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ABSTRACT 
The hard solar X-ray scintillation-counter telescope on the OSO-III satellite covers the energy range 

7.7-210 keV with 15-sec time resolution, and six logarithmically spaced energy channels. Approximately 
55 per cent time coverage has been obtained for the period following the date of launching, March 8,1967, 
until failure of the on-board tape recorder June 28,1968 This paper is based mainly on solar X-ray events 
observed during the first two weeks of data accumulation. Approximately ten bursts per day were de- 
tected during the interval March 9-March 23,1967, above the threshold sensitivity of 10~8 erg (cm2 sec)“1 

for 7.7 < hv < 12.5 keV. About once per day a burst of peak energy flux greater than 1.6 X 10“6 erg 
(cm2 sec)“1 was observed. Although many variations were observed, the typical event had an e-folding 
rise time of 86 sec and a decay time of 458 sec. The bursts occurred in correlation with almost all listed 
flares and subflares (88 per cent), microwave bursts (92 per cent), and SID’s (100 per cent). Numerous 
bursts were also detected without these accompanying phenomena. The correlation with type III radio 
bursts, although still positive, is not as good (31 per cent), a fact which suggests that coronal disturbances 
are not an inevitable consequence of the process which produces X-ray emission. The X-ray spectrum is 
appreciably non-thermal in the initial phase of the burst and thermal in the decay phase, with an effective 
temperature often exceeding 50 X 106 ° K. The average peak temperature of subflares exceeds 10 X 
106° K, while that of importance 1 or greater exceeds 14 X 106° K. The emission measure neniV has a 
constant value of about 1.4 X 1047 cm“3 both during an X-ray burst and from burst to burst. The solar 
X-ray bursts therefore differ mainly in the maximum temperature attained. A less detailed examination 
of later data shows that the phenomena we describe are not peculiar characteristics of a single active re- 
gion. 

I. INTRODUCTION 

The OSO-III X-ray telescope, a collimated scintillation counter with spectrum 
analysis between 7.7 and 210 keV, has observed the Sun nearly continuously between 
March 9,1967 and June 28,1968. This paper provides a description of the data and their 
interpretation, and is based mainly on results during March 1967. A solar X-ray burst 
occurred 9 minutes after the instrument was turned on at 1059 U.T., March 9, and thou- 
sands of bursts have been observed since that time. The largest events generate X-rays 
with quantum energies greater than 210 keV. In contrast to this extreme, the Sun does 
not produce detectable fluxes of X-rays more energetic than 7.7 keV (X < 1.6 Â) during 
quiet periods. Energetic solar X-ray bursts generally occur in conjunction with solar 
flares and the emission of radio waves. This X-ray emission represents a very small 
fraction of the energy flux radiated by the impulsive solar event, but the observation of 
the flux is essential for properly understanding the nature of the event. 

Peterson and Winckler (1959) first observed hard solar X-rays with balloon-borne 
instrumentation, but between this time and the launching of the OGO (Orbiting Geo- 
physical Observatory) and OSO (Orbiting Solar Observatory) satellites only a very few 
events were observed from rockets and balloons. Nevertheless, solar X-ray emission at 
longer wavelengths was known to be a common phenomenon from the work of the 
Naval Research Laboratories group (Friedman 1964) and from studies of ionospheric 
disturbances. Arnoldy, Kane, and Winckler (1968) reviewed the earlier hard solar X-ray 
observations and described those of the OGO-I and OGO-III satellites. The OSO-III 
data confirm most of their conclusions and suggest some new ones. The new results emerge 
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chiefly from the spectrum analysis, which had not previously been done extensively in 
this energy range, and from the ability of OSO-III to monitor the solar flux continuously 
for long periods of time. A brief account of some of the OSO-III observations has already 
been given (Hudson, Peterson, and Schwartz 1969a). 

II. DESCRIPTION OE INSTRUMENT 

Hicks, Reid, and Peterson (1965) have described the instrument and electronics in 
some detail. The detector consists of a Nal(Tl) scintillation counter, 5 mm thick by 9.57 
cm2 area, with an anticoincidence collimator whose angular response (FWHM) is 23°. 
The detector, which looks radially outward from the OSO wheel, scans the Sun and a 
great circle on the celestial sphere each 1.55-sec spin period. Each scan of the Sun yields 
an effective exposure of 1.0 cm2 sec, with the absolute time of the observation deter- 
mined within 2 sec, and successive scans are devoted to six differential and two integral 
energy channels. A complete readout of the energy spectrum requires 15.36 sec; this is 
the limiting time resolution of the observations. Table 1 lists these channels and the ap- 
propriate conversion factors. The factor 1.6 X 10~8 approximately converts counting 
rates in the (7.7-12.5)-keV channel into energy fluxes, ergs (cm2 sec)-1, which for small 
events are approximately the integral fluxes above 7.7 keV. 

Tape recorders on OSO-III store the data accumulated during an orbital period, per- 
mitting almost complete data coverage. However, the 550-km, 33° inclination circular or- 
bit is such that occasional transits of the South Atlantic region of anomaly in the Earth’s 
magnetic field occur, and the solar X-ray data are confused by the large fluxes of energetic 
charged particles. These gaps in the data, together with playback time of the tape re- 
corder, occasional incomplete ground station coverage, and the 36-minute eclipse inter- 
val once each 96-minute orbital period, reduce the average data coverage to about 55 per 
cent. 

Saturation effects appear in the data for large X-ray events whose peak flux exceeds 
3 X 10-5 erg (cm2 sec)-1 above 7.7 keV. For the purposes of this paper these events need 
not be discussed, although we shall describe two outstanding events in order to show the 
interrelationship of X-ray flux with other phenomena which are observed only in such 
major outbursts. The data that are saturated are partially recoverable, and we hope to 
present some of them in a later publication. 

The Appendix describes the spectral response of the detector, the techniques used in 
verifying the calibration, and the background counting-rate spectrum. 

III. SOLAR X-RAY DATA 

At energies above 7.7 keV the solar X-ray flux is a transient phenomenon above the 
level of the equivalent background flux of the OSO-III instrument, 8 X ICU9 erg (cm2 

sec)-1 in the range 7.7-12.5 keV. At these energies the principal source of the background 
counting rate is the bright sky produced by the diffuse cosmic X-rays. A slowly varying 
component of solar X-radiation exists in addition to the X-ray bursts, but in this paper 
we shall concentrate on the bursts, specifically for the 2-week period March 9-23, 1967. 
The synoptic chart of Figure 1 summarizes the solar activity during this period, 
which was characterized by 2800-MHz daily flux values ranging from 127 to 156. The 
OSO-III X-ray telescope integrates the X-ray flux from the entire disk, and the only way 
to locate particular events is from their simultaneity with Ha flare listings. This tech- 
nique, which has been much used in radio observations, is sufficiently accurate to show 
that certain active regions during this period of time were particularly important for 
X-ray production. McMath plage number 8740 produced many smaller bursts and also 
the major burst of March 22, 1967. 

