of ion- acollstic conduction fronts which are formed 

in the flaring loop . T hese conduction fronts move towards t he footpoints a.t the ion sound 

speed o; "' 1000 km/s. While the bulk of the released energy is contained in th is very high 

t mpera.tu re p l a-~ma , high- energy electrons in the tail of the therma.l d istribution whose velocity 

exceeding Ocsc > o.(m;/m.)'/6 ~ 3v. (oe : elect ron thermal velocity) can escape from the 

thermal cond uction [ront ('dissipative th •rmal model'; Machado 1991) . 

Such a cond uc•ion front is difficult to explain he observed simultaneity of foot point bright­

ening. As is similar to the above resu lt , le ngth !',./ o[ the allowed energy release region along the 

loop would be 6.1 ~ 100 km even for a time lag of 6.T = 0.2 s. thus again quite hard to expect 

th;u the energy release site is located just at the midpoint of the fl aring loop in six flares. Even 

if the hi gh-energy electrons escaping from the conduction fron ts are responsible fo r the emission 

from the double sources, it implies that bard X- ray emission in the energy range 2: 30 keV is 

n a rly of n n- therma l ( t.ltick-t<trget) origin. 
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7.4 .3 Individual Hard X - ray Emission from Double Sou r c e s 

Alt hough th e overa ll si mul taneity of tem pora l variation of the double sources is quite good, there 

a re ' orne cases that one of th e double sources emits hard X- rays which lack t he corresponding 

spikes in th e other source, such as the one in the 2 Novem ber , 1991 fl a re. Also in the 3 December, 

1991 fl a re, we see that emission from source A (southern source) increases impulsively a rou nd 

spike P1 (figure 7.6 (a) ) while the emission from sou rce B does not show such ra pid in crease. 

Such individual beha viors of footp oin t emission may be ~.xplain ed qualitatively if ene rgy release 

takes place in several magne ti c loops such as in loop-loo p in teraction models ( e.g., Sakai and 

Ohsawa 1987). In these models, e nergy release and subsequ ent pa rticle accelera tion ta ke place 

at site wh ere t wo loops interact wit h each ot her. If t he magnet ic loop geometry is th e one show n 

in fi g ure 7.26 and th e two footpoints labeled F2 a nd f 3 a re located close enough with each other , 

then t hese two footpoints may not be resolved by HXT. Also du e to a limited dyna mi c ra nge 

of HXT (ty pically~ 10 %), there is a possibility tha t one of the footpoint pai r ( in the case of 

figure 7.26 , th e one labeled as F,) is not observed with HXT , if t he asymme try in ha.rd X- ray 

flu xes from t he two foot poin ts is so la rge. If accelerated el ctrons propagate along loop £ 1, th en 

we may observe th e two footp oin ts F, a nd F2 (also F3) brighten simulta neously. On t he other 

hand, if th e electrons p ropagate along loop £2 , only emission fro m F3 ( i.e., F2) is expected to 

in crease. Tt is in teresting to note th a t b~th in the 2 Novemb er, 1991 a.n d 3 December , 1991 

flares, brighter (and la rger) footpoints show increase in hard X- ray emi ssio n independ ent of t he 

oth er footpoint. 

7.4.4 Footpoint Energy Spectra 

In tabl e 7.3, we see a tendency that the brighter footp oint has a ha rd er ene rgy spectrum t ha n 

th e d a rker one. Alt hough th ere are some cases th a.t spectra l ha rdn ess is roughly th e sam e 

des pite signifi can t diffe rence in flux between th e doubl e sources (10 September, 1992 and 2 

ovember, 1991 fl a res), none of the da rker footpoint has a ha rd er spectrum than. the brighter 

one. Simple fi eld- al.igned accelerati on may be difftcult to ex pl ain this tend ency a.ccording to 

the foll owing reason : if more energeti e lectrons ha ve sma ller pitch a ngles th a n lower ene rgy 

o nes, as is ex pected from fi eld - aligned accelera tion process , then one would ex pect th a t th e 

daJ ker foo tpoint shows a hard er energy spectrum . Since th e d arker footpoint is expected to 

have stron ger ma.gneti c fi eld con vergence th an t he br.ighter one (section 7.4.5), lowe r energy 

elect rons with large pitch angles cann ot precipitate in to th e darke r foo tp oin ts du e to magnetic 

mi rroring . hence ha rd X- rays fr om the da rke r foot poi nt would ha ve a rela ti vely harder s pec~rum 

th"n t he brigh te r foot point spec tr um. 

