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Abstract. Solar X-rays from 8 .12 ~ have been observed with an ion chamber photometer and fluxes 
derived from the observations after an assumption concerning the spectral distribution. The time 
variation of the X-ray flux correlates well with the radio flux, plagc index, and sunspot number. 
Comparisons of X-ray and optical events are given; flares seem to produce soft X-rays, but some 
soft X-ray bursts are apparently not associated with flares. The total energy involved in the soft 
X-ray bursts may be a significant amount of the total flare radiation. 

1.. Instrumentation 

The Michigan soft X-ray ion chamber photometer is located in the wheel of OSO-111. 

The ion chamber is filled with about one atmosphere of dry nitrogen gas and has a 

5-rail thickness aluminum foil window; the efficiency of response as a function of 

wavelength for such an ion chamber has been published (AcroN et al., 1963). The 

detector responds principally to energy in the wavelength range 8 --12/~, though there 

is also a low efficiency of response between 2.-5 ~. .In OSO-III, the cadence of main- 
frame telemetry rate and wheel rotation rate results in roughly one word of solar soft 

X-ray data and two words of particle background data for each period of wheel 
rotation. 

Data generated by the instrument are converted to energy fluxes E(8, 12)ergs 

cm-Zsec -~ for the wavelength band 8-.-12 ~ under the assumption that the radiation 
is distributed as in a black-body curve for 2 x 106 K (KRIiPLIN, 1961). If the slope of the 

actual flux-distribution curve departs frorn the assumed one (e.g., NI~tJt'ERT et at., 

1967; Fmrz  et al., 1967; RtJGGE and WAkKER, 1967), the true energy flux may be 
approximately recovered by applying a correction factor (Figure I). Attempts are 

being made to utilize observations obtained during occultations of the sun behind 
earth's atmosphere near satellite dawn and twilight to determine spectral slopes for 

the flux distribution which may be appropriately applied to this experiment. 
Two atttomatically-selected ranges of operation are incorporated into the instru- 

ment, one with a high dynamic sensitivity (3400/1) and one with a lower dynamic 
sensitivity (125/1) covering a total flux range 0<E(8 ,  12)<0.12. The instrument 
has been saturated by the peak emission from great flares. An electrical calibration 
occurs about every 6 rain, and has shown that the instrumental energy scale has been 
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stable to about I~,, since launch. The absolute calibration is probably within 6'/oo of 
correct. 

Reliability of  operation may be verified by using the sun itself as a standard 
source. There exists a good statistical - and physical - relationship between the 
2800 MHz  solar flux and the soft X-ray flux (e.g., Figures 2 and 3). Comparison of 
these two fluxes for April 1967 and for August 1967 separately gave very closely the 
same relationship. Over that 5-month interval, at least, no changes in ion-chamber 
response occurred. 
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Fig. I. If the true solar flux distribution with wavelength approximates a black-body curve for 
temperature T (abscissa), energy fluxes quoted in this paper must be multiplied by the value of 

the ordinate. 

2. Observations of the Non-Flaring Sun 

The slow variation of soft X-ray flux with solar activity is shown in Figure 2 for the 
period March through August 1967. The index which is here used to characterize 
the quiet X-ray sun is the daily base-level, which is the lowest known flux reached 
during the day and is thus an index of." the non-flaring sun. The X-ray base-levels arc 
still preliminary, since complete 24-hour data have not yet been analyzed for the 
full six months. 

As may be judged from Figure 2, the soft X-ray daily base-level correlates well 
with other indices of  the general level of solar activity: the 2800 MHz daily solar 
flux (p =0.82), a McMath-Hulber t  Observatory plage index (p=0.72) and the Ziirich 
sunspot number (p=0.78). Hence, the major component of the soft X-radiation 
being observed arises in the active centers (cf UNt)~RWOOD and MtJNEy, 1967). The 
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base-level enhancements of August 18,,'19 and of August 30/31, apparently uncorrelated 
with the other solar indices, coincide with East and West limb passages of a major 
active center on the sun (McMath plage region 8942) and apparently show it to have 
been strongly limb-brightened in X-radiation. 