Five-hour segments of data, such as those shown in Figure 2, exhibit the slowly vary- 
ing and impulsive components of the solar X-ray flux. The lower section of Figure 2 
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shows data on March 19,1967, in which a clear day-night modulation proves the solar 
origin of the X-ray flux. The upper section, on May 11,1967, does not show this modula- 
tion, and we therefore conclude that the slowly varying component of the solar X-ray 
flux was too weak to be detected on this date. X-ray bursts are seen on both days, al- 
though the bursts appearing in the May 11 data are extremely weak. The counting rate 
on the later date, exclusive of the bursts, is consistent with that expected from the diffuse 
source of the cosmic X-rays (Gould 1967). 

TABLE 1 

Properties of the Detector 

Channel 
Number 

Discrimina- 
tion 

Level 

(keV) 

7 7 

12 5 

22 

38 

65 

110 

210 

(keV) 

7 7 
210 

Exposure 
to Point 
Source 

Exposure 
to Isotropic 

Flux 
(Day) 

Exposure 
to Isotropic 

Flux 
(Night) 

Background 
Rate 

Differential Channels 

(cm2 sec keV) 

4 8 

9 5 

16 

27 

45 

100 

(cm2 sec 
sterad keV) 

1 8 

3 55 

6 0 

10 1 

16 9 

37.5 

(cm2 sec 
sterad keV) 

11 1 

22 0 

37 2 

62 2 

105 

233 

(cm2 sec sterad keV) 1 

42 ± 04 

,125 ± 02 

064 ± 010 

,020 ± 005 

010 ± 003 

0058+ 0013 

Integral Channels 

(cm2 sec) 

1 0 
1 0 

(cm2 sec 
sterad) 

375 
375 

(cm2 sec 
sterad) 

2 32 
2 32 

A large X-ray burst (April 1,1967, 0125 U.T.) observed by OSO-III appears in Figure 
3 along with the associated radio burst. It is characterized by a fast rise of counting rate 
to a peak value, followed by a slower decay. The onset and decay portions of this time 
profile are approximately exponential functions of time. Because this shape is extremely 
common, and because its essential features are easily recognizable in the rare complex 
events, we shall discuss solar X-ray bursts in terms of its parameters: time to increase 
by a factor e (“rise time,,)J peak counting rate or flux, and time to decrease by a factor 
1/e (“fall time”). 

The integral distribution function (Fig. 4) of peak fluxes of all 177 solar X-ray bursts 
studied during the 2-week interval falls off smoothly for larger events. The range of oc- 
currence includes the minimum detectable burst (with a flux of IQ'8 erg [cm2 sec]-1) and 
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bursts larger than the saturation level of the detector (peak flux in excess of 10-4 erg 
[cm2 sec]-1). Above a peak flux of 1.6 X 10-6 erg (cm2 sec)“*1 the number of events larger 
than a given peak flux varies approximately inversely with peak flux. The distribution 
function below this flux level is modified by recognition effects which we will discuss in 
detail in a later section of the paper. 

Distribution functions of the rise and fall times show peaks corresponding to most 
probable values. The average rise and fall times, for the first seventy-three bursts with 
peak fluxes greater than 1.6 X 10~6 erg (cm2 sec)-1 in the energy channel 7.7-12.5 keV, 
were 86 and 458 sec, respectively. There is no apparent correlation between rise time 

Fig. 1.—Phenomena which occurred during the first 2 weeks’ operation of the instrument. Figure 
shows all the microwave bursts tabulated in the lists from Ottawa and Nagoya (excluding 0600-1100 
U.T. intervals each day) ; all ionospheric disturbances listed in the CRPL Solar-Geophysical Data com- 
pilation; all solar flares from the same source (excluding subflares); and X-ray bursts exceeding a peak 
flux of 500 counts (cm2 sec)-1. 
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Fig. 3.—In this large X-ray burst the spectrum increased to a maximum hardness at about the time 
of maximum flux, and subsequently decreased smoothly. Decay time is longer than average. The impul- 
sive microwave burst occurred simultaneously with the hard X-ray burst, and was followed by a postburst 
increase. A second event started at 0158. 

PEAK ENERGY FLUX, ergs (cm2 sec)'1 

Fig. 4.—Integral distribution of peak fluxes, 7.7-12.5 keV, of X-ray bursts occurring during the first 
2 weeks’ operation of the instrument. 
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HARD SOLAR X-RAY SPECTRUM 395 

and fall time (Fig. 5) although there is a slight tendency for greater peak fluxes to be 
associated with faster rise times. 

The spectrum of the X-ray emission depends strongly on the magnitude of the flux. 
The channel ratio of 12.5-22 keV to 7.7-12.5 keV counting rates (a measure of hardness 
related in the Appendix to the equivalent temperature of the emitting region) is almost 
proportional to the flux. At the beginning of a solar X-ray burst the flux increases rapidly, 
and at the same time the spectral hardness increases until the time of maximum flux is 
reached. The decay phase of each solar X-ray event consists of diminishing flux and de- 

RISE TIME,sec 

Fig. 5.—Correlation diagrams for the e-folding rise and fall times of (7.7-12.5)-keV X-ray flux and 
the peak fluxes in each solar X-ray burst. Although seventy-three events were used to make these dia- 
grams, not all parameters were available for each event. 

creasing effective temperature. The time profiles of the lowest two channels clearly show 
this effect, as for the event of March 18,1967 (0228 U.T.), shown in Figure 6. If we plot 
the flux against the channel ratio as in Figure 7, the near proportionality of flux and 
spectral hardness manifests itself in the well-defined locus traced out by the instantane- 
ous values. The information content in this graph is equivalent to that of the astro- 
nomical color-magnitude diagram, although the scales are approximately linear. The 
flux-spectrum proportionality is usually characterized by an asymmetry between the 
beginning and the end of an event; the spectrum during the onset is slightly harder than 
that during the decay at the same flux levels. 

The maximum phases of many individual bursts define a similar locus on the flux- 
spectrum diagram. Each point in Figure 8 represents the flux and channel ratio of a 
solar X-ray burst at its time of maximum flux. Figure 8 shows that each solar X-ray 
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Fig. 6.—Time profile of the X-ray burst for which the spectral variations are displayed in Fig. 7. 
The small microwave burst and subflare probably associated with this event are indicated by symbols 
which give the times of beginning, maximum, and end. 

TEMPERATURE, I06 °K 

Fig. 7.—Diagram giving the correlation of instantaneous flux with channel ratio for the burst whose 
time profile appears in Fig. 6. The channel ratio, a measure of the hardness of the X-ray spectrum, is the 
ratio of (12.5-22)-keV to (7.7-12.5)-keV counting rates. The channel ratio determines the effective tem- 
perature, which is indicated in the upper scale. Filled and open circles represent, respectively, data from 
before and from after the time of maximum. Smooth curve represents the theoretical flux-temperature 
correlation for a source with constant emission measure = 1.4 X 1047 cm"3. 
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HARD SOLAR X-RAY SPECTRUM 397 

burst has very closely the same quantitative relationship between flux and spectral hard- 
ness or effective temperature. The nearly constant locus of the events may be inter- 
preted in terms of a gas of constant emission measure neniV reaching a different peak 
temperature for each event. 

