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I. INTRODUCTION

Rapid fluctuations in the hard X-ray and microwave radio emissions from solar flares have
been under investigation for about a decade (Parks and Winckler, 1969; Frost, 1969; Anderson
and Mahoney, 1974; Hurley and Duprat, 1977, Lipa, 1978]. A study of such fluctuations is
expected to provide an insight into the process of particle acceleration, especially that of elec-
trons. The fluctuations observed in the past typically consisted of a few (3 to 4) quasi-periodic
pulses with periods between 10 and 100 sec. Recently some of us reported a flare with rather
well-defined quasi-periodic oscillations of large amplitude in ﬁud X-ray and microwave radio
emissions observed, respectively, with the International Sun Earth Explorer-3 (ISEE-3) space-
craft and the ground-based radio observatories in Japan [Kane, Kai, and Enome, 1980]. The
flare occurred on 7 June 1980 and was also observed with the U.S. Air Force P78-1 and Solar
Maximum Mission (SMM) satellites [Kiplinger et al, 1980; Chupp et al, 1981; Forrest et al,
1981). In this paper, we present the so-far unpublished X-ray and radio observations of this
flare in some detail and discuss their implications in terms of the characteristics of the impul-

sive X-ray and microwave sources and the acceleration of particles in solar flares.

II. INSTRUMENTATION

The X-ray observations were made with instruments aboard two spacecraft, ISEE-3 and
P78-1. The radio observations were made at ground-based observatories iocated at Nobeyama
and Toyokawa in Japan.

The X-ray spectrometer aboard ISEE-3 has been described earlier [Kane er al, 1982].
The ISEE-3 data discussed in this paper consist of 26 - 3170 keV X-rays covered in 12 energy
channels. The basic time resolution is 0.5 sec for 26 - 398 keV X-rays and 1 - 4 sec for higher
energy channels. The Aerospace Corporation X-ray experiment aboard USAF P78-1 satellite
has been described by Landecker, McKenzie and Rugge [1979]. The measurements discussed
here were made with the MONEX High Energy Monitor (HEM) part of the instrument. It
consists of a xenon-filled proportional counter which measures the integral flux of 20 - 250 keV
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X-rays with 0.032 sec. time resolution. A six channel differential X-ray spectrum is also meas-
ured in this energy range with 1.024 sec time resolution. The X-ray spectra measured with the
P78-1 instrument have been compared with those measured by .he ISEE-3 instrument during
several solar flares. The two sets of measurements are found to be in good agreement [Kane,

Landecker, and McKenzie, 1982).

The two X-ray spectrometers complement each other in several respects. Although the

HEM instrument covers a smaller X-ray energy range than does the ISEE-3 instrument, in the

i 20 - 93 keV range, the spectral resolution of HEM is better than that of ISEE-3 by about a fac-
g tor of two. Moreover, the HEM covers the X-ray energy range 20 - 26 keV, which is not meas-

ured by ISEE-3. Also, unlike the lower energy channel measurements from the ISEE-3 instru-

ment, the HEM measurements do not have spin modulation effects, since the HEM is pointed
continuously at the Sun. On the other hand, the ISEE-3 instrument has a large dynamic range ;
and can measure X-ray spectra from medium as well as large flares. The HEM, however, is l
l affected by gain changes in large flares where the total counting rate is > 10* counts/sec. I
The 17 GHz interferometer at Nobeyama has been described by Nakajima et al [1980]. It i
\' consists of 14 paraboloidal reflectors of 1.2 m diameter. The antenna arrangement is of a com- :
l pound type. The fundamental spacing dp is 96.4 A (A: wavelength) and the maximum spacing .
y is 3856 A ( = 40 dj) in the east-west direction. Forty Fourier components of the Sun’s bright-
_, ness are recorded with a multi-correlator system. If the direct inversion of the forty observed
!. Fourier components is made, the FWHM of the observing beam is 49" and 33" with the Han-
1
J

ning and flat data windows, respectively. In case of a compact source, a more precise estimate

of the size and position of the source is possible through the new model fitting technique

e AR

recently developed by Kosugi (1982]. When this technique is used, the uncertainty is < 5"

L8 2

v
ara e o

East-west profiles of the whole Sun are produced for LH- and RH-circular polarizations once

’

every 0.8 s at the maximum sampling rate. The minimum detectable flux density is 0.6 sfu for

0.8 s integration.

Five polarimeters cover the frequency range of 1 - 17 GHz. Four polarimeters at
10
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Toyokawa [ Torri er al, 1979] are operated at 1.0, 2.0, 3.75 and 9.4 GHz; the remaining polarim-
eter at Nobeyama is operated at 17 GHz. For all the polarimeters, the time constants are 0.3
sec and the measurements of circular polarization are essentially simultaneous at all the five fre-

quencies.

II1. OBSERVATIONS

The general observational characteristics of the 7 June 1980 solar flare are summarized in
Table 1. The Ha flare was located at N12°, W174°, Although the optical flare was only of
importance SN, the radio emission in the metric, decimetric, and microwave regions was quite
intense. The flare was associated with impulsive hard X-ray and microwave bursts and type 1I,

II, IV, and V radio bursts of intensity 3.