T wo scena rios are pl a usible, t hough they do not con ni e\ with each other, to ex plain the 

ohs,n·at ions. One is to attri bu te t he o bserved tend ency to pa.rti cle (electron) accelera tion pro­

cess itself a nd t he other is to propagation and ha rd X- ray emission p rocess of the accelera ted 
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electrons. The form er is that energeti c electrons are accelerated parpendicula r to magnetic fi ld 

lines, such as in betatron acceleration (e.g., Brown and Hoyng 1975). Brown and lloyng have 

studied a large flare on 4 August , 1972. They argued that electrons are accelerated by beta· 

tron process due to expanding c:oronal magnetic loop and have shown that the observed flux ­

spectral index evolution (Jioyng et al. 1976) can well be explained by this process. 

It is also interesting to note that from observations of fl ares with SMM G RS in the 0.3 1 

MeV range, Vestraud et al. {1987) found that events near t he lim b had, on t he ave rage, harder 

-y- ray ene rgy spectra than those of t he disc event with average di ffere·nce in power- law photon 

index !:>1 = 0.37 ± 0.11. Calculations have shown that t he observed spectral di fference can 

be explained if -y-rays have peak intensities in di recti ons tangential to t he photosphere ( i.e., 

nearly parpendi cuJar to magnetic fie ld lines), or if -y-rays have a downward ly beamed Gaussian 

distribu tion (Petrosian 1985, Dermer and Ramaty 1986). Also, it was reported t hat out of 

a sample of 150 -y- ray even ts, nearly 40 % have occurred at heliocent ric a ngles 8 exceedi ng 

si n O> 0.9 (Ves trand et al. 1987). As con ti nuum -y- rays in this energy ra nge are believed to be 

produced by Il remss t rahlu ng of accelerated electrons wi th a mb ie nt ions, these results sugges t 

t hat accelerated electrons have a certai n di rect ivity, which might give support to the above 

scenario. 

T he latter scenario for ex plai ning the spectral difference between the two footpoi nts is as 

follows. If electrons precipitating down wards to the darker footpoint do not reach deep in the 

corona, due to st rong magnetic fi eld con vergence,, it is possible that hard X- rays are emi tted 

higher in the corona t han t hose from the brighter foot point . ln such a case, hard X- ray emissions 

from the darker footpoi nt region may be a blend of both thick and tltin target emissions d ue 

to lower plasma density. On the o ther hand, emission from the brighter footpoin t is consisted 

of nearly pure thi ck target emission due to dense ambient plasma deep in the corona (figure 

7.27). For a power- law energy spectrum of injected electrons, t hin target interaction produces 

a power- law hard X- ray spectrum with soft er spectral slope than that produced by thi ck target 

interaction (Hudson eta/. 1978; see also section 2.2.1). T herefore, a blend of both thi ck and thi n 

target emissions from the darker foot point will have a softer energy spectrum th an the brighter 

footpoint emission, which is qual ita tively consistent with the tendency presented above. 

7 .4 .5 Relation of Footpoint Brightness and Photospheric Magnetic Field 

Among seven fl a res studied here, 6 showed difference in hard X- ray flux SA and S6 from the 

double sources in the M2 band du ring t he impulsive phase (table 7.3). Compa rison wit h pho­

tos pheri c magneti c fi eld meas urements show that the double sources are located on both sides 

of the magneti c neut ral li ne, and t hat one of the pai r of double sources located in the weaker 

magnetic field region tends to be t he b righter one in hard X- rays th a n t he one in the stronger 

magnetic fi eld (4 out of 5 fl ares show sucl1 a tendency), rega rdless of magne tic polarit y. T his 

suggests that magnetic field lines 1\ear t he foot poin t with the weaker photospheric fi eld is less 
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converged than t he lines near the other footpoint just as is suggested in section 7.4.4 (figur 

7.27), thus having more electron precipitation due to smaller magnetic mirroring effect and hence 

more hard X- rays are emitted than the oth.er. 

7.5 Summary and Con clus ion 

I have examined M2 band hard X-ray images of a total of 28 impulsive flares ( from October 

1991 to December 1992) whose M2 band count rate~ 30 cts/s/SC . at the peak time of the M:t 

ba11d count rates. Hard X-ray sources most frequently ( ~ 40 %) show double sources whicll are 

located on both sides of a magnetic neutral line. This suggests that he double sources are the 

fundamental structure (i.e . foot points of a flaring loop) of solar flare hard X- ray sources in the 

non-thermal energy range ( :2:. 30 keV), at least for impulsive flares. 