IV. MAJOR SOLAR X-RAY EVENTS 

The largest and most energetic solar outbursts produce X-radiation as well as solar 
cosmic rays, ionospheric disturbances, Ha flares, and various kinds of radio noise. We 
shall discuss two such events (March 20,1967,1213 U.T., and March 22,1967,0036 U.T.) 
in detail in order to show the sequence of the various phenomena. These two events pro- 

TEMPERATURE, 10* °K 

o> co 
CSJ E 

O 

Fig. 8.—Diagram with the same kind of information as Fig. 7, except that each point represents the 
flux and channel ratio of a different X-ray burst, sampled at the time of maximum. Smooth curve repre- 
sents theoretical locus of these points if each X-ray burst were characterized by the emission measure 
1.0 X 1047 cm"3. 

duced the greatest solar X-ray emission observed by OSO-III in its first 2 weeks of 
operation, and they were selected for detailed discussion because extensive data existed 
on the related phenomena. In addition, Neupert et al. (1967), Neupert (1968), and Hall 
and Hinteregger (1969) have already described these events in terms of their soft X-ray 
and EUV spectra observed from OSO-III. These X-ray events were so intense (produc- 
ing detectable fluxes of X-rays above 65 keV) that the OSO-III detector was saturated, 
and we will therefore only make qualitative statements about the data. 

a) Event of 1213 U.T. March 20} 1967 

A solar flare of importance 1“ began at 1159 March 20,1967, and lasted until 1223 at 
S17W22 in McMath plage region 8727. At 2800 MHz a simple radio burst of 60 X 10~22 
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W (m2 Hz)-1 maximum flux occurred at 1202, followed by a postburst increase with peak 
flux 11 X IO"-22 W (m2 Hz)-1 at 1209. Another smaller simple burst followed at 1249. Still 
later multiple type III bursts occurred (at 1346.6-1348.4) with a type II burst at 1357.8- 
1401.2. Figure 9 shows these events and their time relationships along with the X-ray 
data. 

OSO-III observed (7.7-12.5)-keV X-ray emission starting well before any of the 
other manifestations, including the ionospheric disturbances. The X-ray onset time was 
about 1135; the SID (Sudden Ionospheric Disturbance) started at about 1143, the 
optical flare at 1159, and the 2800-MHz emission at 1159. Enhanced emission of X-rays 
persisted until after 1500, with a major peak at 1213 and a smaller peak at 1405. The 
X-ray line emission tentatively identified with Fe xxv (Neupert et al. 1967) occurred 
with the microwave burst at the beginning of the event. The data in Figure 9 have not 
been corrected for dead time produced by the interaction of energetic particles with the 
anticoincidence shield, so that the 20-minute traversals of the radiation belts produced 
apparent minima in the counting rates at 1205 and 1340. 

It is common to observe a gradual X-ray precursor as in this event; other examples 
from OSO-III are described by Hudson, Peterson, and Schwartz (1969&). On these oc- 
casions the soft X-ray flux provides the first indication that a solar event is going to 
occur. There are also instances in which the (7.7-12.5)-keV flux rises suddenly without 
a precursor. The onset time in the (7.7-12.5)-keV channel may precede the onset times 
of other phenomena, such as SID’s, by as much as 10 minutes. 

b) Event of 0036 U.T. March 22, 1967 

A solar flare of importance 3" began at 0013, March 22,1967, at N24E69 in McMath 
plage region 8740. It reached its maximum phase at 0033 and ended at 0135. Strong radio 
emission accompanied the flare; the 3750-MHz emission showed two major peaks, the 
first occurring at 0032 (2750 X 10~22 W [m2 Hz]-1), and the second at 0130 (2500 X lO^22 

W [m2 Hz]-1) - Multiple type III bursts began at 0037, and type IV emission was observed 
from 0046.5 to 0100. The related ionospheric disturbance (SPA, Sudden Phase Anomaly) 
began at 0025 and lasted until 0530, with the maximum phase shift occurring at 0040. 
Figure 10 shows the chronological sequence of these events along with the OSO-III 
X-ray data. 

The first X-ray emission preceded the very definite onset of the radio burst at 0025. 
The exact onset time of the X-ray burst could not be determined because OSO-III was 
in the Earth’s shadow until 0017; when the satellite entered the shadow at 2341, the 
event had not yet begun. The X-ray onset time preceded the onset of ionospheric dis- 
turbance by at least 8 minutes, the fast drift bursts by at least 20 minutes, and the type 
IV emission by at least 30 minutes. The onset time of the X-ray flux probably coincided 
fairly closely with that of the optical flare at 0013. The X-ray flux rose exponentially with 
an e-folding time of approximately 130 sec at 10 keV, until 0025. Between 0025 and 0027 
(at the time of onset of the radio burst) and flux increased very rapidly, and then more 
slowly until the peak at 0036, when type III radio bursts appeared. We will refer to the 
time of the sudden increase as the “flash phase” later. The line emission attributed to 
Fe xxv (Neupert et al. 1967) reached a maximum at about 0032, in better coincidence 
with the microwave burst than with the (7.7-12.5)-keV burst. The X-radiation persisted 
long after the disappearance of the optical and radio events, and showed no tendency to 
follow the time variations of the radio burst. The subsequent and larger 3750-MHz 
emission at 0130 occurred when the OSO-III was in the Earth’s shadow, and therefore 
a detailed observation of a coincident X-ray burst was not possible. However, the data 
in Figure 9 suggest that, if a burst did occur, it was not proportionately as large as the 
burst at 0036. This X-ray event confirms the observation of Arnoldy et al. (1968), that 
the first microwave burst in a series is usually associated with X-ray production and that 
the succeeding bursts are not. 
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Í030 1100 1130 1200 1230 1300 1330 1400 1430 1500 
UT 20 March 1967 

Fig. 9.—A major solar X-ray burst which was apparently associated with the subflare at S17 W22. 
Upper histogram is the time profile of the integral counting rate; lower histogram represents the varia- 
tions of the channel ratio defined for Fig. 7. Dead time produced by radiation-belt particles caused the 
notches which appear in the time profile at 1205 and 1340 U.T. Lower section shows other data for com- 
parison. Symbols indicate times of beginning, maximum, and end of the associated subflare and iono- 
spheric disturbance (SPA). 
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Fig. 10.—Largest solar X-ray burst observed during the first 2 weeks’ operation of the satellite. Sym- 
bols indicate time of beginning, maximum, and end of the associated importance 3“ flare and ionospheric 
disturbance (SFD). Apparent decrease in flux between 0030 and 0130 in the lower channels is a spurious 
effect due to the saturation of the detector. 
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The microwave emission at 0130 was of spectral type IV (Kai 1967). This shows, at 
least for this single example, that the processes which create the type IV emission are not 
accompanied by as much X-radiation as are the processes responsible for other types of 
solar microwave emission. In the cases reported by Arnoldy et al. (1968), in which the 
hard X-radiation accompanied the first radio burst of a series, it seems likely that the 
radio events consisted of combinations of impulsive microwave outbursts (with X-rays) 
followed by type IV emission (without X-rays). 