(a) Hard X-Ray Emission
The time-counting rate profiles of the hard X-ray emission observed with the 1SEE-3 and

P78-1 instruments are shown in Figure 1 and Figure 2, respectively. For comparison, the 17
GHz radio emission is also shown in Figure 1. The X-ray emission consists of a rapid initial
increase followed by a series of pulses. A total of seven peaks can be clearly identified. The
P78-1 data shows an additional eighth peak. The time between the successive seven peaks
P, P, --- Pqis approxin:xately 5.5, 9, 8, 12.5, 7 and 8 seconds, respectively, the average time
between the peaks being about 8 seconds. The time between P; and the peak Py in the P78-1

data is also ~ 8 seconds.

It is of considerable interest to know if a sub-structure on a finer time scale (< 1 sec)
existed in this event. Figure 3 shows the high time resolution (0.032 sec) measurements of X-
rays >20 keV made with the P78-1 instrument. There is no indication of a sub-structure on a

232 millisecond time scale.

The X-ray peaks tend to be more pronounced at high energies (2100 keV). For exam-
ple, the ratio of the counting rate at the peak P, to that at the valley V, increases from ~1.1 to

~6 as the X-ray energy increases from ~20 keV to ~100 keV. In fact, the peaks Ps through
il '
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Table 1. Characteristics of 7 June 1980 Flare

Ha emission

Suart (UT) <0319
Max (UT) ~0319
Eand (UT) 20322
Importance SN
Location N12°, wW74°

McMath Region

X-rays 220 keV

Start (UT) 0311.8
Max (UT) ~0312.25
End (UT) ~0313.5
Peak Flux at 30 keV -~32

(photons cm~? sec™! keV~!)

Microwave Emission

Frequency 37GHz 94GH:z 17 GHz
Sart (UT) ~0312.1 -0312.1 ~0312.1
Max (UT) ~0312.8 ~0312.7 ~0312.5
End (UT) ~0314 ~0314 ~0313.1
Peak Flux 132 500 1000

(10=2 wa-21Hz™hH

Metric and decimerric merric dekamerric
Decimetric Emission

Type IlI. V
Sart (UT) 0312 0311.5 0312
Ead (UT) 0314 0314 0314
Intensity 3 3 3
Type 11
Sart (UT) - 0313 -
End (UT) - 0332 -
Intensity - 3 -
Type [V
Stant (UT) - 0314 0314
Ead (UT) - 0325 0318
Intensity = 3 3

12
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Figure 1. Time-intensity plot of 26-398 keV X-ray and 17 GHz radio emission during the 7 June 1980 flare.
Note the seven distinctive peaks (Py, Py, - * - Py) in both the X-ray and radio emissions. The intensity scale

is logarithmic for the X-ray and linear for the radio emission.
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P, cannot be clearly identified in the 20-26 keV range (Figure 2). Instead, the 20-26 keV
counting rate increases gradually, reaches a maximum value at the time of the peak Pg and

then decays slowly.

In Figure 4, we present the time variation of the ratios of several X-ray channels between
20 and 400 keV. An increase in each ratio indicates the hardening of the X-ray spectrum in the
corresponding energy range. From Figure 4 it can be seen that the X-ray spectrum tends to be

harder at the peaks than at the valleys, especially during the latter half of the event.

The earlier studies [Kane and Anderson, 1970; Frost and Dennis, 1971] have shown that
the solar hard X-ray spectra are, in general, consistent with a double power law with a break at

an energy of ~ 100 keV. Therefore a spectrum of the form

dj _|K\ET" for E < Eg

& " |k for E> Ep W

photons cm 2 sec™! keV~!
with Ky= K" @
and Ej equal to the break-point energy, was fitted to the observations. In the fitting procedure,

¥ v» K; and Eg were treated as four free parameters. As an example, the spectral fits
obtained for the peak P; and valley ¥, are shown in Figure 5. The characteristics of the similar
fits to all the seven peaks and valleys are summarized in Table 2. In general, the double power
law fits are consistent with the present observations. The spectra at the peaks tend to be harder
than those at the valleys, the effect being more pronounced for X-rays < 100 keV than for
those of higher energy. It is also possible to fit ‘thermal’ spectra to some of the peaks and val-
leys. The results obtained in this paper do not depend critically on the assumed shape of the

X-ray spectrum.