Using seven flares out of the above 2 , f studied in detai l the following cl1aracteristics of 

the double sources: (1) temporal variation of hard X- ray fluxes from the daub! sources, (2) 

energy spectra of the double sources . and (3) location of the double sources with res pect to the 

photospheric magnetic field. The analys is show the followings : 

(1) In most cases (6 out of the seven flares ), the double sources emit hard X-rays simultane 

ously, with in a fraction of a second. This st rongly suggests that hard X- rays are emitted near 

the footpo ints of a single flaring magnetic loop by accelerated electrons, and that accelerated 

ions (mainly protons) and thermal conduction fronts are not possible candidates for the origi n 

of obser ved hard X- ray emissions. 

(2) The brighter footpoin t tends to have a harder energy spectrum than the darker foot point 

(5 out of 7). In two cases {10 September, 1992 and 2 November, 1991), spectral hardness 

of t he double sou rces are about the same although there is a difference in hard X- ray fltuces 

from the double sources . However, none of the darker source shows a harde r spect rum. This 

result is not expected from simple field- aligned electron acceleration models while it can be 

exp.l ained by the following (a) or (b) . {a) U hard X- rays from the darker footpoint are emitted 

in the corona higher than the brighter footpo int due to a stronger magnetic field convergence 

(magnetic mirroring) , the hard X- rays are expected to be a mixture of both thick and thi n 

target emissions due to lower ambient plasma density. On the otlter hand , hard X- rays from 

the brighter footpoint is mostly emitted by the thick target interaction; du.e to the weaker fi eld 

convergence. p recipitating electrons can read deep in the corona where the ambient plasma 

density is high. As the thin target emission produces a softer hard X- ray spectrum than th P 

thick target emission for the same parent electron energy spectrum, X- rays from the brighter 

footpoint will have a harder spectrum than the darker footpoint. {b) 8lectronJ< are accelerated 

parpendicular to magnetic field Lines as in the case of bctatro1t acceleration. If the higher e;tergy 

electrons have larger pitch angles than the lower energy ones , then the brighter footpoiu t, which 

has less field convergence. wiU have more precipitation of higher energy electrons than the darker 
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foot point , hence producing a harder X- ray spectrum. 
Table 1.1: Hard X- ray images ln the M2 band. 

(3) The brighter footpoint tends to be located in the weaker longitudinal magnetic field region 

than the darker one ( 4 out of 5). 'This suggests that the brighter footpoint has less magnetic field 

convergence thus having more electron precipitation, hence brighter in hard X- rays than the Peak time( I) 
HXT cou n<.s<'l (cl.$/ s/ SC) No. Date (UT) GOES/llo NOAA Ho Loc.. L Ml M2 II Morphology Remarks other foot point. From these observatoins, we see that magnetic field configuration of the flaring 

9 1/ 10/24 22:37:50 M9.8/IN 6981 S12E47 1145 322 73 22 3-4 loop in fact plays an essential role in the propagation of accelerated electrons as is suggested in 
91/10/ 27 05:40:27 Xfi . l /20 6891 513€17 2296 2696 2248 1363 3-4 the item (2). 91 / 11 / 02 06:45:45 M9.1/IB 6891 SI4W62 539 388 251 12:; DBL 91 / 11 / 09 20:52:13 MI.4 / IB 6906 SI6W67 93 105 80 54 4 The above summary clearly indicates that detailed studies on non-thermal hard X-ray 91 / 11 / 10 06:48:3·1 M2 .2/2B 6919 S14E56 194 217 15 1 80 DOL 

sources, especially double sources, are the key clues to solve the fundamental characteristics 91/11 / 10 20:09:25 M7.9/ IN 69 19 SI3E45 386 181 135 98 SGL 
91/1 1/13 21: 16: 18 Ml.3/- 39 52 38 26 3-4 of solar Hare hard X- ray emissions . propagation of accelerated electrons, and particle accelera- 9 1/1 1/15 22:37:50 X 1.5/38 6919 SI4W19 1292 731 528 341 DOL 
91/11/17 OI ·57:49UI3 1 MI.5/IN 6919 SI4\V~4 134 120 73 37 SGL tion mechanisms themselves. Subsequent analyses , together with soft X- ray, radio, and optical 10 91/12/03 16:36:17 X2.2/2B 6952 N liEi2 29 16 1113 502 233 DOL II 91/12/04 17:43:24 M4.1/SN 6952 N17E58 89 70 36 20 DilL observations , <tre expected to give us more fruitful information on such characteristics. 

