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Abstract. A hard solar X-ray burst was observed by J-P. Legrand on 18 September 1963, 13:56 UT,
at balloon altitude. It lasted a few minutes; a steep increase was foliowed by an exponential decay.
During its declining phase a weak radio burst was observed on 3 and 10 cm, not on longer wavelengths.

Maximum radio intensity occurred two minutes after that of the X-ray burst. The X-ray and radio
bursts ended almost simultaneously. Optically a small shortlived (<some minutes) flare point
occurred simultaneously with the X-ray burst in a magnetically interesting part of the active region of
September 1963. The X-burst photons seem to have had an energy of about 0.5 MeV. The burst was
therefore of a fairly rare type, since very few other bursts with similar photon energies have been
detected up to now.

It is suggested that a mass of gas, magnetically confined to a volume of about 5:1025 ¢cm3 in the
low corona, containing about 3-10%5 electrons was accelerated to energies of about 0.5 MeV. The
gas gradually expanded, partly also to higher levels. The gyro-synchrotron radiation, emitted
by the plasma became observable after about two minutes. At the lower radio frequencies the
radiation was absorbed by overlying undisturbed coronal matter. Quantitative computations justify
this model. A detailed summary of the events, and some numerical data are given in the concluding
Section 8 and in Table V.

1. The X-Ray Phenomenon

A hard X-ray burst, most likely of solar origin, was detected with a Geiger-Miiller
telescope, flying at balloon altitudes near Kiruna (N. Sweden), on September 18,
1963. The balloon was instrumented and launched in the SPARMO cooperative
program by a group of the ‘Laboratoire de Physique Cosmique’ at Meudon, under
J-P. Legrand. A detailed description of the X-ray observations appeared elsewhere
(DE JAGER and LEGRAND, 1965). The photons were recorded by a telescope consist-
ing of three Geiger-Miiller counters, in a setup now known as the SPARMO counter
unit. This unit transmits the following data:

(a) pulses from the upper counter, type Victoreen 1 B85 (‘Al counter’);

(b) pulses from the middle counter, type Victoreen 6306 (‘Bi counter’);

(c) coincidences between the upper and the lower counters.

The observations during the event are shown in Figure 1.

Since the number of coincidences (c) did not increase during the event, it is clear
that the burst is due to photons, and not to an increased particle flux. Since further-
more the efficiency of the two counter types mentioned under (a) and (b) above differs
(Figure 2), the average photon energies involved can be determined from the ratio
between the excess counting rates of the two counters. It is clear from Figure 2 that
as a rule one ratio of excess counting rates will yield two possible photon energies.
For the present case we find the two values given in Table I. For this investigation
we shall assume that the photon energy was either 65 or 500 keV.
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Fig. 1. Photon counts made during the hard X-ray event of 18 September 1963. Al: counts taken
with the Victoreen counter 6306; Bi: counts taken with the Victoreen counter 1B85; telescope:
counts taken with the particle telescope.

The following times characterize the event:

start at 138 54 4+ 1™ UT
half maximum intensity at 13 56 + 0.3
maximum at 13 565 4+ 0.3

half maximum intensity at 13 58.5 4+ 0.3

end at 14 01 +1

The observations reported here were the only X-ray observations of this event.
No other observations came to our knowledge, and no other research groups were
measuring hard solar X-rays at that time.
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Fig. 2. Relative efficiencies of the Al and Bi counters.

TABLE I

Determination of the Average Photon Energy

time (UT)

possible average energies

excess counting rate (sec™1)
6306 1B8S (keV)

13:54.5 4.5 1.3 70 450
:55.5 13.2 52 60 550
:56.5 44.6 17.0 60 550
:57.5 37.5 12.7 65 500
:58.5 20.4 7.1 65 500
:59.5 9.9 3.6 65 500