(b) Microwave Emission
The observed profile of the 17 GHz flux has already been shown in Figure 1. In Figure 6

we present the time-flux profiles observed at several frequencies between 1 and 17 GHz. Like

the hard X-ray flux, the 17 GHz flux also undergoes fluctuations with seven identifiable peaks,
16
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Table 2. X-ray Spectra and Deduced Characteristics of
Electrons
(7 June 1980)
Peak or X-ray Spectral Parameters N, (electrons/sec)
Valley K, 7 K, 72 Ep 225keV 2100 keV
(keV)
P, 7.5%x10* 22 72x10¢ 32 93  67x10% 24x10¥
v 61x10° 23 19x106 30 95  36x10% 13x10%
Py 8.0x10° 1.6 13x10% 28 69  34x10¥% 19x10%
Vs 53x10¢ 24 52x105 29 67  21x10% 61x10%
P, 52x10° 1.5 38x10¢ 3.1 69  40x10% 21x10%
vy 25x10° 29 - - - 1.7x10%  3.3x10%
P, 59x104 22 6.4x10% 31 189 S4x10% 25x10%
v, 7.7x105 3.2 - - - 23x10%  27x10¥
P 1.3x105 25 - - - 20x10% 63x10¥
Vs 1.2x101% 60 1.6x105 29 37 66x10% 19x10¥
P 1.3x10¢ 3.2 - - - 39x10¥ 46x10%
Vs 9.9x10° 60 1.0x10°% 31 51  45x10% 55x10%
P, 1L1x1010 60 84x10* 27 36 57x10% 21x10¥
v, 9.9x10° 60 93x10° 27 65  2.6x10¥ 24x10%
19
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although the first peak, P,, is not as clearly evident in the 17 GHz data as it is in the X-ray

data. Moreover, the regularity and magnitude of ‘the fluctuations decreases rapidly with the

4

y gl

v

decrease in the frequency of the radio emission. In fact, at frequencies < 3 GHz, the flux is

)
.8

poa——
(3

T
SRR

dominated by variations which do not seem to be related to the seven peaks and valleys.

The microwave radio spectra at the peaks P, through -P, and valleys ¥ through ¥ are

R

shown in Figure 7. The ,gpectra at the remaining peaks and valleys were not constructed either

l-
)
b

because of incomplete data or due to a very small radiation flux. It can be seen that the spectra
at the early peaks continue to rise from 3.75 GHz to 17 GHz, the maximum being at a fre-
quency fmex > 17 GHz. On the other hand, at the valleys fm,x < 17 GHz. Thus the spectra
at the peaks and valleys are quite different. In both cases, however, [, decreases with time
as the event progresses.

The circular polarization observed at 17 GHz is shown in Figure 6. The burst is partially

RH polarized. The degree of polarization p varies with time, p increasing with the decrease in

the total flux density F. At the peaks p is 5 - 10%. At the valleys p is significantly larger,

s l...‘k:‘:‘ PP

being in the range 10-20%.

The 17 GHz radio source was located at 15’ 10" west of the solar disk center, the center of

g
a“

L
-

'_f: the position being constant during the event within ~ 3" during the entire radio burst. The .
4

.,:: size of the source is estimated to be < 5" with no detectable change during the burst. Thus the
=

! position and size of the radio source were essentially constant even though the flux density
sf

.'jj underwent large fluctuations.

:—; The brightness temperature T, of the radio source is related to the flux density F through
!s the relation (cf. Kundu, 1965)

"l

I

7 2kT, T,

: F= =30 =188x10-% 2| =2 pm-2g,-1 @
& A fiof A

‘ where Q and Qg are the solid angles subtended by the burst source and sun’s disk, respec-
:j tively, and A is in meters. For instance, the measured value of F = 1000 sfu at the peak Py
gives T, = 3x10° K. For the valley V;, we get T, = 1.5x 10° K.
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Figure 7. Radio spectra at the time of intensity peaks P, Py, - -- P;and intensity valleys V,, Vg Vs, Vg

— vere

(valley ¥, lies between the peaks P, and P.;). Note that, in general, the steepness of the radio spectrum

decreases with time. Also the frequency of maximum emission fq., iS > 17 GHz for the intensity peaks

and < 17 GHz for the intensity valleys.
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IV. DEDUCED CHARACTERISTICS OF ENERGETIC ELECTRONS

If the characteristics of the hard X-ray source are known, information about the energetic
electrons responsible for the X-ray emission can be obtained from the observed X-ray spectra.
The measurements of the spatial structure of > 100 keV X-ray sources in flares have shown
that the X-ray source is located relatively low in the solar atmosphere at an altitude < 2500 km
above the photosphere [Kane er al, 1982]. Observations of the sources of lower energy X-rays
(~ 20 keV) are also consistent with the low altitude of the hard X-ray source [Hoyng et al.,
1981]). Because of the high density of ambient gas in a low altitude source, the hard X-ray
emission is expected to be thick-target bremsstrahlung from energetic electrons injected into
the X-ray source. The energetic electrons could be accelerated either locally, inside the X-ray
source itself, or more likely, in the low corona, from whence they propagate downwards
towards the photosphere along the magnetic field lines. Depending on the details of the mag-
netic field structure and other propagation characteristics of the electrons, the X-ray emission

- will be anisotropic and hence corrections may have to be made to the observed X-ray spectrum
for the effects of the observation angle and the backscatter of photons from the photosphere.
At presént there is no direct information available about the anisotropy of the X-ray emission at
the source. The observations at a distance of ~ 1 A.U. from the flare do not show any depen-
dence of the X-ray flux on the observation angle [Kane er aL, 1980]. In the following discus-
sion we will assume that the hard X-ray source is isotropic and that the contributions of effects
such as photospheric back-scattering to the observed X-ray spectra are negligibly small. The

results obtained in this paper are not critically dependent on this assumption.

