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ABSTRACT

Hard X-ray and gamma-ray measurements of the 1982 February 8 (~ 1250 UT) solar flare made with
spectrometers aboard the ISEE 3 and SMM spacecraft show that bursts of photons from ~ 40 keV to ~ 40
MeV are coincident to within +1 s. This indicates that the acceleration of particles to relativistic velocities can
occur promptly (within ~ 1 s). As far as the energetic particles interacting at the Sun are concerned, the
“two-phase” process, which requires several minutes for particle acceleration to relativistic velocities, cannot
account for the present gamma-ray observations. Even the “two-step” acceleration process, which is assumed to
occur in a small magnetic loop, is severely constrained by the present observations.

Subject headings: particle acceleration — Sun: flares

I. INTRODUCTION

Solar flares are known to produce high-energy electrons and
ions, some of which escape from the Sun and are detected in
interplanetary space. Measurements of the electrons at the
Sun are obtained by observations of the X-rays produced by
bremsstrahlung and the radio emission generated through the
synchrotron and plasma processes. Measurements of the ions
at the Sun are obtained by observations of the gamma rays
and neutrons produced by nuclear interactions with the am-
bient solar gas. In large flares the energy spectrum is estimated
to extend from ~ 10 keV to = 25 MeV for electrons and
~ 10 MeV per nucleon to = 1 GeV per nucleon for the ions
(Chupp 1983).

Because of the wide range of particle energies involved, it
has been suggested that the acceleration of these particles
occurs in two phases (cf. Wild, Smerd, and Weiss 1963;
de Jager 1969; Sturrock 1974; Ramaty et al. 1980) and /or in
two steps (Bai 1982), the first phase/step providing an injec-
tion of medium energy particles to the second phase/step for
further acceleration to high energies. In this way, even a
relatively slow and inefficient acceleration process can have
adequate time to energize low-energy particles to very high
energies. The occurrence of gradual (extended) hard X-ray
emission following an impulsive X-ray burst, and in associa-
tion with a type II radio burst, has been considered as
evidence for a two-phase acceleration process (Frost and
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Dennis 1971). Similarly, some observations of time delays in
peaks of the high-energy X-rays and gamma-ray line emission
with respect to the corresponding peaks at lower energies have
been cited as evidence of the two-step acceleration process
(Bai 1982; Bai and Dennis 1985).

The hard X-ray and gamuna-ray bursts in the 1980 June 7
and 21 solar flares have been studied extensively to deduce the
properties of the acceleration process. The simultaneous oc-
currence (within 1 s) of the hard X-ray maxima over a wide
range of energies indicates a single fast acceleration process, at
least for electrons (Kane etal 1983). Forrest and Chupp
(1983) have examined the starting times of the hard X-ray and
gamma-ray line emission through statistical tests. They found
that the onset of the two emissions is essentially simultaneous
(within +0.8 s for the 1980 June 21 flare and +2.2 s for the
1980 June 7 flare). When the interaction times for the en-
ergetic jons and electrons were taken into account, it was
found that the observations are consistent with simultaneous
acceleration and/or injection of electrons and ions. On the
other hand, Bai (1982) has examined the same two flares with
emphasis on the time delay between the occurrence of the
hard X-ray and gamma-ray maxima. He claims that the ob-
servations support a two-step acceleration process. Two kinds
of acceleration processes operating successively within a few
seconds have also been proposed by Nakajima er al. (1983).

We present below more definitive observations relevant to
this question. The photon measurements presented here ex-
tend from 15 keV to > 25 MeV and support the existence of
a single acceleration process capable of accelerating particles
to relativistic velocities on a time scale of <1 s.
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I1. OBSERVATIONS

The observations reported here were made with the gamma-
ray spectrometer (GRS) experiment aboard the Solar Maxi-
mum Mission (SMM) satellite and the X-ray spectrometer
aboard the International Sun Earth Explorer 3 (ISEE 3)
spacecraft. The SMM and ISEE 3 instruments have been
described earlier by Forrest er al. (1980) and Kane ez al
(1982), respectively. The SMM instrument measures both
continuum and line spectra of photons from 10 keV to 100
MeV in several energy bands with time resolution ranging
from 0.128 to 2.05 s. Accumulation of a complete energy loss
(0.3—9 MeV) spectrum requires 16.384 s. The ISEE 3 instru-
ment is designed for X-ray continuum measurements in 12
energy channels. At the time of the present observations, the
ISEE 3 instrument measured 15 keV-1.9 MeV photons with a
time resolution of 0.5-4 s. (At ~ 1 MeV, the SMM instru-
ment is ~ 20 times more sensitive than the ISEE 3 detector).
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F16. 1.—The time-intensity profiles of the X-ray and gamma-ray
emission associated with the 1982 February 8 (~ 1250 UT) solar flare.
Only data from the 15-233 keV X-ray channels (1 s averages) in ISEE 3
and > 300 keV X-ray and gamma-ray channels (2 s averages) in SMM
are shown. In order to cover the large dynamic range, the JSEE 3 and
SMM data are plotted on log and linear scales, respectively. There are
four relatively sharp peaks, P,, P,, P;, and P,, in the /SEE 3 data. During
the early part of the event, SMM was just coming out of Earth’s shadow
and hence only the peaks P,, P;, and P, were recorded by the SMM
instrument. Note the good agreement between different photon energies
for the times of occurrence of the peaks.
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F1G. 2.—An expanded plot of the 46—80 keV, ~ 300 keV, 4-6 MeV,
10-25 MeV, and 25-40 MeV photon rates at the time of the peak P;. All
rates are averaged over 2.048 s. Note that the maximum, marked by a
dashed line, occurs simultaneously at all energies.