The number of photons incident on the earth during the event may next be estimat-
ed. Because of the ambiguity in the photon energy, all computations will be made for
the two assumed energies (65 and 500 keV), until a decision can be made. The maxi-
mum effective area of the counters is 38 cm?; however, since the orientation of the
counters during the observation was unknown we have to use the average effective
area, this being 4 of the total superficial area, i.¢. 24 cm?. From Figure 1 we read the
total number of pulses recorded by the Bi counter (Victoreen, type 6306), namely 8390
pulses. The number of photons passing through 1 cm? outside the earth’s atmosphere
at right angles to the direction of the sun, was found after applying corrections for
atmospheric absorption and for counter efficiency. During the observations the balloon
was floating at the 5.5 mbar level. The zenith distance of the sun was 71°4. The atmos-
pheric transmission ¢ at 65 and 500 keV under these circumstances is 0.051 and 0.22,
for 65 and 500 keV respectively. Furthermore, we have to take into account that 500
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keV photons produce a large flux of scattered low energy photons. Taking the efficiency
of the counter at these lower energies into account this multiplication factor at 5.5
m bar is estimated to be 25.*

At 65 and 500 MeV the top efficiency E of the Bi counter is estimated to be about
4% *, while the relative efficiencies # at 65 and 500 keV read from Figure 2, are 56%;, and
7% of the top efficiency. Hence, the incident number of photons is attenuated by the
factor Ent, being 7-10~% or 3.8-10 %, respectively.

Consequently the total number of photons emitted by the burst and incident on
1 cm? at the earth’s distance, at right angles to the direction of the sun were 5-105 or
4-10*, with a maximum rate of 2.6-10° or 2.0-10% photons cm~? sec™!.

Assuming isotropic solar emission, the total number of X-ray photons emitted
during the event is 1.4-10%® or 1-10%2, with a maximum rate of 7.4-10%° or 5-10®
sec” 1. The total X-ray energy emitted is 1.4-10%% or 8-10%° erg; the maximum rate
is 7-10%* or 4-10%* erg sec™.

We also have to discuss whether the phenomenon was really of solar origin. Since
the observations were made at high geomagnetic latitudes, during a period of high
solar activity, the burst could also have been of auroral origin. Against the auroral
hypothesis, and for the solar one we have the following arguments:

(1) The burst was a single one of unusually short duration; no auroral X-ray
storm was going on at the instant of observation.

(2) The structure of the X-ray event, with its steep rise and exponential decay
(Figure 3) was typical for solar phenomena, not for auroral bursts.

(3) The burst was associated with a solar radio burst (Section 3) and with solar
optical emission (Section 4).

(4) The burst was associated with an ionospheric Sudden Frequency Deviation,
observed in terrestrial equatorial regions (Section 2).

Though these associated phenomena were weak, they seem definitely to be asso-
ciated with the X-ray event,.

In Figure 3 the logarithm of the excess counts are plotted against the time interval
At after the burst maximum. These counts show clearly that the burst intensity de-
creases exponentially; the intensity I can be represented by

I = const. exp(— At(sec)/86).

This observation and the steep rise of the burst to maximum intensity prove that the
burst must have been caused by a rapid excitation followed by a kind of relaxation
process.

2. Tonospheric Phenomena
About ten minutes after the burst a solar flare started, which reached its greatest
intensity around 14:20 UT. Although at that latter moment some sudden ionospheric

* Thanks are due to Mr. H.F. van Beek, Space Research Laboratory, Utrecht, for providing me with
these data.
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Fig. 3. Plot of the logarithm of the excess counting rate against time showing the exponential decay
of the photon flux.

disturbances were noted, there was only one such event at the moment of the X-ray
burst. There were:

no ionospheric absorptions (De Bilt, Lindau);

no Madgel-Dellinger effects (Nera);

no magnetic crochets (De Bilt);

no SFA’s (De Bilt);

no SEA’s (Uccle, Firenze).

These negative results show that either the energy of the X-ray photons was too
large to be absorbed in atmospheric layers as high as the ionospheric D-region, or
that the burst was too short-lived to significantly influence the D-region since the
above-mentioned types of SID’s depend on the time integral of the radiation enhance-
ment.