Interpretation of the hard X-ray emission in terms of thick-target bremsstrahlung from
nonrelativistic electrons has been discussed in the literature [Arnoldy er al, 1968; Brown, 1971,

Hudson et al, 1978]. If dN,/ dE, were the rate (electrons sec™ keV ') at which electrons are

injected isotropically in a thick-target source, the photon flux at the earth is given by

3

23
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photons cm™2 sec~! keV~!
where we have used the Bethe-Heitler formula for the bremsstrahlung cross-section. If the

E
dj o s , dN,
T‘-’}L_:~387x1o dE,j:_a:,—

~

-

electron spectrum is a power law, the photon spectrum is also found to be a power law.

The relationship between a power law X-ray spectrum of the form

—:ﬁ.— = KE™ photons cm~2 sec™! keV~! (5)

observed at 1 AU and the corresponding power law electron spectrum

daN,
— = AE;® electrons sec~! keV ™! 6)
dE,

injected into the X-ray source is given by Brown [1971] and by Hudson, Canfield and Kane

[1978):
=y +1 (7
A = 328%10% Kb(y) @)
where b(y) = y¥y - l)’B{ - %—, %] )

Here B(x, y) is the Beta function.

In the case of a double power law X-ray spectrum of the form given in equation (1), the
above relationships can be used directly for X-ray and electron energies above the break-point
energy Ep. Even if there are no electrons with energy E, < Ejp, the above electron spectrum
will produce X-rays with energy < £jp, although the magnitude of the X-ray flux will, in most
cases, be much smaller than the flux actually observed. Electrons below Ejp are therefore
necessary to provide the additional X-ray flux below Ejp actually observed. Numerical integra-
tion of equation (4) indicated that, to a first approximation, the complete electron spectrum
corresponding to a double power law X-ray spectrum is also consistent with a double power law
with the relationships similar to those given by equations (5) through (9). The break-point

energy E.p for the electron spectrum was, however, found to be larger than that (E) for the
24
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X-ray spectrum.

The electron spectrum responsible for the X-ray spectrum given by equation (1) was

assumed to have the form

Alf:al for £, < Eg

e
dE, AzE,-&’ for E, > E.8

electrons sec™! keV-!

The parameters §;, 85, A, 43, and £,z were computed using the following relationships:*

Si=v +1
=y +1
Ay =3.28x 10% K; blyy)
Ep = Eg +20

)
Ay= Ay Eg? M

(10)

08))
(12)
(13)
(14)

(15)

Table 2 presents the rate of injection N, of electrons with energy >25 and 100 keV into

the X-ray source, deduced from the X-ray spectra observed at the seven peaks and valleys. As

expected, N, is larger at the peaks than at the valleys, the magnitude of the variation being

much larger for electrons > 100 keV than for those >25 keV.

V. ELECTRON-X-RAY ~-MICROWAVE RELATIONSHIP

The spatially resolved measurements of other flares indicate that the hard X-ray emission

originates mostly in a thick-target source located low in the solar atmosphere where the ambient

density is >10'2cm™>, Any microwave emission which might originate in such a region is not

expected to be detectable at 1 AU because of large absorption close to the source. Most models

of the microwave source assume the ambient density to be <10 cm~? [Takakura and Kai.

1966; Takakura, 1972; Ramaty, 1973; Matzler et al., 1978]). The physical locations of the hard

X-ray and microwave sources are therefore expected to be different, with the microwave source

at a higher altitude (lower ambient density) than the hard X-ray source. The population of

*A more general procedure, where 8y and £,y are free parameters, has also been developed and will be
reporied elsewhere. 25
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energetic electrons which produces the microwave emission is thus different from that which
produces hard X-rays. The well-known close relationship between the hard X-ray and
microwave emissions [Kundu, 1961; Arnoldy et al, 1968; Kane, 1973] would then require a
common acceleration process for the two electron populations. Hence, the rate of electron
injection deduced from the observed hard X-ray spectra can be coxlxsidered a measure of the rate

of electron injection into the microwave source.

In order to examine the relationship between the hard X-rays, microwave emission and
energetic electrons in some detail, the X-ray data during the period 0312:174-0313:03 UT were
averaged over one second. At the times ¢, £, . . ., g corresponding to these data averages,
double power law X-ray spectra were fitted to the observations and the rates of injection of
electrons > 25 keV and > 100 keV were computed as described in the last section. Also the
17 GHz flux values at these times were obtained from the radio observations. These data

formed the basis for the following analysis.