V. CORRELATION OP SOLAR X-RAY BURSTS WITH OTHER PHENOMENA 

OSO-III provides a monitor with good time coverage for the detection of solar X-ray 
bursts in the energy range 7.7-12.5 keV. Previous monitoring has been done mainly at 
lower energies—for instance, with the ion chambers in the NRL Solrad satellite series 
(Friedman 1964). The statistics of the event correlations with solar radio emission, Ha 
flares, and SID’s should therefore be of some interest in comparative studies of the oc- 
currence statistics for X-rays of lower energy. White (1964¿) and Teske (1968) show 

TABLE 2 

Event Correlations for 1967 March 9-23 

Optical 
Flares 

(incl. Ha 
subflares) 

Radio 
bursts 

(microwaves) 
SID’s 

(all types) 
Type III 

radio bursts 

Events without X-ray bursts  
Events without coverage of X-radiation 
Correlated events..   
X-rays without event coverage ... . 
X-rays without events  

13 
184 
96 
35 
43 

2 
31 
25 
71 
78 

0 
2 

10 

Í54 

22 
42 
10 
75 
89 

Event correlation. 
X-ray correlation. 

88% 
69% 

92% 
24% 

100% 31% 
10% 

typical soft X-ray data and also discuss the occurrence statistics. Teske (1968) and Neu- 
pert et al. (1969) have described the soft X-ray detectors on OSO-III. We have not yet 
made detailed comparisons among the events simultaneously observed by these de- 
tectors. 

The event correlations for the first 2 weeks of operation of OSO-III, 1967 March 9-23, 
are indicated in Table 2. We considered four types of events: Ha flares, microwave radio 
bursts, SID’s, and spectral type III radio bursts. The table lists five categories of correla- 
tion for each type of event: (1) the occurrence of the event without the occurrence of an 
X-ray burst within a 10-minute time interval, (2) the occurrence of the event without 
sufficient X-ray data coverage, (3) simultaneous occurrence of the event and an X-ray 
burst within a 10-minute time interval, (4) occurrence of an X-ray burst without patrol 
coverage for the event, and (5) occurrence of an X-ray burst in the definite absence of the 
event. Two additional categories give the percentages of the correlations in either direc- 
tion, excluding the events for which time coverage was not complete. The data in the 
table represent 174 X-ray bursts, 293 flares and subflares, 12 SID’s, 58 single-frequency 
microwave bursts, and eighty-four spectral type III radio bursts. Figure 1 gives an 
overall view of the data during this interval. 

Several recognition effects for X-ray bursts are important for the interpretation of 
these statistics. First, bursts of a given size may be obscured by larger bursts occurring 
at about the same time. This effect tends to reduce the number of small bursts recog- 
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nized. Second, small bursts can fit more easily into the gaps in the data coverage and thus 
not be recognized. Third, counting statistics at low flux levels tend to discriminate 
against small, rapid bursts. These effects are important in deciding whether a given event 
should be placed in category 1 (definite anticorrelation) or category 2 (insufficient data 
coverage). The thirteen category 1 events for Ha flares occurred when the slowly varying 
component of the solar X-ray flux was relatively large, and it may be that this enhanced 
background made it impossible to recognize the associated X-ray bursts. We did not try 
to correct the data in the table for any recognition effects in a quantitative way. Periods 
in which the (7.7-12.5)-keV X-ray flux exceeded about 200 counts (cm2 sec)-1, as, for 
instance, for several hours after the event of March 22, 1967, were considered periods of 
no data coverage. 

a) Solar Flares 

Table 2 shows that the occurrences of Ha flares and solar X-rays are well correlated» 
a fact which was already well established by earlier rocket and satellite observations» 
and by balloon observations for the larger events. Considering only those instances in 
which there was adequate data coverage both in the Ha flare patrol and in the OSO-III 
data, 88 per cent of flares and subflares correlated with X-radiation, while 69 per cent of 
X-ray bursts correlated with flares listed in the ESSA Solar-Geophysical Data revised 
flare lists. This agreement of occurrence permits the conclusion that every Ha flare also 
produces X-radiation, although for some 12 per cent of flares the X-ray flux lies below 
the threshold of OSO-III sensitivity. Because the spectrum is correlated with the flux, 
the threshold of flux sensitivity corresponds to a fixed temperature, which is about 
8 X 106 ° K for the OSO-III instrument. Thus 88 per cent of all flares and subflares 
produce a region hotter than this temperature, a completely unexpected result since such 
elevated temperatures are not required for the Ha emission. 

For small solar events, X-ray observations by OSO-III have approximately the same 
sensitivity as the Ha observations. The X-rays do not suffer from decreased visibility 
for events occurring toward the limb because unit optical depth occurs well beneath the 
photosphere. If the X-ray source region is high in the solar atmosphere, then some frac- 
tion of events actually Occurring around the limb will also be visible. The fact that cate- 
gory 5 (X-rays but no flares) of Table 2 is greater than category 1 (flares but no X-rays) 
may be partly due to this increased visibility of the X-ray source. We plan to correlate 
X-ray and Ha events as a function of longitude in order to determine the relative visibil- 
ity versus central meridian distance. 

The relationship between Ha flares and X-ray bursts is much more intimate than 
mere simultaneity of occurrence. For soft X-rays (Teske 1968), the details of the time 
structures may be very similar for the Ha and X-ray fluxes. In addition, there is a weak 
correlation between flare area and X-ray flux, as shown by Figure 11. The relationship 
between flare area and X-ray flux is also shown by an examination of the X-ray produc- 
tion in various importance classifications : Six importance 1 flares produced an average 
peak X-ray flux of about 800 (cm2 sec)“1, while thirty-six subflares produced an average 
peak X-ray flux of about 310 (cm2 sec)“1. However, the variability inherent in these 
correlations is illustrated by the fact that the very large X-ray burst of 1213 U.T., 
March 20, 1967, was associated with a subflare. 

X-ray bursts frequently show a phase analogous to the flash phase of an Ha flare. 
Good examples of this sudden brightening during an X-ray burst are in the March 22,1967, 
event (Fig. 10) and the March 23, 1967, event (Fig. 12), in both of which a gradual 
brightening preceded the sudden increase. 

b) Single-Frequency Solar Radio Bursts 

The fifty-eight radio bursts tabulated in Table 2 were derived from the lists of out- 
standing events from Ottawa, Penticton, and Nagoya, measured at various single 
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frequencies in the microwave range. The twenty-seven radio bursts for which there was 
X-ray data coverage accompanied solar X-ray bursts in all but two cases; the two failures 
both occurred on March 22, 1967, at times when the great 0036 U.T. event had not yet 
died away. Most of the radio bursts were classified as simple bursts, and none exceeded 
60 flux units except for the March 22 event, which Covington (private communication) 
recorded at 1500 f.u. 

Arnoldy et al. (1968) showed that every radio burst with peak flux greater than 80 f.u. 
at 3 or 10 cm was accompanied by a hard X-ray burst. The OSO-III data extend the 
range of correlations down to about 10 f.u. for the March 9-23, 1967, interval. Arnoldy 
et al. found a positive correlation between the peak radio flux of the impulsive microwave 
burst and the peak flux of hard X-rays. The degree of correlation observed on the OGO 
satellites was better for larger events. For the events small enough not to saturate the 
OSO-III instrument, we find that the ratio of radio energy flux to X-ray energy flux is 

Fig. 11.—Correlation diagram of corrected flare area against peak counting rate, 7.7-12.5 keV, of 
the associated X-ray burst. This indicates that some parameter, such as temperature, is a more important 
indication of X-ray emission than Ha flare area or volume. 

even more variable. The correlation of the radio and X-ray events is not as good for 
(7.7-12.5)-keV X-rays as for the higher-energy X-rays observed in larger events by the 
OGO ion chambers. 