The only type of SID that has been observed was a small ‘Sudden Frequency
Deviation’ (SFD) with start, maximum and end approximately at 13:57, 13:58 and
~14:00 UT (private communication by Dr. R.F. Donnelly, Space Disturbances
Laboratory, ESSA, Boulder). The timing accuracy for start and maximum times is
approximately + 0.5 minute. The SFD reproduced in Figure 4 was observed on 10.1
MHz at the Monrovia-Accra communication, and on 20.2 MHz and 10.1 MHz
transmitted from Monrovia and received at Natal, Brazil. It was not observed at
Boulder, presumably because the SFD was small, the solar zenith angle in Boulder
was large, and the ionosphere in Boulder was relatively disturbed. SFD’s differ from
most other SID’s in that their sensitivity to the wavelength of the solar X radiation
is not limited to the band between approximately 0.5-10A like for other SID’s, but
they seem to be sensitive to radiation enhancements in a broad band ranging from
below 0.5A to the middle-ultraviolet, near 1000 A. They react rather on the impulsivity
of the solar burst (Donnelly, private comm.).
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Fig. 4. Tonospheric Sudden Frequency Deviation observed between 13:57 and 14:00 UT at
10.1 MHz on the Monrovia-Accra communication. (By courtesy of R.F. Donnelly, Boulder.)

It may be significant that the characteristic times of the SFD agree better with
those of the radio events (see Section 3, and Figures 5a,b, 6a,b, and 7) than with those
of the X-ray burst. There appears to be a general time difference of about 2 minutes
between the start and maximum times of the X-burst on one hand, and these times
for the radio and ionospheric bursts. All features end at about the same time.

3. Radio Phenomena

There were no radio phenomena on meter or long dm waves associated with the X-ray
burst. There was also no measurable enhancement of the radio noise on 15 and 20 cm
(observations carried out at the ‘Heinrich Herz Institut der Deutschen Akademie der
Wissenschaften’ at Berlin). The only wavelengths where response was obtained were
those near 10 and 3 cm. No observations were made at wavelengths shorter than 3 cm.

Around 10 and 3 cm observations were secured at:

(1) the Radio and Electrical Engineering Division of the National Research Coun-
cil of Canada (Covington, Ottawa) — 2800 MHz, Figure 5a;

(2) the Radio Astronomical Observatory NERA of the Netherlands P.T.T. (Fok-
ker, Utrecht) — 2980 MHz, and 9100 MHz, Figures 5b and 6a;

(3) the ‘Heinrich Herz Institut der Deutschen Akademie der Wissenschaften® at
Berlin (Fiirstenberg, Berlin) — 9400 MHz, Figure 6b.
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Fig. 5. (a) Radio-observations made at Ottawa at 2800 MHz. (By courtesy of A.E. Covington,
National Research Council of Canada, Ottawa.) — (b) Radio-observations made at the Nera Obser-
vatory of the Netherlands P.T.T., at 2980 MHz. (By courtesy of A.D. Fokker, Utrecht.)

Some data pertinent to these observations are given in Table II.

The NERA recordings were obtained on faster moving recording charts than the
others, so that they were useful for a fairly precise determination of the time of maxi-
mum intensity. However, since the NERA intensity scale was rather small the times
of start and end and that of half intensity were difficult to measure. These latter data
could be measured better on the recordings obtained in Berlin and Ottawa. Altogether
Table II shows a fair agreement between the times of start, maximum and end, as
read from the various radio recordings. In the ‘Heinrich Herz Institut’ observations
(3.2 cm) there is some indication that the burst may be composed of a relatively long-
lasting flat one starting 13" 56.9™ and ending 14" 02.5™, and a more spiky one starting
13" 57.9™ and ending 14" 00.9™. This is the meaning of the values in brackets in the
fourth column of Table II.

Figure 7 gives a rough outline of the time histories of the X-ray and radio bursts.
Apparently the radio burst started after the moment of maximum intensity of the X
burst but all bursts ended about simultaneously. Like the X-ray burst the shape of
the radio bursts seems asymmetric, as is clear from Table II.