(a) General correlations
The first part of the analysis consisted of the computation of the cross-correlation

coefficients among several variables: 26 - 121 keV and 121 - 398 eV X-ray counting rates, 17
GHz \;adio flux, and the injection rates of electrons > 25 keV and 2. 100 keV. Either the vari-
ables were used in their normal form (linear-linear correlation) or the logarithm of the variables
to the base 10 was obtained before the correlation coefficients was computed (log-log correla-
tion). Because of the large magnitude of the variations in the X-ray counting rates compared to
those in the microwave emission, only the logarithms of the X-ray rates were used for the
correlation analysis. A total of 60 pairs of values was used in each case. The correlation
coefficient matrix is shown in Table 3. The probabilities of obtaining correlation coefficients
larger than 0.3 <ad 0.45 by chance alope are 0.02 and 0.001, respectively [Bevingron, 1969]. In
general the log-log or log-linear correlation coefficient is larger than the linear-linear correlation
coeflicient, although good correlation, where it exists, can be clearly inferred in either case.

The correlation of the 17 GHz flux with the rates of 26 - 121 keV X-rays, 121 - 398 keV X-
26
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Table 3. Correlation Coefficients (7 June 1980)

o B > 25 B ;a 100 keV
b Quantity

E:;::: Log Lin Log Lin Log Lin Log Lin
[P 17 GHz Radio Flux

Log
tg Log 091 0.93 0.46 0.81
. Lin 088 084 095 088 038 030 084 069

v X-ray Rate

26-121 keV

e Log 0.97 0.64 0.89

o Lin 0.56 0.89

121-398 keV
Log 047 0.93

"
et Lin 0.44 0.85
'.‘.0

::-:. Note: The probabilities of obtaining correlation coefficients larger than 0.3 and
¥-ad 0.45 by chance are 2% and 0.1%, respectively.
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rays, and > 100 keV electrons is very good, as indicated by the corresponding log-log correla-
] tion coefficients 0.91, 0.93, and 0.81, respectively. The log-log correlation coeficient between

the 17 GHz flux and > 25 keV electron rate is substantially smaller (0.46).

(b) Time delay
A preliminary examination of the X-ray and microwave data indicated a possible time

delay between the characteristic features of the time-intensity profiles, such as peaks and val-
leys. Since the width of these features is up to several seconds, however, an unambiguous con-
clusion could not be drawn from the primary data. In order to clarify the situation, the correla-
tion coefficients r(z) of the X-ray and electron rates with the 17 GHz radio flux were computed
as a function of the time delay r(sec), artificially introduced between the X-ray or electron rates
and the radio flux. A total of 21 values of 7, varying from <10 to +10 sec, was used. In each

case, the log-log correlation coefficient was computed from forty pairs of data.

Figure 8(a) shows the results for 26 - 121 keV and 121 - 398 keV X-rays. The depen-
dence of the correlation coefficient r(7) on 7 is asymmetrical with respect to r=0. As 7
increases from —10 sec to +10 sec, r(r) increases rapidly, reaches a maximum at r = 0 or 1 sec
and then decreases slowly. Since there is no obvious time difference in the onset of the two'
emissions, this asymmetric behaviour of r(r) is probably caused by the differences in the rise
and decay times of the radio flux as compared to those for the X-ray rates. There is an indica-
‘ion that the radio emission is delayed by ~ 1 sec with respect to the X-rays. Figure 8(b)

shows similar results for the injection rates of electrons > 25 keV and > 100 keV deduced

from the X-ray observations. Again, the radio emission lags behind the electron injection rate

.L!j by ~ 1 sec.

‘ The observed delay is comparable to the 1 sec averaging time for the X-ray data but is
, larger than the uncertainty (< 0.5 sec) in the absolute timing of the X-ray and radio data.
ng Hence the present observations are consistent with the 17 GHz emission at the sun being
delayed by ~ 1 sec. with respect to the hard X-ray emission or the injection rate of energetic
i electrons.

-
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Figure 8. Correlation of 17 GHz radio flux with hard X-rays and energetic electrons as a function of the
delay introduced between the different data sets. Note (1) the correlation is maximum for the delay = ] sec.

(2) the dependence of the correlation coefficient on the delay is asymmetric with respect to delay = 0.
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The above interpretation of the apparent time delay between the X-ray and microwave
emissions is not unique. For example, an X-ray peak at a time o may correspond to two
microwave peaks, one at time o and the other at time o+ Ar where Ar == 2 sec. A cross-
cotrelation analysis will show the presence or absence of a delay, depending on the relative
magnitudes of the two microwave peaks. Since the microwave peaks in the 7 June 1980 flare
are several seconds wide, it is not possible to rule out such a possibility. In the following dis-

cussion we assume that an X-ray peak corresponds to only one microwave peak.

(c) Elecron—Microwave Relationship
We now consider the relationship between the 17 GHz flux and the electron injection rate

deduced from the hard X-ray spectra. As before, two ranges of electron energies are con-
sidered, > 25 keV and > 100 keV. The data used correspond directly to the observed quanti-
ties. No artificial time delay has been introduced between the electron injection rate and the

radio flux.

Figure 9(a) shows the regression plot of the injection rate of electrons > 25 keV and the

17 GHz lux at times of the seven peaks P, ,P,, - - - P;and the seven valleys Vi, Vy, - -« Vi
A similar regression plot for electrons > 100 keV is shown in Figure 9(b). Whereas the 17

GHz flux appears to have little or no relationship with the elecu;ons 2 25 keV, the relationship

;

:‘ with > 100 keV electrons is very good. The data points lie close to the straight line, which
i represents a relationship where the radio flux is proportional to the square-root of the injection
rate of electrons > 100 keV.