12 91/12/15 18:32:50 MIA/- 162 157 152 137 (•) J:J 91/12/ 16 03: 13:10 C7.8/l 0 6972 SIOE69 45 43 36 30 SGL 14 91/12/ 16 04:56:07 M2.7/S f 6961 N04W45 300 292 154 57 DOL 15 91 / 12/26 10:48:53 M4 .6/- 359 89 59 :15 (c) 16 9 1/12/26 21 :36:57 !.14 .2/ 1 B 6985 SI5W25 1·19 140 81 40 SG!. 17 91/12/10 23:06:37 M4.6/20 6985 S I4W34 108 48 30 SGr. 18 92/01/26 15:28:39 XI.0/38 7012 S I6W66 765 643 362 141 4- 5 19 92/02/02 II :33:26 C5.5/SN 7042 SIIE•ll 60 H 49 27 OB I, 
20 92/02/07 11 :54:29 M3.7/213 7035 521 \V53 68 47 35 28 DO!. 21 92/02/ 14 23:07:38 M7.0/2B 7056 SI2E02 1085 918 514 202 :J-4 22 92/02/15 21:29:40 M5.5/l B 7056 516\V13 44 45 33 28 DI3L 23 92/06/25 17:54:03 MIA/ IB 7205 N09W69 199 100 ~0 15 3-4 24 92/07/08 09:46:32 X 1.2/IB 7220 512846 731 ·155 228 102 4-5 25 92/ 07/16 16 :55:34 M6.8/28 7222 S10W63 103 119 91 61 3-4 26 92/08/11 13:47:47 Ci.2/SN 7248 SI4W43 66 65 33 20 DOL 27 92/08/1 1 22:25:27 MIA/- 99 77 3·1 18 (a) 28 92/08/20 09:04:06 M2.9/l B 7260 NI7W27 148 94 34 15 SGL 29 92/09/10 22:52:26 M3.2/28 7276 NI2E41 107 142 138 gg DBL :!0 92/09/ 11 06 :04 :51 Ml.4/IO 7276 N14E34 69 93 72 51 SGL 31 92/10/28 10: 10:41 C2.6/l f 7321 S24 W38 42 55 40 28 5G I, 
32 92/10/30 17:30:IODC•I XI.7/2N 7321 526W63 223 76 40 28 (b), (d) .13 92/1 1/02 02:59:308141 X9.0/20 7321 S23W90 5278 624 56 15 (a), (d) 

(1) Peak ~ime in M'2 band count rate . 

(2) RXT count rates in the four energy bands at the lime of peak count rate in the M2 band. 
(3) Peak time is uncertain due to noise in telemetry data. 
(4) M2 cou nt rate peaked before the beginning of HXT observation. 

(a) Behind- the-limb events (missing emissions from footpoints) . 
(b) Long durAtion events (LDEs) with no impulsive behavior in hard X-ray time profiles . 
(c) No background data was availab le. 
(d) The impulsi\•e phase {if any) was not obse:cved with IJXT. 
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Figure Captions 

Figure 7.1: Examples of ha.rd X-ray double ((a), (b), a nd (c)), single ((d) and (e)), and multiple 

(f) sou rces seen in the :VI2 band of liXT. All the images have the same image size of 124° x 124°. 

The contour levels are 9, 18, 25, 35, 50, and 71 %of the ma..ximum brightness for each image. 

The data averagi ng time interval is shown at the top of each image. 

Figure 7.2: Hard X- ray time profiles (in the four energy bands of liXT) of t he (a) 15 November, 

1991, (b) 3 December, 1991, (c) 7 Fe bruary, 1992, (d) 16 December, 1991, (e) 10 September, 

1992, (f) lO November, 1991, and (g) 2 November, 1991 flares . The a erage counting rates 

(derived from 0.5 s in tegration) of the 64 subcollimato rs of RXT are given. 

Figure 7.3: Schematic draw ing of t he concept of the Gaussian fit ting procedure. A set of 

counts frorn t he 64 detectors are obtained for model brightness distributiorL (ensamble of two­

dim nsional circular Gaussian sources) . This set of count data is com pared wi tlt t he observed 

count set and the model map is modified usin g the Un er least-square method. See text for 

details. 