The peak fluxes measured at the four wavelengths were determined as fractions
of the quiet sun’s noise level. For an internally consistent intercomparison of these
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Fig. 6. (a) Radio-observations made at the Nera Observatory of the Netherlands P.T.T., at 9100

MHz. (By courtesy of A.D. Fokker, Utrecht.) — (b) Radio-observations made at the ‘Heinrich Herz

Institut der Deutschen Akademie der Wissenschaften’, at 9400 MHz. (By courtesy of F. Fiirstenberg,

Berlin-Adlershof.)

TABLE II
Characteristic Times of the Radio Events (expressed in minutes after 132 UT)
frequency (MHz) 2800 2980 9100 9400
observatory Ottawa Nera Nera Berlin
start 57 57.8 57.8 57.9 (56.9)
half intensity 58.4 — 58.3 58.1
maximum 584 58.8 58.8 58.8
half intensity 60.0 59.4 59.4 59.6
end 61.5 — 60.8 60.9 (62.5)

four peak fluxes we have transformed them into absolute intensities by means of an
assumed quiet sun spectrum, taken from ALLEN (1963). Since the sun was not com-
pletely quiet during the burst, but showed at least one important active region, we
assumed a ‘quiet sun spectrum’ intermediate between the spectra for maximum and
minimum activity.
For the ‘quiet’ sun’s flux we took:
at 2900 MHz: S= 90 Jansky;
at 9250 MHz: S$=320 Jansky.
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Fig. 7. Relation between the time histories of the X-ray and radio bursts.

335

A possible error in this assumption would affect both results in the same way and
would therefore hardly change our conclusions in the later part of this paper. The

resulting peak fluxes are given in Table III.

TABLE III
Radio Peak Fluxes observed at 3 and 10 cm.

frequency relative flux (%) absolute peak fluxes
(Watt m—2 Hz™1)

2800 (Ottawa) 5.5 5.10-22
2980 (Nera) 4.5 4-10-22
9100 (H.Herz Inst.) 6 19-10-22

9400 (Nera) 6 19-10-22
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4. Optical and Magnetic Phenomena during the Event

A more detailed discussion of the optical and magnetic observations relevant to the
event will be given in our later publication. Yet it is important for the present inves-
tigation to mention some characteristics of the active region from where the burst
most likely originated. There was one very active region on the sun, the famous region
of September 1963; described by ZIRiIN and WERNER (1967). All major activity of
September 18, 1963 was confined to this region, so that the X-ray burst must certainly
also have found its origin there.

The active region was of the hour glass shape, which is typical for flares emitting
high-energy phenomena. See Figure 8. Magnetographic observations by TESKE et al.
(1964) and by SEVERNY (unpublished, kindly communicated) show the bright filament
in the neck of the hour glass, near the point Z in Figure 9, fully to coincide with a
region where the electric field vector is parallel to the solar surface (the ‘neutral line’).
One cannot help seeing this bright filament as a large horizontal magnetic flux tube
in the spot group. Furthermore the gradient of the horizontal field strength was very
large in the region around this filament.

Professor Kiepenheuer kindly communicated the following list of flares which oc-
curred around the time of the X-ray event:

heliographic location times (UT) importance observatory
14N 24E 12:33-13:40 1+ Stockholm
11N 25E 13:23-13:35 1-— Sacramento Peak
13N 25E 14:07-14:50 1 Sacramento Peak
10N 25E 14:10-15:00 2+ McMath-Hulbert
12N 25E 14:11-14:45 2 Freiburg

He added: “Die ausfiihrlichsten Beobachtungen wurden vom Sacramento Peak
gemacht und zwar ununterbrochen von 13:23 bis 15:47, offenbar 4 Bilder/Minute.
Nach Sacramento Peak begann die Eruption 14:07 und endete 14:50. Daraus wiirde
folgen, dass der X-ray burst vor dem Eruptionsanfang in Ha stattfand.”