In order to examine this relationship in some detail, we present in Figure 10 the regres-
’

sion plot of the > 100 keV electron rate and 17 GHz flux for all 64 data pairs, covering the
entire event (0312:04-0313:07 UT). The data points before and after the first peak P, have
been denoted by open and closed (full) circles, respectively. It can be seen that, for a given
electron injection rate, the radio flux is much smaller during the initial rise to the first peak P,
than after P;. The relationship after P, is consistent with the straight line
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;'-:': : Figure 9. (a) Regression plot of the 17 GHz radio flux against the injection rate of electrons > 25 keV at

times of the seven peaks and valleys.
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Figure 9. (b) Same as (a) but electrons » 100 KeV. Note that the
radio flux is much better correlated with electrons
? 100 keV than with electrons » 25 keV.
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data points during the event, including the peaks and valleys, have been plotted. The straight line is the
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same as in Figure 9(b). Note (1) the relationship is different before the first peak P, (open circles) from that
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F,=78x10"15 N? (16)
where F, is the radio flux at 17 GHz and N, is the injection rate of electrons > 100 keV. It is

Do T R T
, =t et e

important to note that the above relationship does not necessarily apply to the times betwzen

St
RS )

individual peaks and valleys. (16) represents the overall relationship for the time interval

between the peak P, and the end of the event.

vy
a0

';:: (d) Characteristics of the Microwave Source
We consider a simple model of the microwave source where electrons > 100 keV are

ey
0
0

injected at a rate BN,. B is a constant and N, is the rate of electron injection into the hard X-

v, T
Ol 4
F I )

<
g
a

: . ray source. The intensity of the microwave emission, which is produced through the gyrosyn-

chrotron process, depends on the total number of electrons, magnetic field structure, ambient

R Yasos

plasma density, etc., inside the source volume ¥. Let n, be the average number density and =
the average life time of > 100 keV electrons inside V. Then, at a time ¢, the total number of

electrons inside V is given by

n.V = BrN, an 3
The observations indicate that at 17 GHz the microwave source was stable, with a volume

¥V < 4x10¥ cm®. Hence ¥ and 7, both presumably determined by the magnetic field struc-

. "
fere
-«
i

.
!

ture,'may be considered essentially constant during the event. The total number of electrons

-
v

et

:' n.V inside V is thus proportional to N,. However, Figure 10 and equation (8) show that the
:E 17 GHz flux varied as ~ N;2. This indicates that the microwave source was probably optically
8 thick at 17 GHz.

The microwave spectra shown in Figure 7 are also consistent with the large optical thick-
E—': ness of the microwave source. Since N, ~ 10 electrons cm~> and ¥ < 4x 10% cm?, we find

the average density of electrons > 100 keV to be

BTy

v v -
AR . i

ne > 2.5%x10% 8 r electrons cm™? (18)
Both B and 7 are unknown. The rise and decay times of the microwave flux indicate that -

r ~ 1 sec. If we assume that at least 10% of the accelerated electrons are injected into the

microwave source so that 8 r > 0.1, we get n, > 10" cm™>. This large density of energetic
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electrons is expected to produce substantial gyrosynchrotron self absorption in the microwave
source. An enhancement of the electron injection rate N, will therefore enhance the gyrosyn-
chrotron self absorption as well as the emission. The resultant net emission will therefore be

less intense and the spectrum will peak at a frequency fme: much higher than that in the case

of an optically thin source. At the valleys and during the overall decay of the flux, the electron
injection rate is smaller. Consequently, the self absorption is reduced and hence fp,, is
expected to move to lower frequencies (cf. Takakura, 1972) as is indeed observed. A decrease
in the optical thickness will increase the relative contribution of the extraordinary mode to the
net emission. This is consistent with the observed increase in the circular polarization at the
valleys and also with the overall increase in the polarization with the gradual decrease in the 17

GHz flux during the event.

(e) Hard X-Ray and Microwave Source Structure
As far as the detailed structure of the hard X-ray and microwave sources is concerned, a

pumber of possibilities exist, including a common source for the X-ray and microwave emis-
sions and more than one sub-source (kernel) in the X-ray and microwave source regions. We

have already mentioned that the spatially resolved hard X-ray observations of other flares indi-

cate that the X-ray source is located low in the solar atmosphere where the ambient density is

high (>10!2cm™%). Hence the microwave source, which requires much lower ambient density

P
|-
i~
P

t‘;

&

for the radiation to escape, is expected to be physically separate from the principal part of the

—
. o

ek

R SN

a
.

hard X-ray source.