Figure 7.4: Jla.rd X- ray images of the 3 December, 1991 flare in the four energy ba.:nds of HXT 

at t he peak of hard X- ray emission at 16:36:17 UT. T he contour levels are 13, 18. 25, 35, 50. 

and 7l % of the maximum briglttness for each image. North is up , east is to the left in each 

image. 

Figu re 7.5: Overlay of H band hard X-ray sou rces at 16 :36:17 UT (thick solid contours) with 

a vector magnetogram taken at lvlSO from 21:35:15 UT to 22:28:35 UT . Thin solid contours 

represent positive polarity whi le dashed conto11rs negati ve polarity. The contour levels for the 

longitudinal magnetic field st rength a.re ± 50, 100, 200, 400, 00 , 1600, and 3200 G for positive 

( +) and negative (-) polarity, respectively. Short straight lines indicate transverse magnetic 

field strength. 

Figure 7.6: (a) Time vn.riation of hard X- ray flux from the double sources from 16:36:00 UT to 

16:36:44 UT in t he M2 band obtained by the Gaussian fitting procedu.re. Time resolution of the 

plot is 1 s. Thin solid line denotes spatially- integrated incident hard X- ray flux. Thick solid 

line and dashed line denote fluxes from source A and B in figure 7.4, respectively. Dotted line 

is the sum of source A and B fluxes. Error bars in the figure indicate la level. (b ) Correlation 

betweeu hard X- ray fitLxes from sources A and B. Error bars indicate 1a level. 
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Figure 7.7: Temporal variat ion of spectral hardness (H/M2 band} of each of the double sources 

with time resolution of 1 s from 16:36:00 UT to 16:36:4~ UT. Soli d line denotes the hardness for 

so11rce A while dashed line is for source B. 

Figure 7.8: Temporal variation of hard X-ray flux from t he double sou rces in the 3 December, 

1991 fl a re in the M2 band with different w; in eq.(7.1}. SoLid liJtes denote flux obtained. by the 

Gau ss.ian fitting wi th w; = 1.0 while dashed lines w; = 1.5. The solid and dashed lines match 

well with each othe r (see text for details). 

Figure 7.9: Hard X- ray image of t he I February, 1992 flare in t he 1\[2 band at lhe p ak or spike 

P2 (see text). The data averaging time in terval is 11:54:21 UT- 11:54:27 UT. The contour levels 

are 13, 18, 25, 35, 50, and 71 %of the maximum brightness. Size of the image is 12-l" x 124" 

Figure 7.10: Overlay of M2 band hard X- ray sources at the peak of spike P2 (thick solid 

COJJtou.rs) and a vector ma.gnetog rartt taken at 0 0 from 2:3 :56 UT - ~:25:20 UT. Th in solid 

contours represent positive polarity whi le dashed contours negative polarity. The contour levels 

for the longitudinal magnetic fi eld strength are ± 18 , 36. 91, 182, 370, and 1030 G for positive 

(+) and negative(- } polarity, respectively. Transverse magnetic Reid strength is not shown in 

the figure. 

Figure 7.11: (a) Time variation of ltard X- ray !lux from the double sources between 11.:54:03 

UT and 11:54:45 UT in the M2 band. Each data point corresponds to a 2 s data accumulation. 

Thick solid line is for source A in figure 7.9 whi le dashed Line is for source B. Thin solid line <tn d 

dotted line have the same meaning as in figure 7.6 . Error bars in. tile figure indicate la level. 

(b) Correlation between hard X- ray fluxes from sources A and B. Agai.n error bars indicate lu 

level. 

Figure 7.12: Temporal variation of spectral hardness (M2/M1 band) of each of the double sources 

with temporal resolution of 2 s from 11:54:03 UT to 11:54:45 UT. Solid lin e denotes source A 

wh.ile dashed line source B. 

Figure 7.13: Hard X-ray images of the 16 December , 1991 flare in t he M2 and H bands (left 

and right, respectively) around the peak of t he impulsive burst. The contour levels a re the same 

as in figure 7.9 with an additional 9% level. Data integration time intervals a. re 4:56:08 UT -

4:56:12 UT and 4:56:10 UT - 4:56:14 UT for M2 and H band images , respect ively. Doth images 

have the same image size of 124" x 124". 
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Figure 7.14: Overlay of hard X-ray double sources in th.e M2 band (thick solid contours in the 

right hand side of the figure) a11d a vecto r magnetogram taken at OAO from 2:50:04 UT to 

4:04:59 UT (after Culhane et a/. 1994). The contour levels for the magnetogram is the same as 

i o figure 7 .10. 