In their paper, Zirin and Werner do mention the flare of 14:07, but they also find
some earlier activity, concurrent in time with the X-ray phenomenon. This is shown
in Figure 10. There was a small bright point (called a flare in Zirin and Werner’s
paper) in the bright filament in the neck of the hour glass at 13:57 UT (the point Z
in Figure 9); at the same time a flare spray occurred to the left of the facula. The
bright point did not last longer than a few minutes and, hence, coincided fairly well
in time with the X-ray maximum. It looks attractive to associate the active center
at Z with the source of the X-ray event and with the primordial acceleration process;
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Fig. 8. The active region of 18 September 1963. The picture was taken through a 0.55A filter
centered at Ha -+ 0.0A with an exposure time of 0s.1 at 14:36:10 UT by dr. J. M. Beckers at the
Sacramento Peak Observatory, Air Force Cambridge Research Laboratories. One mm = 0".7.
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Fig. 9. Schematic drawing of the sunspots and faculae in the active region of September 1963.
The drawing has been taken from ZiriN and WERNER (1967), Figure 4b, p. 72.
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Fig. 10. Four Ha filtergrams showing the development of the active region around the time of the

X-ray and radio bursts. Note the bright points in the neck of the facular hourglass at 13:56 UT and

the small surge-like feature in the left hand part of the figure at 13:56 and still faintly visible at
13:59 UT. (By courtesy of H. Zirin, Pasadena.)

furthermore it may not appear impossible to associate the longer-lasting spray with
the second phase of the X-ray event and/or with the radio event. See further in ZIRIN
and WERNER (1967), Figure 4, Table III, Figure 14 and the relevant text.

In the next two sections we shall use the radio- and X-ray observations to derive
some general relations between the various parameters which describe the state of
the gas. At the same time this will enable us further to elaborate the model described
here.

5. Discussion of the X-Ray Observations

With the X-ray observations we are still up against the ambiguity of the two possible
photon energies (65 or 500 keV). Hence, all computations will be made for the two
energies until a decision can be made.

A first point to be discussed is the mechanism of X radiation. The observed X-ray
flux must be due to bremsstrahlung. Other mechanisms, such as the inverse Compton
effect or electron-positron annihilation (at 500 keV) look less probable. Also the
synchrotron mechanism can easily be ruled out, since it would demand far too strong
magnetic fields to be efficient in the hard X-ray region.

The total X-ray energy, emitted during the whole burst was 1.4- 102 (for 65 keV)
or 8-10%3 erg (for 500 keV).
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The total energy loss by bremsstrahlung can be estimated with an expression given
by SCHATZMAN (1965):

E,4 ~ 3.107'% y? ergs/electron,

where y is the ratio between the kinetic energy and the rest-energy of the electron.
Hence, assuming the photon-energy to be approximately equal to the initial kinetic
energy of the electrons one obtains the number of electrons [ Ne dV, given in Table V.

Furthermore it is possible to derive the number density of the electrons of the am-
bient gas from the observed decay of the X-ray burst. Since the shape of the tail of
the burst can be represented by exp(— 4¢/86 sec) the stopping time in the gas must
be about 86 seconds. An expression for this stopping time ¢, has been derived by
ScHATZMAN (1965), who found:

\/2 3/2 4-1

to= X 32t 1
s= 30 VA (D

where ¢ is the velocity of light, y has been defined already, and
.= 1.14-1072*[2N,(13.68 + + log T/N, + log y) + No(4.84 + log y)].

Here N, and N, are the electron- and heavy particle-density in the ambient gas.
This expression can be simplified if we assume the number of heavy particles N, to
be equal to N, (complete ionisation). We assume further that 7=3-10%°K for a gas
with 65 keV electrons, and 2.5-10°°K for 500 keV electrons. This assumption is not
critical at all since T enters only in the logarithm term; an error of a factor 10% in T
makes only an error of 109, in the resulting N -value. Then, the expression for A4,
becomes:

T
A, =114 10'24Ne<32.20 +3logy + logﬁ> )

From Equations (1) and (2), taking for #, the observed value 86 seconds, one obtains
the following values for N, the electron density in the ambient gas:

photon energy: 65 500 keV
A, = 8.6-107"° 1.83-107 13
log NY = 8.4 9.7

This result leads immediately to an important conclusion, viz. that the relevant
electrons are confined by a magnetic field. Electrons of 65 or 500 keV have mean
velocities of 0.47 ¢ and 0.87 ¢. In 86 seconds they would cover distances of 12-10° or
22-10° km. Along a straight path they would have arrived in a part of the corona where
the electron and proton densities are of the order of 2.5-10% or 10? cm ™3 respectively,
which is much smaller than the above-found values for the ambient gas density.