We may divide microwave bursts into two categories, fast and slow. The fast events 
are otherwise known as “impulsive bursts”; the slow events, as “gradual rise and fall” 
or “postburst increase” events. The (7.7-12.5)-keV X-ray flux also shows this clear dis- 
tinction in time structures, although the X-ray flux tends to be more impulsive at higher 
energies and more gradual at lower energies, as typified by the event in Figure 12. 
Figure 13 shows a remarkable example of both impulsive and gradual correlated radio 
and X-ray bursts. The Ha flare listings suggest that both parts of the event originated 
in the same active region. The impulsive burst coincided with a small flare (importance 
1) ; the gradual burst, with a large flare (importance 3“). These events also afford a good 
example of the variability of the ratio of radio flux to X-ray flux at this energy. Although 
the source of the ^20-keV X-rays may be identified with the source of impulsive micro- 
wave bursts for the larger events (Arnoldy et al. 1968), a different relationship between 
the X-ray and radio emitters seems to be required for the softer X-ray production at or 
below 10 keV. 

c) Sudden Ionospheric Disturbances 

The flare-associated ionospheric disturbances are probably of more interest to iono- 
spheric physicists than to astronomers, However, there is some information relating to 
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Fig. 12.—A large X-ray burst which exhibits a slow precursor increase followed by a rapid “flash” 
increase coincident with a microwave burst. Similar slow precursors occur in many solar X-ray bursts. 

Fig. 13.—A remarkable example of an impulsive burst and a gradual burst occurring consecutively 
in the same active region. The optical counterpart of the gradual burst was a large flare, while the impul- 
sive burst was associated with a smaller flare. The time profiles of the microwave burst were very similar 
to those of the X-ray bursts, but the ratio of X-ray flux to microwave flux changed during both bursts. 
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the energy spectrum of the solar emission that can be derived from a study of the oc- 
currence of SID’s. In particular, the disturbances of the ionospheric F-region (SFD, 
Sudden Frequency Deviation) must be due in part to solar ultraviolet radiation (Don- 
nelly 1967), whereas the D-region disturbances (SPA) are due to harder solar emission. 
The ionosphere is not a very sensitive detector of solar emission of any wavelength, be- 
cause every ionospheric disturbance during the period covered by Table 2 corresponded 
to a hard solar X-ray event that was quite large. Table 2 includes listings of all types of 
SiD. 

The details of time structure within single events may be summarized briefly as fol- 
lows: The SPA peak phase shift is displaced to occur 4.1 minutes on the average later 
than the peak X-ray flux in the (7.7-12.5)-keV range. The recovery time for the SPA 
event is longer than that of the X-ray burst in the energy range 7.7-12.5 keV, and the 
time profile of the SPA does not tend to reflect small variations in the X-ray flux. These 
facts are consistent with the idea that the ionospheric processes have longer time scales 
than those of the energy source. Alternatively, the longer recovery time for SPA could 
be attributed to an origin in X-rays of lower energy than 7.7 keV. The softer X-rays 
have longer time scales and also tend not to reflect the rapid variations of the hard X-rays 
(Teske 1968). In this case, the delay of the SPA peak could be due in part to a delay in 
the time of maximum emission by the Sun of soft X-rays relative to the hard X-rays 
observed by OSO-III. 

We have observed several instances of F-region disturbances (SFD) accompanying 
the flash phases of X-ray bursts. An example is the event of March 26, 1967, 1605 U.T. 
(Fig. 13). This phase of the X-ray burst is the time of maximum production of hard 
X-rays, and it is interesting that the ultraviolet flash may be exactly simultaneous with 
the X-ray flash. Friedman (1969) reports that the time of maximum of softer X-rays is 
generally later than that of harder X-rays in the several-angstrom range. It is remarkable 
that the ultraviolet flash may promptly accompany the hard X-ray flash while the inter- 
mediate-energy soft X-rays have a delayed and slower time scale. 

d) Fast-Drift Radio Bursts 

Type III radio bursts have their origin in streams of energetic electrons moving 
through the solar corona. The densities inferred for the regions where the fast electrons 
are observed are too small for appreciable X-ray production, although a relationship 
between the explosive processes producing the bursts at lower altitudes and the mecha- 
nism of X-ray production has been sought. The chromosphere is indeed related in some 
way to the type III burst phenomenon, as statistical studies (Malville 1962) have shown 
that flare occurrence in general and the flash phase of the flare in particular are strongly 
related to the type III burst. Table 2 shows that there is some tendency for X-ray bursts 
and type III bursts to occur simultaneously, although it is not so strong as for the other 
phenomena considered in Table 2. The weakness of the correlation shows that the Type 
III bursts are only a subsidiary part of the flare phenomenon. The time resolution of the 
OSO-III X-ray detector is not sufficient to determine whether the X-rays are associated 
with individual bursts or whether they are related to the burst group. Figure 14 shows 
an example of a type III burst associated with a fast, weak X-ray event. No Ha flare 
occurred at this time. 

VI. THE NATURE OF THE SOLAR X-RAY SOURCE 

a) The X-Ray Spectrum 

The X-ray spectrum observed by OSO-III above 7.7 keV is probably due to the free- 
free and free-bound continua. Line emission (bound-bound transitions) is not important 
in this energy range (Neupert 1968). Other possible X-ray production mechanisms in- 
clude the synchrotron and inverse Compton effects. The distinction between thermal 
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and non-thermal radiation has been historically important, although what is frequently 
termed <íthermal,, emission is not truly thermal because it is produced in an optically 
thin region. The “thermal” or quasi-thermal continuum arises from the free-free and 
free-bound transitions of a Maxwellian distribution of electron velocity, while the non- 
thermal continuum arises from the same X-ray production mechanisms in a non- 
Maxwellian distribution. 

A good approximation (Elwert 1961) for the free-free continuum of an optically thin 
gas in which the electron distribution is Maxwellian, with temperature r(° K), electron 
and ion densities ne and ni (particles per cubic centimeter), is 

lydhv = 7 X I0~ilgíídhvf exp (— dV ergs (cm2 sec)-1, (1) 

where it is assumed that flux is detected at a distance of 1 a.u. from its source. The Gaunt 
factor gff, has been taken as unity in this work. The free-bound continuum has the same 
energy spectrum above the recombination edges, and its magnitude relative to the free- 
free component depends on the temperature as well as on the abundances of the elements. 

The OSO-III covers a litnited range of energies because of the steepness of the ob- 
served spectra, the limited dynamic range, and the problem of saturation. The examples 
in Figure 15 are two spectra from the burst of March 23, 1967, 1929 U.T. (the event 
shown in Fig. 12). The fit for the spectrum taken during the decay at 1942 U.T. is ac- 
curately matched by the computed response to a thermal spectrum corresponding to a 
temperature of 27 X 106 ° K. The error due to counting statistics is only about 1 X 
106 ° K. The harder spectrum during the rise at 1928:15 U.T. is shown in comparison 
with the computed response for a power-law energy spectrum with index —2.6. Although 
thermal spectra may always be fitted to the data in the lowest two channels, the fit to 
three channels using a single temperature is not always as good as that shown in Figure 
15. The rising spectrum of this event, as well as of most fast-rising events, is completely 
inconsistent with any simple thermal interpretation. An excess of high-energy photons 
is always observed. 