: Spatially resolved hard X-ray measurements are not available for the 7 June 1980 flare, It
!!; is therefore not possible to determine if the hard X-ray emission originated from one or more
sources. The measurements at 17 GHz, however, did have good spatial resolution and hence
‘ we can obtain upper limits on the microwave source size. For the discussion in the last section,
li‘ ) we assumed that a single microwave source was responsible for the entire radio flux profile.
:.':i This simple assumption is consistent with the 17 GHz observations, which indicate a compact
,2 and stable source region <$5" in size.. It is possible, however, that rﬁore than one ‘‘point”
(| 35

......
. . 2 fafloor

. [o.d P 0 A D) c -
e = S SRR SPETP I WS S, S A, R, SO I & “ LR M .o

i



i)

Al

-
.

-
.
19
i

o
]

P
kl‘ r-
Pt
l-' o

“o
=7
.

source (kernel), each of size ~1", existed in the source region. For example, the emission at
the peaks and valleys could have been produced by two different sources, one source producing
the rapidly fluctuating component and the other producing the slowly decaying gradual com-
ponent. As an extreme case, one might invoke the existence of seven separate and independent
point sources to explain the seven emission peaks. This could result from a successive
‘‘triggering”’ of very small magaetic loops (~ few arc sec) in an arcade. The present observa-
tions are unable to confirm or reject such models involving point sources. The analysis
presented here does show, however, that a single compact microwave source is consistent with

the observations.

A variety of models have been proposed to explain the hard X-ray microwave relationship
(cf. Kane, 1980). If both the hard X-ray and microwave emissions are produced by precipitat-
ing electrons (cf. Fig. 3 of Kai 1982), it is possible to have a low altitude X-ray source and

compact microwave source, but no delay is expected between the two types of emissions. On

the other hand, if both emissions are produced by trapped electrons [Ramary, 1973; Takakura,
oy 1972, Macler et al, 1978], the X-ray source will be located at a relatively high altitude (low
i density) above the photosphere. Magnetic traps have been invoked in the past to obtain tem-

poral variations in the injected electron spectrum through escape, energy loss and/or accelera-

tion [Brown and Hoyng, 1975; Viimer, Kane, and Trouer, 1982). It appears that a partial precipi-
tation model {Kane, 1974; Melrose and Brown, 1976] could explain the observations if the trap-
ping geometry provided an effective delay of ~ 1 sec in the build-up of the electron pitch angle

distribution and energy spectrum most efficient for microwave emission.

V1. PARTICLE ACCELERATION PROCESS

Acceleration of particles in solar flares is often discussed in terms of two ‘‘phases’. In
the first phase, which coincides in time with the impulsive phase of a flare, particles are
accelerated to relatively low energies. For example, 10 keV to several hundred keV electrons

with a relatively steep spectrum are produced in the first phase. The higher energy electrons
36




---------
............................

with considerably harder spectrum and energetic protons and heavier nuclei are produced
presumably several minutes later in the second phase (cf. Ramary et al, 1980). A second
“‘step’’ acceleratioL, which follow the first ‘‘step’’ or ‘‘phase’ by a few seconds, is sometimes
invoked to explain the acceleration of protons and heavier nuclei during or close to the impul-
sive phase [Bai, 1982). Below we examine briefly the 7 June 1980 flare observations to deter-

mine which *‘phases’’ or ‘‘steps’’ of acceleration might be applicable to the event

‘Since the various phases or steps of acceleration are distinguished on the basis of timing

and spectra of the accelerated particles, the relevant observational characteristics are as follows:

1. The total duration of the hard X-ray and microwave bursts is relatively short

(~ 80 sec).
2. The first emission peak is a part of the fluctuations.

3. The spectrum of the gradual X-ray component (the envelope of the peaks or valleys)

tends to soften with time.

4. The radio spectrum 1t the peaks is much steeper than that associated with the gradual
(extended) hard X-ray bursts which follow the impulsive bursts in large flares [Stewart and
Neison, 1980).

5. Production of energetic (> 30 MeV) ions has been inferred from the observations of
the gamma-ray line emission in the 4.1 - 6.4 MeV range, which has a time-intensity
profile similar to that of the hard X-ray emission, but the gamma-ray peaks are delayed

with respect to the corresponding X-ray peaks by ~ 1 sec [Forrest et al, 1981]).

6. The onset of a type II (metric) radio burst is ~ 1 min after the onset of the hard X-

ray burst.

The overall appearance of the time-intensity profile, its short duration and the relatively
. steep radio spectrum indicate that the 7 June 1980 flare (Figure 1) represents the impulsive

phase (first phase) acceleration. Although the production of a type II radio burst and energetic

ions is usually associated with the second phase acceleration, the time delay of ~ 1 sec between
37 |
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the hard X-ray and gamma ray line emission peaks is too small compared with the delay of
several minutes usually expected in the case of the second phase acceleration. The small delay
of ~ 1 sec has been considered by Bai [1981] as evidence for the second ‘‘step’’ acceleration
for high energy electrons and ions. He has argued that in this event, the second step accelera-
tion did not influence electrons with energies up to ~ 400 keV and hence, high energy X-rays
were not delayed with respect to low energy X-rays. On the basis of the present observations
we are unable to conﬁrm or rule out such a possibility. The observations, however, are con-
sistent with a process where both electrons and ions are accelerated simultaneously during the
impulsive phase. The differences in the rates of energy gain and loss could explain the small

differences in the rise times and times of maxima for these particles.