In addition to its correlation with the 2800 MHz llux density, the soft X-ray 
background changes in a predictable way with radio flux density at other rrequencies 
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Fig. 2. Soft X-ray base level Iluxes (bottom) arc compared with the 2800 MHz daily flux density, 
with a plage index which is the sum of products of plage areas by excess intensity in the Call K 

line core, and with the ZSrich daily sunspot numbcr (top). 

(Figure 3). For a given variation AE(8, 12) of soft X-ray flux, the variation of radio 
flux density is greater at 2800 MHz, and is less at higher and lower frequencies. 
A linear fit seems adequate for the data so far examined. When the data for Figure 3 
were assembled, no account was taken of possible center-limb effects. 

Figure 4 contains data for four days which are representative of a range of solar 
activity conditions. In the figure, each point represents a 67-second time-average of 
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X-ray flux. Vertical bars represent satellite night, which is about 35 min long. Satellite 
day is about an hour long. Times which are given, so as to provide a time-scale, 
refer to the time of a satellite dawn. For May 11, May 5, and June 1, times are dis- 
continuous across satellite night, while for April 15 the time is continuous. 

On May 11 quiet solar conditions prevailed: the daily 2800 MHz flux density of 
104.0 was lowest since late December 1966 and no regions of significant activity 
were present on the visible solar hemisphere. These quiet conditions are reflected 
in a nearly flat, uniform X-ray flux-time curve. Arrows indicate the reported starting 
times for two subflares. We have associated the nearby X-ray enhancements with 
those flares. 

In contrast, on May 5 the X-ray flux-time curve was constantly disturbed, showing 
significant variations throughout the period of time depicted. On this date a flare-rich 
plage region (No. 8791) was located in the Southwestern quadrant of the disk, and 
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Fig. 3. Radio flux densities at 2800 M H z  are those reported by Algonquin Radio Observatory 
(Ottawa) and at other frequencies are those reported by the Research Institute of Atmospherics at 
Nagoya University (Toyokawa). Radio and X-ray fluxes were observed simultaneously when no 
nares were occurring. The Toyokawa and Ottawa data represent samples during different months. 

One flux unit equals 10 ~' W m -~ Hz-.L 

the 2800 MHz daily flux density was 125.8. Arrows point to enhancements which 
we have associated with subflares reported during our X-ray observing hours on 
May 5. 

The flux-time curve for April 15 again refers to moderately active solar conditions, 
when the 2800 MHz flux stood at 123.2. It is inserted in Figure 4 to demonstrate 
operation of the instrument as it switches from its range of higher dynamic sensitivity 
to its range of lower sensitivity. The major enhancement in the diagram accompanied 
a reported subflare. The second enhancement was not accompanied by a reported 
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optical event. We have tentatively associated it with a small cvent in plage No. 8760 
on the Northwest limb, not seen very clearly on our flare films. There occurred a weak 
brightening or the plage, and a surge-like, faint feature was seen projecting above the 
limb. Times of beginning, maximum and end of the event coincide in time with the 
X-ray increase. 
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Fig. 4. Reprcsentativc data for four days in 1967. 

At times of great solar activity, such as on June 1, the solar soft X-ray flux varies 
almost constantly through a great range of flux values. On that date the 2800 M Hz 
flux was 169.7. McMath plage region No. 8831, then in the Northeast quadrant of 
the disk, was at its peak of flare activity on June 1 and June 2. Enhancements of  
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X-ray flux seen in our record for June 1 accompanied subflares and flares of import- 
ance 1. X-ray flux increases which accompanied subflares on Jnne 1 were generally 
greater than those accompanying subfiares on the other dates in Figure 4. 