An equivalent isothermal emitter for a given X-ray spectrum may be characterized 
by T and the emission measure, neniV. If the source is not an isothermal region, these 
quantities will vary with wavelength, but for that part of the spectrum for which hv > 
kT the exponential dependence of flux on temperature makes the isothermal approxima- 
tion valid. Most of emission comes from the region with the highest temperature. The 
appropriate range of temperatures for the OSO-III measurements at about 10 keV is 
T < 108 ° K, and in this range the numerical values for T and neniV represent the 
temperature and emission measure of the hottest part of the plasma. The uncertainty 
about the contribution from free-bound emission makes the observed value of neniV an 
upper limit. 

The OSO-III observations show that neniV is very nearly constant during the course 
of a solar X-ray burst (Fig. 7) and also that different X-ray bursts (Fig. 8) have ap- 
proximately the same value, 1.4 X 1047 cm-3. Almost all of the larger bursts lie in the 
interval 1-2 X 1047 cm-3. Solar X-ray bursts therefore differ mainly in the maximum 
temperatures that the source regions attain. 

Earlier observations of the parameters neniV and T for hard solar X-ray emission 
have been very sparse. The only other direct observations in the OSO-III energy range 
were those of Chubb, Kreplin, and Friedman (1966) of two bursts associated with im- 
portance 2+ flares. At lower energies, proportional-counter spectrometers on the Ariel I 
satellite (Culhane et al. 1964), and on the OSO-IV satellite (Culhane et al. 1969) have 
also contributed relevant observations. Unfortunately, the extensive observations re- 
ported by Arnoldy et al, (1968) did not have spectral discrimination and the measure- 
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Fig. 14.—An example of the simultaneous occurrence of spectral type III radio bursts and a weak 
X-ray burst. No Ha flare or single-frequency radio burst was reported at this time. The X-ray bursts 
associated with type III emission are typically small ones. 
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Fig. 15.—^Two spectra from the event of Fig. 12, March 23, 1967. Left side shows data from 1928:15 
U.T. in comparison with a power-law X-ray energy spectrum with exponent —2.6. Comparison spectrum 
was computed from the detailed spectral response of the detector. On the right side (1941:32-1943:34 
U.T.) the comparison spectrum comes from a thermal model with T = 27 X 106° K, neniV = 1.4 X 1047 

cm-3. 

© American Astronomical Society • Provided by the NASA Astrophysics Data System 



19
 6 

9A
pJ

. 
. .

15
7.

 .
38

 9H
 

408 H. S. HUDSON, L. E. PETERSON, AND D. A. SCHWARTZ Vol. 157 

ment of the flux at a single energy does not yield independent values for the effective 
temperature and the effective emission measure. 

Chubb et al, (1966) observed two X-ray bursts in the range 20-100 keV with scintilla- 
tion-counter spectrometers. These detectors were carried on sounding rockets which 
were launched at the times of Ha flares of importance 2+ (August 31,1959, 2252 U.T., 
and September 1,1959, 1702 U.T.). The spectra appeared thermal in origin, and Table 3 
gives the observed values of emission measure and temperature. The agreement of the 
values for emission measure between these observations and those of OSO-III 8 years 
later is good for the September 1 flare and poor for the August 31 flare. The September 1 
flare was observed during the time of maximum X-ray emission, and the emission meas- 
ure increased while the flux increased, reaching a maximum value which remained 
relatively constant. This temporal behavior is similar to that observed in the OSO-III 
data (shown, for instance, in Fig. 7). 

The proportional-counter observations yield parameters for the X-ray continuum 
emission which should be directly comparable with the OSO-III results, provided that 
the relative importance of line emission is understood. The Ariel-I observations (Cul- 

TABLE 3 

Direct Observations of Emission Measure neniV 

Date Time (U T Condition Emission Measure 
(cm-3) 

Energy Range 
(keV) 

1959 August 31 . . . 
1959 September 1. . 
1962 April 27 . 
1962 April 21... 
1967 December 9 . 

2252 
1702 
2300 

0ÓÓ9 

Flare 
Flare 
Flare 
Quiescent 
Quiescent 

1 7X1046 

0 1-1 5X1047 

6X1047 

3 X1048 

1X1047 

20-50 
40-100 

1-2 5 
1-2 

2 5-8 

hane et al. 1964) covered the energy range 1-2.5 keV (5-12 Â). The flare spectra proved 
to be harder than those from quiet times, implying a higher temperature in the active 
region during the X-ray burst. A flare on April 27, 1962 (2300 U.T.) was found to have 
an emission measure neniV = 6 X 1047 cm“3, whereas non-flare emission was character- 
ized by an emission measure 3 X 1048 cm“3. The same observers have operated an im- 
proved proportional-counter spectrometer system on OSO-IV (Culhane et al. 1969). The 
new instrument thoroughly covered the energies below 12 keV with a time resolution of 
15 seconds and was calibrated in flight. These observations, which also give an emission 
measure of 1047 cm“3, may not be directly comparable with those of OSO-III since 
they pertain to an active region not in the flaring state rather than to the flare itself. 
The OSO-IV does, however, observe elevated temperatures during solar flares. 

In summary, the other observations of the hard solar X-ray flux have yielded values 
for the parameters of the continuum emission which are consistent with those derived 
from the OSO-III. If the constancy of emission measure required by the OSO-III does 
persist, the discrepancies which are seen in Table 3 may reflect the differences in instru- 
mentation and data-handling techniques. The modern value for the emission measure 
is very different from that inferred from earlier measurements in narrow energy windows 
at lower energies (White 1964a). Without spectral information, ambiguity exists be- 
tween sets of values of temperature and emission measure. The choice of coronal tem- 
peratures of about 2 X 106 ° K led to estimates of the emission measure on the order of 
1050, which is also consistent with that of the entire corona. The later data show that 
this estimate was about three orders of magnitude too large and that production of the 
harder X-rays is concentrated in the active regions at high temperatures. 
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b) Time Scales 

The formula for free-free emission from a thermal plasma leads to some simple con- 
clusions which are valid when thermal conditions prevail, such as during the decay 
phases of solar X-ray bursts. A change in the X-ray flux must be due either to a change 
in the temperature or to a change in the emission measure. The OSO-III data show that 
the emission measure is approximately constant during a burst. Therefore, the time 
structure of the burst at a given X-ray energy exactly reflects the time structure of the 
temperature changes within the emitting region, and thus of the energy content of the 
region in thermal particle motions. The interval of increasing X-ray flux corresponds to 
energy input into the radiating plasma or the duration of the acceleration mechanism, 
and the period of decreasing X-ray flux indicates that the energy input is either small or 
non-existent. 