The solar flare gamma-ray burst occurred at ~ 1250 UT on
1982 February 8. The He flare was 1B in importance and was
located at S13, W88 in the Hale region 18176. The flare
produced large soft X-ray (X 1.4) and microwave bursts. The
peak radio emission in the 3-35 GHz range increased with
frequency; the peak flux at 35 GHz was 7628 sfu. Thus the
3-35 GHz microwave spectrum had a positive slope, with the
maximum located at a frequency v, = 35 GHz. In the
decimetric/metric region, intense bursts of type II, IIL, IV,
and V were recorded in association with the flare. Energetic
particles were detected in interplanetary space by the anti-
coincidence plastic shield in the ISEE 3 X-ray spectrometer
and by other particle detectors soon after the hard X-ray burst
(Solar Geophysical Data).

The X-ray and gamma-ray emission profiles observed with
the ISEE 3 and SMM instruments are shown in Figure 1.
Only the 15-233 keV X-ray channels in /SEE 3 and > 300
keV X-ray and gamma-ray channels in SMM are presented.
The ISEE 3 measurements show that the X-ray emission
started at ~ 1245:30 UT and had as many as nine individual
peaks during the following 6 minutes. In the 90 keV-1 MeV
range, there were four relatively sharp peaks, P;, P,, P;, and
P,, at 1248:57 UT, 1249:24 UT, 1250:01 UT, and 1250:30
UT, respectively. An expanded plot of the largest peak, Py, is
shown in Figure 2. During the early part of the event, the
SMM was just coming out of Earth’s shadow. Therefore, prior
to about 1249:20 UT, the < 300 keV X-ray fluxes incident on
SMM were heavily attenuated by Earth’s atmosphere, and
hence the peak P, could not be detected at those energies.
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Some attenuation appears to have occurred even in the 4.1-6.4
MeV photons. However, the four peaks, P,,P,,P;,P,, can be
clearly identified in the 10-25 MeV range, their times of
occurrence agreeing within ~ 2 s (data accumulation time)
with the lower energy photons observed with the ISEE 3 and
SMM instruments. The largest peak shown in Figure 2, P,
can also be seen in the 25-40 MeV channel and is coincident
with the 10-25 MeV peak.

In order to check for possible energy-dependent delays in
the time of occurrence of the photon flux maximum P,, a
cross-correlation analysis of the 40-80 keV, ~ 300 keV,
4.1-6.4 MeV, 10-25 MeV and > 25 MeV channel count rates
was performed. Because of the differing time resolution for
different energy bands, the energy channels below 300 keV
were averaged over 2 s. A total of 21 data points, 10 before
and 10 after the peak P,, were used for each channel. The
correlation coefficient r(Ar) was then computed between the
time-series of ~ 300 keV count rates and other channels for
different lag times As = 1 — £, with respect to the 300 keV
data. A total of 11 lags (45 and 0) equivalent to +10 s were
used. For 40-80 keV, 41-6.4 MeV, 10-25 MeV and > 25
MeV photons, the maximum correlation coefficients were
found to be 0.89, 0.75, 0.89, and 0.49, occurring at lag times
—1,0,0, —1, respectively. Hence there is no systematic energy
dependent delay in the time of the counting rate maximum.

III. DISCUSSION

The 1982 Februrary 8 flare produced photons from ~ 15
keV to = 25 MeV essentially simultaneously within +1 sec.
The continuum spectrum in the 15 keV to 10 MeV range
indicates the presence of electrons with kinetic energy at least
up to ~ 10 MeV. The excess emission above the bremsstrah-
lung continuum in the 4-8 MeV range observed in this event
requires the presence of ions with kinetic energy > 10 MeV
per nucleon (cf. Ramaty 1985).

In earlier studies, the peak times of 4-7 MeV gamma-rays
were found to be delayed with respect to peak times of > 300
keV X-ray continuum by 2 to 45 sec (Gardner er al. 1981;
Chupp 1983). However, these delays may be caused by a
temporary storage of accelerated particles and hence may not
be a characteristic of the acceleration itself. The importance of
the present work stems from the fact that essentially no delay
implies a very short characteristic time for the acceleration
process.