Flare associated X-ray enhancements will be discussed in the next section. 
Our data show that during times when no reportable optical events occur on the 

sun, the solar soft X-ray flux may still undergo some variations. Sometimes these 
non-flare X-ray fluctuations can be identified with fluctuations in Ha plage intensity 
and with events at the limb, but often there is no clearly-associated optical H~ 
counterpart. At times of relatively high solar activity, as evidenced by a relatively 
high X-ray base-level or by a relatively high 2800 MHz flux, these non-flare X-ray 
fluctuations occur frequently, with an amplitude of ~ 10%, or more of the average 
flux level, and on a time scale of tens of minutes. As solar activity moderates, the 
X-ray fluctuations also moderate as to their amplitude and frequency of occurrence. 
At the quietest times seen so far, the X-ray flux-time curve becomes smooth, showing 
only occasional fluctuations of very small amplitude. 

3. Observations of Active Events 

The relationship of soft X-ray flux enhancements to transient solar events observed 
optically and at radio wavelengths is being more clearly outlined by the OSO-III 
data. As regards flares, the times of beginning, maximum and ending of the X-ray 
events, as well as the total flux enhancement, appear to be statistically related to the 
timing of the optical event and to its importance classification. (See, however, the 
discussion by UNDERWOOD (1968).) 

We have attempted to determine the fi:equency with which X-radiation accompanies 
flares. The study has been limited to those hours during each day for which we have 
already reduced data. 

In a sample of 57 subflares reported on a world-wide basis, 51 were definitely 
accompanied by X-rays. Of 47 subflares which were observed cinematographically 
at the McMath-Hulbcrt Observatory during March, April and May of 1967, 44 were 
definitely accompanied by soft X-rays. The three 'failures' occurred when our X-ray 
detector was operating in its range of lower sensitivity. If  the subflare sam pie is conlined 
to those subflares observed cinematographically at McMath during hours when the 
X-ray detector was operating in its higher sensitivity range, then it appears that all 
the subflares were associated with X-ray emission, although at times it was very weak 
emission. 

Only six flares of importance 1 were observed cinematographically at the McMath 
Hulbert Observatory between March 10 and June 30 and during hours for which 
we already have reduced data. Each was accompanied by a significant X-ray increase. 
Only 23 out of 26 importance-I flares reported on a world-wide basis during hours for 
which we have reduced data from March 10 through May 31, had X-rays with them. 
None of the three 'failures' was reported by more than one observing station, how- 
ever, and'they may be accidental reports. 
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Hence, we are of the opinion that probably all flares arc the site of emission of 
soft X-rays, although at times the emission is indeed minor (Figure 4). In order for a 
flare-associated enhancement to be recognizable in our data as reduced so far, its 
duration and amplitude must be such as to yield a time-integrated flux between 8 and 
12 ~ of a few times 1025 ergs at the sun, assuming emission into 4n steradians and no 
photon scattering. 

On the other hand, we have asked with what frequency visible flares or other 
active events accompany X-ray bursts. In a sample of 79 flux enhancements of all 
sizes recorded during March, April and May of 1967, only 57 bursts could be identified 
with flares reported on a world-wide basis and four with limb events such as surges 
leaving 18 of them, or 23~ which could not bc identified with reported optical 
phenomena. More than half of these remaining bursts occurred during European 
observing hours, where subflares are usually not reported as a matter of course. 
The average flux enhancement for the unidentilied bursts was smaller than the average 
flux enhancement accompanying reported subflares in the same sample. 

Time-lapse tiltroheliographic flare patrol films made at the McMath-Hulbert 
Observatory have been examined in connection with some of the preliminary X-ray 
data. Thc total tilm examined is about equivalent to 35 days of full-time day-light flare 
patrol. Two relatively large X-ray bursts have been found which are not clearly 
associated with visible flare activity; both are somewhat smaller than the enhancement 
usually associated with flarcs of importance 1. One of these may have possibly been 
associated with activity behind the Southwest limb (.July 11). The second took place 
near the time of a subflare on the disk, but is in very poor time-association with the 
H~. event (July 29). 