VII. SUMMARY AND CONCLUSIONS

1. The event has a total of seven well defined peaks, with an average separation of ~8

sec between the peaks.

2. In the X-ray emission >20 keV there is no indication of a fine time structure with a

time constant of > 0.032 sec.

3. There is a general similarity between the time intensity profiles of 26 - 398 keV X-rays
and 9.4 - 17 GHz radio emission, the similarity decreasing substantially with the decrease in the
X-ray energy below 26 keV and with the decrease in frequency below 9.4 GHz. There is some

indication of the radio emission lagging behind the X-ray emission bv ~1 sec.

4. The logarithmic amplitude of the variations is much smaller for X-rays < 43 keV than

that for higher energy X-rays.

5. The spectrum of X-rays > 20 keV tends to harden with time during the initial increase

of the X-ray emission, then hardens at the intensity peaks and softens at the intensity valleys.

6. The spectrum of the microwave radio emission is relatively steep at the intensity peaks
and has a maximum at frequencies fqux 2 17 GHz. At the valleys the spectrum is relatively

less steep and fme < 17 GHz. For both peaks and valleys, fq. (and hence the steepness of
38
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the spectrum) decreases systematically with time.

7. The polarization of 17 GHz emission is small (5-10%) at intensity peaks and relatively

larger (10-20%) at intensity valleys.

8. The size of the radio source at 17 GHz is < 5". Both the size and the position of the

source did not change significantly during the event.

9. The injection rate N, of > 100 keV electrons deduced from the hard X-ray spectra is
well correlated with the 17 GHz flux F,. After the first emission peak, the overall relationship

between N, and F, is of the form and F, ~ N2

10. The observations are consistent with a model in which X-rays originate at low alti-
tudes in a thick-target bremsstrahlung source and the microwaves are produced through the
gyrosynchrotron process in a source located at higher altitudes. At frequencies < 17 GHz, the
microwave source is optically thick, the thickness increasing with the increase in the electron
injection rate. The electrons exciting the X-ray and the microwave emissions as well as the ions
responsible for the gamma-ray line emission are energized in a common acceleration process
during the impulsive phase of the flare. A modulation of the particle injection/acceleration rate

probably produces the observed fluctuations in the microwave, X-ray and gamma-ray emissions.
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LABORATORY OPERATIONS

The Laboratory Operations of The Aerospace Corporation is conducting exper-
imental and theoretical investigations necesaary for the evaluation and applica-
tion of scientific advances to new military space systems. Versatility and
flexibility have been developed to s high degree by the laboratory personnel in
dealing with the many problems encountered in the nation’s rapidly developing
space aystems. Expertise in the latest scientific developmwents is vital to the
accomplishment of tasks related to these problems. The laboratories that con-
tribute to this research are:

Aerophysics Laboratory: Launch vehicle and reentry aerodynamics and heat
tranafer, propulsion chemistry and fluid mechanics, structural wechanics, flight
dynamica; high-temperature thermomechanica, gss kinetics and radistion; research
in environmental chemistry and contamination; cw snd pulsed chemical laser

development including chemical kinetics, spectroscopy, optical resonators and
beam pointing, atmospheric propagation, laser effects and countermeasures.

Chemistry and Physics Laboratory: Atmospheric chemical reactions, atmo-
spheric optics, light scattering, state-specific chemical resctions and radia-
tion transport in rocket plumes, applied laser spectroacopy, laser chemistry,
battery electrochemiatry, apace vacuum and rsdiation effects on materials, 1lu-
brication and surface phenomens, thermionic emission, photosensitive materials
and detectors, atomic frequency standards, and bioenvironmental research and
monitoring.

Electronica Research Laboratory: Microelectronics, GaAs low-noise and
power devices, semiconductor lasera, electromagnetic and optical propagation
phenomena, quantum electronics, laser communications, lidar, and electro-optics;
communication sciencea, applied electronice, sesiconductor crystal and device
physics, radiometric imaging; millimeter-wave and microwave technology.

Information Sciences Research Office: Program verification, program trans-
lation, performance-sensitive system design, distributed architectures for
apaceborne computers, fault-tolerant computer systems, artificial intelligence,
snd microelectronics applications.

Materials Sciences Laboratory: Development of new materials: metal matrix
composites, polymera, and new forms of carbon; component failure analyaia and
reliability; fracture mechanics and astress corrosion; evaluation of materials in
apace environment; materials performance in space transportation systems; anal-
ysia of systems vulnerability and survivability in enemy-induced environmenta.

Space Sciences Lsboratory: Atmospheric and ionospheric physica, radiation
from the atmoaphere, density and composition of the upper atmosphere, aurorae
and sirglow; magnetospheric physica, cosmic rays, generation and propagation of
plasma waves in the magnetoaphere; solar physica, infrared sstronomy; the
effects of nuclear explosiona, magnetic storma, and aolar activity on the
earth's atmosphere, ionoaphere, and magnetosphere; the effects of optical,
electromagnetic, and particulate radistiona in space on apace aystems.
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