Figure 7.15: (a) Time variation of hard X-ray flux from the double sources of the 16 December, 

199 I flare from 4:56:02 UT to 4:56:17 UT in the M2 band, with temporal resolution of 1 s. Thlck 

solid line is for source A in figure 7.13 while dashed Une is for source B. Thin solid line and 

dotted lines have the same meaning as in ligure 7.6. Error bars in the figure indicate lu level. 

(b) Correlation between hard X-ray fluxes from sources A and B. Error bars indicate 1u level. 

Figure 7.16: Energy spectral hardness of the double sources derived by taking count ratio 

between the M2 and H band. Solid line corres ponds to source A while dashed line to source B 

in figure 7.13. 

Figure 7.17: A hard X-ray image (in the M2 band) of th.e 10 September, 1992 flare near the 

peak time of hard X-ray emission . The data averaging time interval is 22:52:29 UT- 22:52:31 

UT. The contour levels are the same as in figllfe 7.13. Size of the image is 124" x 124"-

Figure 7.18: (a) Time variation of hard X-ray flux from the double sources seen in the 10 

September, 1992 flare from 22:52:13 UT to 22:52:35 UT in the M2 band with temporal resolu tiun 

of l s. Thick solid line is for source A in figure 7.17 while dashed line is for source B. Thin solid 

line and dotted line have the same meaning as in fig11re 7.6. Error bars in the figure indicate lu 

level. (b) Correlation between hard X-ray fluxes from sources A and B. Error bars indicate lu 

level. 

Figure 7.19: Temporal variation of spectral hardness (H/M2 band) of each of the double sources 

with temporal resolution of Is from 22:52:13 UT to 22:52:35 UT. Solid line denotes the hardness 

for source A while dashed lim! is for source B. 

Figure 7.20: Hard X-ray images of the 10 ovember, 1991 flare in the M2 band . Left : 6:48:31 

UT - 6:48:32 UT. We see additional two sources each of which located near either of bright 

double so11rces denoted as A and B. Right : 6:48:34 UT - 6:4 :35 UT (at the peak of hard 

X-ray emission) , when we see that bulk of the hard X-ray emission originates from the double 

sources. The contour levels are the same as in figure 7.13. Size of the image is 124" x 124". 

FIGURE CAPTIONS 117 

Figure 7.21: (a) Temporal variation of hard X-ray ft11x from the double sources in the M2 band 

from 6:4 :25 UT to 6:48:39 UT. Each data point corresponds to a 1 s data accumulation. Truck 

solid line is for source A in figure 7.20 while dashed line is for source B. Thin soLid line and 

dotted line have the same meaning as in figure 7.6. Error bars in the figure indicate Ju level. 

( b) Correlation between hard X-ray fluxes from sources A and B. Again error bars indicate Ju 

level. 

Figme 7.22: Temporal variation of spectral hardness (H ;:;12 band) of ach of the double sources 

with temporal resolution of I s from 6:-!8:25 UT to 6:4 :39 UT. Solid line denotes source r\ while 

dashed line source B. 

Figure 7.23: Hard X-ray double sou rces (in the M2 band) S'eu iu the impulsive phase of the 2 

November, 1991 flare. These double sources are seen itl all of the four energy bands of 1-L'<T. 

The contour levels are the same as in figure 7.13. Size of the image is 124" x 124". 

Figure 7.24: (a) Hard X-ray flttx time profile for t he loublc sources from 6:45:20.5 UT to 

6:46:18.5 UT in the M2 band. Thick solid line corresponds to source A while dashed line to 

source B. Thin solid line and dotted line have the same meaning as in figure 7.6. Error bars 

indicate lu level. (b) Cross-correlation of hard X-ray time profiles of the doubl sources. Each 

error bar indicate lu !.eve!. The figure shows that the correlation of hard X-ray emission from 

the double sources is not very good. This is due to significant individual behavior in emission 

from source A as is shown in (a) . 

Figure 7.25: Temporal variation of spectral hardness (H/M2 band) of each of the double sources 

with temporal .resolution of 0.5 s from 6:45:20.5 UT to 6:46:18.5 UT. Solid Line corres ponds to 

source A while dashed line to source B. 

Figure 7.26: Possible configuration of magnetic loops for explaining individual behavior in hard 

X-ray emission from double sources. 

Figure 7.27: Schematic drawing of a flaring magnetic loop which has asymmetric geometry a.t 

the footpoints due to difference in photospheric magnetic field strength. 
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