Studies of individual flare events in connection with the X-ray data have permitted 
us to draw some tentative generalizations which will be investigated further as more 
data are reduced. Sources for the studies include the McMath-Hulbert flare patrol 
tilms, the ESSA Solar-Geophysical Data Bulletin, HAO Preliminary Reports, flare 
and SID lists from McMath and Manila and radio data from Toyokawa, Hiraiso, 
Sagamore Hill and Ottawa. 

X-ray enhancements associated with flares appcar to be :fair guides to flare 
importance in the sense that subflarcs tend to be associated with smaller enhancements 
than flares of importance 1, and so on, yet 1lares within a given importance class may 
give rise to a great range of X-ray flux. 

Generally the H~ flare and the X-ray event begin at about the same time. The 
HT. intensity peak will most frequently precede or coincide with the X-ray maximum. 
In about 20}o of ttares the H~ maximum intensity follows the X-ray peak. In flares 
of importance 1 - and 1 the H.:~ and X-ray events tend to end together, while in major 
flarcs the X-rays tend to outlast the visible event for a length of time which depends 
upon flare importance. Following the great flares of March 22 and May 23, 1967, the 
soft X-ray flux remained above pre-flare levels for at least five hours. Many exceptions 
to these generalizations have been observed. For example, sometimes the visible flare 
will begin two or three rain before the X-ray flux begins to increase (Figure 5). Again, 
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following the importance-2 flare of May 6, 1967, the soft X-ray flux returned to its 
pre-flare level quite precisely and almost at once after the flare was reported to have 
ended. Flare events occurring close to the sun's limb sometimes demonstrate the 
greatest departures from these generalizations, an effect which is probably connected 
with the well-known decreased visibility and shorter duration of ttares near the limb. 

Examples of X-ray bursts accompanying flares of importance l and 2 are shown 
in Figures 6 and 7, together with photometric H~ intensity curves (intensity expressed 
in arbitrary units) and the accompanying cm-2 bursts. In both events a slow brighten- 
ing in both H~. and X-rays preceded the cm-2 burst. At that time the flares abruptly 
brightened in H,~ and X-rays. 
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Fig. 5. Photometric Ha intensity curves for two subflares (lower) and the associated X-ray flux 
enhancements. The sun was occulted behind earth's atmosphere beginning at about 20i~51m. The 

first subflare ($20E22) was associated with a great ejection of dark material. 
thc second ($25E50) was not. 

In the July 25, 1967 event (Figure 6), the importance-I flare lasted until after 
15h00 m, although thc H7 light curve has not been carried along that far. The sttbflare 
which began at 141'50 m on that date did not affect the X-ray record probably because 
our instrument was then operating in its 'flare mode' of low dynamic sensitivity, 
in which the weak emission accompanying subflares is often not detected (cf. Figure 5, 
where operation was in the higher sensitivity mode). 

While the H7 and X-ray curves often appear qualitatively similar, as in Figures 6 
and 7, the structure of the soft X-ray burst is usually very different from the structure 
of the accompanying cm-2 burst. Typically, the maximum of the cm-Z burst occurs 
some minutes prior to the X-ray maximum (~:80%), more rarely the two maxima 
coincide within a minute ( ~  15~ and in still rarer cases a weak cm-2 maximum 
occurs after the soft X-ray peak. Thus, the X-ray maximum tends to associate itself 
most clearly with the post-burst phase of the radio emission at centimeter wavelengths. 
On the other hand, there is a strong tendency for the soft X-rays to begin their increase 
earlier than the reported beginning of the c m-)~ burst. 
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This latter effect is suggestive of  physical conditions in the flare volume, to which 
the mechanism that gives rise to the soft X-radiation is more sensitive than is the 
mechanism that generates cm-2 radiation�9 In flares, an increase of  2800 MHz flux 
density by 5 flux units (5 x 10-22 W m-z  Hz-1) is accompanied by an X-ray increment 
AE(8, 12) of 0.005 ergscm-2sec - ~ (Figure 8). The relationship in the slowly-varying 
component  (Figure 3) is such that an increase of 70 flux units at 2800 MHz accompa- 
nies an increment in X-ray flu x of A E(8, 12) of 0.005 ergs cm-  2 sec- ~. WHrrr (1964) 
noted a similar sensitivity in the 2-8/~ flux. 