It is now also possible to derive a minimum value for the volume ¥ occupied by
the accelerated electrons. If we assume that the ambient electron density N is equal
to the electron density N, of the accelerated component of the gas, hence, if we assume
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that a part of the corona is just as a whole accelerated to high energies, then one
obtains the minimum volume of the gas.

For a photon energy of 65 or 500 keV,
one has V=1.4-102° or 5-10%° cm3;
for a sphere the radius

would be R =32000 or 2400 km.

6. Discussion of the Radio Observations

In this section we investigate the possibility that the observed radio bursts are due to
thermal radiation of a gas with kinetic temperature 7, electron density N, and thick-
ness Z in the line of sight. For such a gas the emitted radiation flux F at a frequency
fis:

F=B(l—e "%, (1)

where B is the source function:
B =2nc 2kTf?, )

and x is the absorption coefficient per cm (see KuNDU, 1965, p. 40):

NN 167 ° 1 1 . 8k*T? 5 )
= . —_— e o —————= |1 T e — .
* Y3 ¢ 2amk)*? AT et fim )

With N;N,=10/11N? (assuming 10%, He), the expression (3) reduces to
Kk~ O.INZf 21,732, (3a)

for the cm region and normal coronal conditions, and for 7=107°K and f=9250
MHz it becomes K~ OANZf 2T (3b)
It is clear from Equations (1) to (3) that the observed radio emission cannot be the
thermal emission of an optically thick plasma, because the observations show:

d log F
dlogf

whereas for an optically thick plasma the value of this gradient is equal to 2, and for
an optically thin plasma it would be equal to 0. So it seems that three possibilities
remain:

(a) the gas may be in a transitory state between optically thin and optically thick;

(b) the radio emission of an optically thin or nearly thin plasma is partly absorbed
by the overlying corona, leading to the change of the spectral shape;

(c) the radiation is not thermal.

In this section we shall examine cases (a) and (b) and we will show that neither case
(a) nor case (b) lead to an acceptable solution while case (c) does (Section 7).

12,
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Case (a); intermediate optical thickness without coronal absorption:

Starting form the observed gradient d logF/ d log f=1.2, and assuming the known
ratio between the absorption coefficients (~f %), one readily finds for the total
optical depths 7 (=«xZ) at the two average frequencies:

2900 MHz: 1 =5.4;

9250 MHz: t =0.53. )

The thermal radio spectrum, computed with Equation (1) and the above values
for the optical depths is drawn as a dashed line in Figure 11.

The result (4) has been derived from the peak intensities of the radio burst and is
consequently valid for the instant (13:58.5 UT) at which that intensity was emitted.

Next we examine the meaning of the derived optical thicknesses. We write 1=xZ,
where Z is the geometrical thickness of the plasma cloud. We now write /=2.9-10°
Hz, 1=5.4, N,=2.5-107 or 5-10° (see Section 6), and obtain

for N, =25-10%8 5-10°
7,732z 1.9-10° 47
for T,=2-10°°K: Z=5-107 km 130000 km
107°K 6-10% km 1400000 km

These resulting values for Z are extremely large and can not be reconciled with
the observation that no radio burst was recorded at wavelengths of 15 cm and longer,
which should have been the case for any Z larger than about 30000 km. Also, this
geometrical configuration of the cloud (very long, extremely thin tube pointing
towards the earth) would be highly improbable. Therefore we conclude that the
assumption (a) is not correct.

Case (b); thin plasma with coronal absorption: _

We now assume the plasma to be optically thin. From the discussion in case (a)
it is obvious that in order to have Z<30000 km, the optical depth at 2900 MHz
should in any case be smaller than 1073 to 10~ for the case N,=2.5-10® and smaller
than 10~* for N,=5-10°. In these cases the radio spectrum of the plasma itself is flat:
dlogF/d logf=0. The influence of coronal absorption is given by an exponential
factor e, where 7 is the optical thickness of the overlying corona. Since t~f "2 a
short computation shows that the observed radio spectrum is represented by coronal
optical thicknesses:

7=1.66 at 2900 MHz, and
7=0.16 at 9250 MHz.