Coulomb collisions play an important role in the theory of the heating and cooling 
of the flaring region. Without being specific about the details of a model, we can say at 
least that the acceleration mechanism produces a non-Maxwellian electron spectrum 
which must relax into a Maxwellian spectrum. The electron-electron collisions bring 
about this thermalization, and, if the resulting electron temperature differs from the local 
ion temperature, a slower relaxation, due to electron-ion collisions, restores mutual equi- 
librium. The latter process is slower by approximately the ratio of electron mass to pro- 
ton mass (Spitzer 1962). The exact formulas for the electron-electron relaxation are 
model dependent. For the model of Takakura and Kai (1966), in which a small fraction 
of the electron population is excited and then relaxes back into a normal coronal tem- 
perature, we have 

Tee — 
5 X 10~38 vb 

n0 Tq 
sec (2) 

for the energy exchange characteristic time, where v is the electron speed in centimeters 
per second, r6 is the temperature (in millions of degrees Kelvin) of the ambient electrons, 
and n0 is the ambient electron density per cubic centimeter. If the energy is comparable 
to kT, or if the number of electrons that are accelerated is not a small fraction of the 
whole population, then 

Tee — 
6.96 X 106 

n0 
7Y/2 sec (3) 

is a more accurate formula. If the effective temperature is observed to vary more rapidly 
than the energy exchange time, the electron distribution cannot be Maxwellian. For 
instance, in the X-ray burst of 0230 U.T., March 18,1967 (Fig. 6), the effective tempera- 
ture increased by about a factor of 2 in about 60 sec. This is just equal to the electron- 
electron energy exchange time for a density of 6 X 109 cm“3 and an ambient temperature 
of 2 X 106 ° K. Therefore, the electron distribution should be non-Maxwellian, and in 
fact the X-ray spectrum was systematically harder during the rising phase of the X-ray 
burst than during the decay. Figure 7 illustrates the magnitude of this spectral asym- 
metry. 

The possible cooling mechanisms include not only the Coulomb collisions of electrons 
with ions, but also ionizing collisions, synchrotron damping, and possible escape of the 
fast electrons from the dense region where the X-rays are produced. Appreciable escape 
is probably ruled out by the observed constancy of the emission measure. Takakura and 
Kai (1966) have shown that synchrotron damping can be an important factor in the 
decay of the event, and can of course produce the impulsive microwave radio bursts. 
It is therefore not clear to what extent the collisional processes (including wave-particle 
interactions) are important. The decay times are of the right order of magnitude to 

© American Astronomical Society • Provided by the NASA Astrophysics Data System 



19
 6 

9A
pJ

. 
. .

15
7.

 .
38

 9H
 

410 H. S. HUDSON, L. E. PETERSON, AND D. A. SCHWARTZ Vol. 157 

account for the decrease in terms of collisions of fast electrons with slow ions alone. For 
example, an X-ray burst observed on April 5, 1967, at 0740 U.T. had an effective 
temperature of 2.1 X 107 ° K and a very fast decay time of about 180 sec. From the 
formula for electron-ion energy exchange time, these values determine the density as 
6 X 109 ions cm“3. Slower events suggest densities as low as about 5 X 108 ions cm“3, 
but these values can only be regarded as upper limits because of the uncertainty as to 
which loss mechanisms are important. The electron-proton collisions are not an im- 
portant loss mechanism if the proton temperature is comparable to the electron tempera- 
ture. 

c) The Size and Location of the X-Ray Source 

Assuming a value for the density, we may compute the volume of the X-ray emitting 
region from the emission measure. For a density 109 cm“3 we find 1.4 X 1029 cm3. For a 
spherical gometry, this corresponds to a diameter of 5.2 X 104 km, which is the size of a 
large flare. The calculation is sufficiently uncertain so that we may only say that the 
X-ray emitting volume is comparable in size to the Ha flare. Because the same value of 
emission measure holds true for X-ray bursts associated with subflares, it is fairly certain, 
in these cases at least, that the X-ray volume is not smaller than the Ha volume. The 
variability of decay times of X-ray bursts suggests that the densities within the sources 
are also variable and therefore that the sizes of different X-ray sources may also be dif- 
ferent. High-resolution X-ray photographs of the Sun (Underwood and Muney 1967) 
also show sources of different sizes. The constancy of emission measure requires only 
that neniV be the same for each X-ray region. 

The changes of emission measure during the evolution of an X-ray burst provide in- 
formation about the expansion of the X-ray emitting volume. If the medium is fully 
ionized and no appreciable recombination takes place, then neniV should vary as F“1. 
Under these conditions, the constancy of the emission measure means a constant volume. 
Expansion of the active volume results in a decreasing emission measure. In most of the 
X-ray bursts, changes in neniV are less than about a factor of 2, including the great X-ray 
burst associated with importance 3“ flare of March 22,1967. On this occasion the detector 
was saturated for about 2 hours during the time of maximum flux, but a comparison of 
the emission measures before and after the maximum showed an increase of about 60 per 
cent at a temperature of 25 X 106 ° K. Such an increase in emission measure suggests a 
decrease in volume or compression. We have previously interpreted this typical increase 
in effective emission measure as a change in the nature of the spectrum from non-thermal 
to thermal. Whether the observed slight increase is a spectral effect or evidence for com- 
pressive motion of the radiating volume cannot be decided until more is known about 
the physical parameters of the region. 

If the X-ray source exhibits no motion, or if its motion is such that neniV is always 
maintained a constant, then it is difficult to associate it with solar phenomena which 
exhibit obvious large-scale motions: Ha flares frequently emit surges or sprays into the 
corona; radio observations indicate the presence of moving coronal clouds; and solar 
electrons are frequently directly detected at the distance of the Earth’s orbit promptly 
following a solar flare. Arnoldy et al. (1968) and Lin (1968) have established the close 
connection between the occurrence of solar electrons and emission of hard X-rays. Ap- 
parently we must divide the energetic electrons existing in the solar-flare region into two 
populations, one of which remains stationary in the lower corona and emits the X-radia- 
tion observed by OSO-III. 

VII. SUMMARY 

This description of the OSO-III data on solar X-rays has been based mainly on the 
174 solar X-ray bursts detected in the first 2 weeks of operation of the satellite, with 
some examples drawn from the later data. We have examined sufficient data to be sure 
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that the following conclusions are not peculiar to a single active region, although the 
data sample was not extensive enough to permit a study of the solar cycle variation of 
the phenomena. 

1. Hard solar X-radiation accompanies solar flares and subflares (88 per cent correla- 
tion for 109 events), microwave bursts (92 per cent of twenty-seven events), and sudden 
inonospheric disturbances (100 per cent of 10 events), and is usually the first warning of 
a solar event. 

2. The correlation with type III radio bursts (31 per cent of thirty-two events) is not 
as good, although there is still a definite positive correlation. Probably this weakness of 
correlation is not due to the relative sensitivities of the detection techniques, but indi- 
cates that the two phenomena are not part of the same physical mechanism. 

3. The X-ray spectrum is non-thermal at the beginning of an impulsive X-ray burst 
but essentially thermal during the decaying phase. 

4. The average e-folding rise time for X-ray bursts in the (7.7~12.5)-keV range is 86 
sec, and the average e-folding fall time is 458 sec. 

5. The electron temperatures in the X-ray emitting regions often exceed 5 X 107 ° K, 
with about 88 per cent of flares and subflares generating temperatures greater than 
8 X 106 ° K. 

6. The emission measure neniV is constant both during a single burst and from burst 
to burst, and its value is about 1.4 X 1047 cm-3. The differences in the observed peak 
X-ray fluxes are mostly due to differences in the maximum temperatures attained during 
the events. 