The origin of the 3 10 MeV photon emission can be
primary electron bremsstrahlung and/or meson production
decay. If these photons represent a continuation of the 15
keV-10 MeV bremsstrahlung to higher energies, as consid-
ered, for example, by Ramaty et al. (1983) and Rieger e al.
(1983) for the 1980 June 21 flare, then electrons with energies
up to at least ~ 30 MeV are required. On the other hand, the
2 10 MeV photons could be the result of #° meson decay,
and electron bremsstrahlung from #* meson decays which
requires ions with energies probably greater than 300 MeV.
Regardless of the source of the radiation, the observations of
= 10 MeV photons imply the simultaneous acceleration of
energetic electrons or ions (= 10 MeV) at the highest energies
with those at the lower energies (~ 100 keV).
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The present observations of energetic particles interacting
at the Sun thus require a quasi-continuous injection of
particles accelerated to > 10 MeV energy on a time scale of
< 1 s to explain the major emission peak in Figure 2. In the
1982 February 8 flare, the rapid time scale is observed for a
large part of the nonthermal energy produced by the flare and
for particles extending to high energies (> 10 MeV). In con-
trast, the rapid time scales reported by Hurley ef al. (1983)
and Kiplinger er al. (1983) were for weak isolated peaks at
much lower energies ( < 100 keV).

Processes for rapid acceleration of ions have been discussed
in the literature (i.e., Decker and Vlahos 1985 and Vlahos
et al. 1985). We consider below two models in which both
electrons and ions are accelerated to high energies through
shocks.

The present observations are not consistent with a two-phase
acceleration process (Sturrock 1974; Ramaty e al. 1980),
which requires several minutes to accelerate particles to high
energies. We examine below the two-step process (Bai 1982;
Bai er al. 1983), which presumably can operate on a time scale
of a few seconds. In this process the second step is assumed to
be the first-order Fermi acceleration occurring inside a mag-
netic loop of half-length d. Energetic particles (e.g., electrons
with kinetic energy up to ~ 100 keV and protons with energy
up to ~ 1 MeV) produced during the first step are reflected
by colliding with two shock fronts moving upward from both
footpoints of the loop. The size of the loop determines the
delay At of the high-energy (2 150 keV) X-rays or nuclear
gamma rays with respect to the low-energy hard X-rays, i.e.,
At = d/V, where ¥, is the parallel component of the shock
velocity. The larger the flare area (He-importance), the larger
is the loop size, and hence larger is the expected delay Ar.
From Table 1 of Bai er al. (1983) we find that for a flare of
Ha-importance 1B, the expected delay is d/V, = 10 s. How-
ever, in the present 1982 February 8 flare of Ha-importance
1B, no delay has been observed, indicating that the delay, if
present, is < 1 s. Hence, in this respect, the two-step model is
not consistent with the present observations.

Next we consider the acceleration time in the two-step
model. The rate of energy gain for electrons is given by
equation (10) of Bai er al. (1983):

aw 1
A AN )

where w is the total energy of an electron, B, is the ratio of
the electron velocity to the speed of light ¢, and u is the
cosine of pitch angle of the electron. The initial value w, of w
at time 7 =0 is assumed to be greater than the “injection
energy.” Substituting 82 = [1 — (m?c*/w?)] in equation (1)
and integrating we get the time ¢ required for accelerating an
electron of total energy w, to energy w(¢)

W2 - m204

wg — m2c* > @

1 d
t= —
N A

where mc? = 0.511 MeV is the rest energy of electron. Follow-
ing Bai eral (1983) we take (p>) =0.5 and d/V, =10
(Table 1 of Bai eral 1983). Then for an electron of initial
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kinetic energy ~ 100 keV (w, = 0.611 MeV) to obtain an
energy of ~ 10 MeV (w = 10.511 MeV) the time required is
t ~ 35 s, which is much larger than the observed time. (If the
impulsive [first-step] acceleration process is highly efficient so
that the injection energy of electrons for the second step is
> 100 keV, this time ¢ will be shorter. Then, of course, the
second step may not be necessary.) If we assume that the
relevant magnetic loop in the 1982 February 8 flare was much
smaller than that expected from the Hea-flare importance and
set d/V, = 1 s, we find the acceleration time to be 7 = 3.5 5,
which is still larger than the observed time of < 1s. It may be
possible to reconcile the two-step acceleration process with the
present observations by assuming a small loop confined to the
photosphere and lower chromosphere. That is, however, ex-
pected to reduce the efficiency of the acceleration process
because of the larger rate of particle energy loss in the higher
density of the ambient plasma. Moreover, it would be difficult
for the energetic electrons to escape into the corona and
produce type III radio bursts and/or escape into the inter-
planetary space. If the magnetic loop is small so that d/¥, =
1 s, the shock fronts will reach the top of the loop in ~ 1 s.
In order to continue the acceleration process for the duration
of the hard X-ray burst, a new pair of shocks must be
generated every ~ 1 s in the same loop. This may not be
possible, however, because the shock formation time appears
to be > 2 s (Smith and Brecht 1985). Another possibility, of
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course, is the successive production of shock pairs in different
but similar loops. In either case the present observations put
severe constraints on the two-step acceleration process. It is
important to note that our measurements do not place con-
straints on the escape of energetic particles from the Sun into
interplanetary space. A two-step or two-phase acceleration for
these interplanctary solar particles is not excluded by our
measurements.
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