However, it can easily be shown, that these results are not consistent either:
For an optically thin cloud with volume V the radiation flux would be, according
to Equations (1), (2) and (3):

F=xB~08rC 2NkT V.
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Solving this equation with the given value ¥ and the given flux values yields T = 50°K!
This means that the observed radio flux is apparently much too intense to be explained
by thermal emission, and that we have to look for a more powerful emission mecha-
nism, like gyro-synchrotron emission.

7. The hypothesis of gyro-synchrotron emission

Since the electrons are certainly confined by a magnetic field (see section 5) they must
emit radiation of the gyro-synchrotron type. For electron energies of 65 and 500 keV
the v/c values are 0.45 and 0.87 respectively. At these energies the radiation should be
emitted at discrete frequencies characterized by the gyrofrequency fy=2.8H MHz,
and its harmonics. Here H is the magnetic field in gauss. However due to Doppler
effect obliteration the resulting gyro-synchrotron spectrum is surely continuous as a
detailed computation showed. The upper part of Table IV gives the computed inten-
sity ratio of the gyro-synchrotron emission Fy440/Fs,50. The computations are made
both for the extra-ordinary and for the ordinary emission. The lower part of Table IV

TABLE 1V
Investigation of the gyro-synchrotron case

Upper part: computed intensity ratio of the gyro-synchrotron emission F2900/F9250, E=extra-ordi-
nary emission; O ordinary emission.

Lower part: optical depth of the overlying coronal gas, necessary to explain the observed intensity
ratio at the two frequencies

H 750 1000 1500 Gauss

E+O 22 2.5 2.2
(0] 4.0 4.8 4.0
E 1.8 2.0 1.8

E+O 1.08 1.24 1.08
o 1.73 1.85 1.73
E 0.85 0.97 0.85

gives the optical depth of the overlying coronal region, necessary to explain the ob-
served intensity ratio at the two wavelengths. It is clear that a coronal absorption,
characterized by an optical depth of 1.0 to 1.7 is sufficient to explain the observed
spectrum. For the time being we assume an optical depth of the overlying corona of
1.7, which is the value for the ordinary radiation.

The spectrum computed with these optical thicknesses is shown as a solid line in
Figure 11.

In order to examine the meaning of these values we write t=kH, where H is the
coronal scale height, and where « is taken from Equation (3a), which equation is
representative for normal coronal conditions. In that case the N, values to be used in



THE HARD SOLAR X-RAY BURST OF 18 SEPTEMBER 1963 343

T T T
Log S

QUIET SUN SPECTRUM

1 |

2 3 4 Log t (MHZ)

Fig. 11. Radiospectra of the sun and the active region. Abscissa: log fin MHz; ordinate: log S in

Jansky. Solid lines: the quiet sun’s general radio spectrum. Dashed: suggested thermal burst
spectrum, case (a); Solid: gyro-synchrotron spectrum attenuated by the overlying corona.

Equation (3a) should be those valid at the basis of the overlying corona, just above
the plasma cloud.
Hence we have to solve N, from the equation: t=0.1 N2 =2 732 H,

With T=10°°K, H=50000km we find N,=35.3-10° cm™3;

3

with 7=1.5-10°°K, H=75000 km we find N,=4.3-10° cm™3;

B

with T=10*°K, H= 500km we find N,=1.7-10° cm 3.

It is very gratifying to see that these electron densities are virtually equal to those
found for the densities iz the plasma cloud for electron energies of 500 keV (Section 6).
So there is in this picture no discontinuity between the densities in the plasma cloud
and those at the basis of the overlying corona, which is just the most natural situation.

8. Conclusions

The results of the previous analysis are summarized in Table V, which gives the
derived values of the various quantities for the two assumed photon energies.