Fig. 6. 

0 . 1 0 0  - -  - - -  

FLUX 
E(8,12) 

e r g s  c m ' 2 s e c  - I  

O.05q 

0 . 0 1 1  

4.0 

3 s  

l i fo 

2.c 

. . i  . . . .  1 

JULY 25,  1967 

�9149149149 
�9149149149149149149 

~�9149149 .... 

/ - 

�9 i,,, 

. \ 

Imp. Ib, N28 E40 

/ "%,~ Imp Sb, 0~' \ ~ " - o  . Nil E48 

T i 
1 1 7 0  

i 

I 8800 MHz F l u x  Units , 

I\" . . . .  J k . . . . . .  
J I 

14h20 m 14h40 m 15bOO m 

The gap in the X-ray record (top) occurred during tape-recorder playback. Clouds inter- 
feted with the H~ flare observations (center). The 8800 MHz record was reported 

by Sagamore ttill (lower). 

4. X-Ray Energy Emitted by Flares 

Information concerning physical conditions in flares may be obtained through 
knowledge of  the energy invested by flares in various parts of  the electromagnetic 
spectrum and in particle and plasma emissions. Further, the total energy emitted by 
flares and the time scale for its release are constraints upon possible flare mechanisms. 
Thus, it is of  interest to obtain from our data some indication of  the total energy 
emitted as soft X-rays. 

Because the spectral distribution of  X-radiation is a function of  time during a 
flare event (RUGGE and WALKI~R, 1967; CULHANE et  al., 1963), time-integrals of  flare 
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e n e r g y  b e t w e e n  8 a n d  12 ~ a re  u n c e r t a i n ,  a n d  it is diff icul t  to  e s t i m a t e  a t  th is  t i m e  

w h a t  t he  u n c e r t a i n t y  is. I t  m a y  n o t  be  ove r ly  pes s imis t i c  to  e s t i m a t e  e r r o r s  b y  up  

to  a f a c t o r  o f  3 fo r  o r d i n a r y  flares,  a n d  by  up  to  a f a c t o r  o f  5 fo r  f lares  o f  i m p o r t a n c e  

2 a n d  3, in t h e  sense  t h a t  the  m e a s u r e d  t o t a l  ene rg i e s  m a y  be t o o  h igh .  
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for two fi:equencies according to author 's  interpretation of data in ESSA 
Solar-Geophysical Data Bulletin. 
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We have assumed that the flare radiation is released into 4n steradians and that 
none of the inwardly-directed photons are scattered. Time-integrals of energy meas- 

ured by us in a number of flares, and computed for the wavelength band 8-12 A 

are summarized in Table I. The estimates in the table should be viewed as upper 

limits. 
The energy radiated by flares at cm-wavelengths is related to the sof't X-ray 

energy in the sense that large X-ray events tend to accompany large cm-2 events and 

vice versa. Peak X-ray flux and peak cm-2 flux density in associated events are plotted 
in Figure 8. We note that the X-ray peak is still high enough at a radio flux density 

peak of 1 or 2 flux units to be clearly discernablc in our data. It appears likely that 

even smaller X-ray bursts than those investigated may be accompanied by unreport- 

ably small radio bursts. 

When time-integrals of energy at cm- and X-ray wavelengths are examined, we 

find again that there is a strong tendency for the greater X-ray events to accompany 

the greater radio events (Figure 9). Tinae-integrals of radio flux density in Figure 9 
were obtained by multiplying tabulated mean fluxes by tabulated durations. A.RNOLDY 

et al. (I 967) have shown that a definite relation like that suggested by Figure 9 exists 

for the 10-50 kV X-rays. Further study of our data will be necessary before quantitative 

relations can be confidently established with them. 
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