7. The constancy of the emission measure may be taken as evidence that there is no 
appreciable expansion of the X-ray emitting plasma during the course of the X-ray 
burst. 

8. The decay times of the bursts yield upper limits on the ion density of 109-1010 cm-3. 
9. The total energy of the X-ray emitting region for a subflare exceeds 2 X 1029 ergs. 
The OSO-III data show that the main energy input during the flare process is limited 

to the initial or flash phases of the event, and that during this energization the electron- 
distribution function is non-Maxwellian. A description of the spectral variations in this 
phase will provide the essential information needed to identify the acceleration mecha- 
nism and the source of the solar-flare energy, a significant portion of which resides in the 
plasma which produces the hard solar X-radiation. Another field of investigation which 
will be very fruitful is the detailed statistical study of the X-ray production in relation 
to other forms of solar emission; the close similarity of Ha and X-ray light curves is a 
striking and unexplained fact. The history of X-ray production of a particular active 
region may provide some help in understanding its growth and decay. The OSO-III data 
will give opportunities for preliminary study of some of these questions, but others will 
require new instrumentation with better dynamic range, resolving power (Vaiana et al. 
1968), and time coverage. 
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clarification and interpretation of this data. A. E. Covington and J. P. Castelli generous- 
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APPENDIX 

I. DETECTOR SPECTRAL RESPONSE 

A scintillation counter converts a monoenergetic input X-ray spectrum into a pulse-height 
distribution that is approximately Gaussian. For the OSO-III detector this distribution has a 
standard deviation of 2.3 keV (85 per cent FWHM) at the 55Fe X-ray energy of 5.9 keV. Other 
factors in the operation of the detector, such as K X-ray escape, efficiency, and window trans- 
parency, must also be considered, but the finite width of the monoenergetic pulse-height dis- 
tribution and the steepness of the natural spectra provide the main difficulty in deducing the 
solar X-ray spectrum from the observed counting-rate spectrum. The most practical way to re- 
late the solar spectrum to the observed spectrum is to make comparisons with the computed re- 
sponse of the detector to various model spectra. The pulse-height distribution produced by a 
spectral energy flux F(hv) ergs (cm2 sec erg)-1 is 

P(E)dE = dEfF(hv)e(hv) exp [- (E - hv)y2^{hv)]/[{2Tryi2hvij{hv)]dhv . (4) 
o 

This formula explicitly shows all of the effects used in model-spectrum calculations except for 
the K X-ray escape correction (Lidén and Starfelt 1953). The standard deviation of the pulse- 
height distribution is gQiv), and e{hv) is the detector efficiency, including window transparency. 
The standard deviation of the monoenergetic pulse-height distribution was assumed to vary as 
{hv)11*. The formulae of Lidén and Starf elt yield an escape probability for K X-rays of 21 per cent 
at 34 keV, above which energy the escape probability falls off approximately exponentially with 
an e-folding energy of 36 keV. For the steep spectra which are most important for the results 
discussed in this paper, the escape corrections are negligible. 

The spectrum of free-free transitions in an optically thin medium, but with a thermal dis- 
tribution of electron velocities, is approximately of the form (Spitzer 1962) 

FQiv) = const, exp (— hv/kT)/\/(kT) ergs (cm2 sec erg)“1, (5) 

where T is the temperature. This formula is not strictly correct because it assumes that the 
average Gaunt factor is unity; actually, solar conditions require a more precise calculation valid 
for high-Z materials and relativistic temperatures. The approximate formula was used to gener- 
ate the curves shown in Figure 16, which characterize the temperature of the radiating plasma as 
functions of the spectral ratios of adjacent channels of the pulse-height analyzer. The numbers 
on the curves in Figure 16 identify the energy channels, which are described in Table 1. Other 
comparison spectra have been generated, for instance, from power-law X-ray spectra. 

II. THE DETECTOR BACKGROUND 

The Sun fills only a small part of the aperture of the telescope, and the diffuse component of 
the cosmic X-rays is responsible for most of the background counting rate, at least at lower 
energies. Above about 100 keV the secondary 7-rays from the high-energy primary cosmic radia- 
tion begin to form the main contribution to the background counting rate. The exposure to the 
Sun is 1.0 (cm2 sec) per readout (this is computed from the spin rate, the angular response func- 
tion of the telescope, and the 0.25-sec duration of the data accumulation), and the exposure to 
an isotropic background is 0.4 (cm2 sec sterad) per readout. The background rate is occasionally 
increased by the presence in the aperture of discrete sources of cosmic X-rays or of light from 
the Earth. The detector has frequently been used for cosmic X-ray observations from balloons, 
and so there is considerable information about the origin of that component of the background 
spectrum due to secondary production from the charged-particle cosmic rays (Hicks et al. 1965; 
Peterson, Jerde, and Jacobson, 1967). Figure 17 and Table 1 show the OSO-III background 
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Fig. 16.—Spectral ratios of adjacent channels according to the thermal interpretation of the spectrum, 
computed from the detailed spectral response of the detector. Numbers beside each curve give the energy 
channels identified in Table 1. 

I Ql I I I T-j 1 1 1—I I l'T'l J 1 1—r-: 
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10 10 

PHOTON ENERGYlKeV) 

Fig 17.—A background counting-rate spectrum observed on May 11, 1967, at about 0730 U.T. The 
(7.7-12.5)-keV counting rates for this time also appear in Fig. 2. Neither Earth nor any known 
discrete sources of cosmic X-rays were in the telescope aperture. Straight line represents the data of 
Seward et al. (1967); dots represent the Ranger III data (Metzger et al. 1964). 
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spectrum when there were no contributions from discrete cosmic X-ray sources or Earth albedo. 
Solar X-ray emission must have also made a neglectable contribution to the background rates 
at this time. 

Peterson (1965) described the activation of detectors containing iodine by the intense particle 
fluxes in the Earth’s radiation belts. The counting rates produced by this activation (ß-decay 
from 128I with a half-life of 25.6 minutes) are negligible in comparison with the other sources of 
the counting-rate background. 

III. CALIBRATION OF THE DETECTOR 

OSO-III does not provide a direct calibration of the detector against a radioactive source, so 
it is necessary to rely on indirect means of calibration. We have used two techniques: the 
observation of “known” spectra, and the monitoring of the integral counting rate above 210 
keV. 

The “known” spectra were those of the diffuse cosmic X-ray sources (Seward et al. 1967; 
Metzger et al. 1964) and the Crab Nebula (Peterson, Jacobson, and Pelling 1966), sources which 
are not considered variable. The OSO-III observations agree within a factor of 2 with the 
previously reported values for each (Gould 1967), but unfortunately the other measurements are 
hardly more accurate than this. The Crab Nebula calibrations came in early June 1967, after 
3 months’ operation of the detector. The diffuse component has been observed continuously, and 
these measurements establish the gain change to have been less than 20 per cent. 

The integral counting rate (>210 keV) is due indirectly to the charged cosmic-ray beam and 
so should be constant at a given geomagnetic cutoff. The data show this counting rate to be 
constant within about 20 per cent for the first three months of operation. This is interpreted to 
indicate that the gain of the instrument was stable over this period. 
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