We are now able to come to a decision about the photon energies. To that end we
visualize the geometrical configuration. The position of the cloud with respect to the
sun may be found through the ambient electron density N*. With the given relation
between the coronal electron density and the height in the corona (DE JAGER, 1959,
p. 271), and assuming that in an active region the electron density is approximately
10 times the quiet coronal density it is found that N,=2.5-108 occurs at heights of
200000 km above the sun, while an electron density of 5-10° occurs at the transition
between chromosphere and corona, about 5000 to 10000 km above the photosphere.

We also found (Table V) the volumes of the two kinds of clouds.
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TABLE V

Result of the Analysis

assumed photon energy 65 500 keV
emission per electron 4.2.1012 3.10-18 erg
observed total emission 1.4-1026 8-1025 erg
total number of electrons 5 NedV  3.4-10% 3.10%5

ambient electron density Ne* 2.5.108 5-10° cm~3
minimum volume Vmin 1.4.-10%° 5.1028 cm?
minimum cloud radius Rmin 32000 2400 km

Clearly the 500 keV cloud is small and comparable in size to the part of the active
region where the acceleration process is likely to take place. The 65 keV cloud has to
be located at a fairly great distance from the sun and it looks improbable that at such
a distance from the active region the acceleration of a large amount of electrons to an
energy of 65 keV could take place in about one minute.

Hence, the geometrical configuration argues for the 500 keV cloud. There are
other arguments. There were some optical phenomena in the active region at the very
moment of the X-ray burst. This could be understood if the source of the burst could
have been located at a small distance to the active region as should be the case with
the 500 keV cloud. It would be highly improbable to have optical phenomena in the
active region if the region of particle excitation would be located as far from the
active region as the 65 keV cloud.

Another fairly strong argument was given in Section 7, where it was shown that
the density at the basis of the coronal regions just above the excited plasma cloud had
to be 5-10° cm ™3, just equal to the density in the cloud for the 500 keV case.

Taking these arguments together it seems certain that the excited part of the
corona has contained electrons with energies of 500 keV rather than of 65 keV.
Clearly these values should only be taken as approximately true; in deriving the
energy values we have assumed the photons to be strictly monochromatic, which is
not necessarily correct. However, also in the case of a broader photon spectrum, the
derived values for the photon energies should be taken as approximately indicating
the average value.

Because of these high photon energies the burst is of a fairly rare type. Up to now,
only four bursts have been detected with photon energies of that order (DE JAGER, 1967).

Altogether a summarizing picture of the succession of the events may be as follows.
A hard X-ray burst of solar origin was observed between 13:56 and 14:01 UT with
a maximum on 13:56.5 UT. A steep rise was followed by an exponential decay. The
most probable photon energy was approximately 0.5 MeV. At the time of the X-ray
burst there was a sudden flash-like brightening of a few points in the facular field.
The brightening lasted not much longer than one or a few minutes, comparable to the
duration of the first part of the X-ray burst. The points were situated on a bright
line connecting two bright patches of the facular field. This line happened to be
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identical with the magnetic field vector at this place; furthermore the field gradient at
right angles was very large.

It is suggested that at that time some electromagnetic mechanism accelerated the
electrons . The acceleration period, as judged from the rise time of the burst and from
the duration of the point-like brightening, may have been of the order of one minute.
The electrons lost their energy by bremsstrahlung and thus produced the X-ray burst.
The total emitted X-ray energy is 8-102° erg; the collision time in the plasma was 86
seconds, which explains the exponential decay time of the burst. The electron density
(= proton density) of the gas was slightly less than 10'° cm™3. The total number of
electrons involved was 3-103%; the gas contained a volume which, if supposed
spherical, had a radius of 2400 km. The gas gradually expanded to higher levels, and
eventually it produced a gyro-synchrotron radio burst, which could be observed
about 2 minutes after the X-ray burst and ended simultaneously with it. At that time
the gas could also have emitted a quasi-thermal soft X-ray burst in the wavelength
region between approximately 1 and 10A, but this could not be observed since there
were no soft X-ray monitoring satellites active during this event. However, the ob-
served ionospheric SFD (Figure 4) may be an indication that such radiation was in-
deed emitted.
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