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Abstract. We present an analysis of spacecraft observations of non-thermal X-rays and escaping
electrons for 5 selected small solar flares in 1967. OSO-3 multi-channel energetic X-ray measurements
during the non-thermal component of the solar flare X-ray bursts are used to derive the parent
electron spectrum and emission measure. IMP-4 and Explorer-35 observations of > 22keV and
> 45 keV electrons in the interplanetary medium after the flares provide a measure of the total number
and spectrum of the escaping particles. The ratio of electron energy loss due to collisions with the
ambient solar flare gas to the energy loss due to bremsstrahlung is derived. The total energy loss due
to collisions is then computed from the integrated bremsstrahlung energy loss during the non-
thermal X-ray burst. For > 22 keV flare electrons the total energy loss due to collisions is found to
be ~ 104 times greater than the bremsstrahlung energy loss and ~ 102 times greater than the energy
loss due to escaping electrons. Therefore the escape of electrons into the interplanetary medium is a
negligible energetic electron loss mechanism and cannot be a substantial factor in the observed
decay of the non-thermal X-ray burst for these solar flares.

We present a picture of electron acceleration, energy loss and escape consistent with previous
observations of an inverse relationship between rise and decay times of the non-thermal X-ray burst
and X-ray energy. In this picture the acceleration of electrons occurs throughout the 10-100 sec
duration of the non-thermal X-ray burst and determines the time profile of the burst. The average
energy of the accelerated electrons first rises and then falls through the burst. Collisions with the
ambient gas provide the dominant energetic electron loss mechanism with a loss time of < 1 sec.
This picture is consistent with the ratio of the total number of energetic electrons accelerated in the
flare to the maximum instantaneous number of electrons in the flare region. Typical values for the
parameters derived from the X-ray and electron observations are:

total energy in > 22 keV electrons ~ total energy lost by collisions = ~ 102829 erg,

total number of electrons accelerated above 22 keV = ~ 1036,

total energy lost by non-thermal bremsstrahlung = ~ 1024 erg,

total energy lost in escaping > 22 keV electrons = ~ 1026 erg,

total number of > 22 keV electrons escaping = ~ 103334,

The total energy in electrons accelerated above 22 keV is comparable to the energy in the optical or
quasi-thermal flare, implying a flare mechanism with particle acceleration as one of the dominant
modes of energy dissipation.

The overall efficiency for electron escape into the interplanetary medium is ~ 0.1-1%; for these
flares, and the spectrum of escaping electrons is found to be substantially harder than the X-ray
producing electrons.

1. Introduction

The acceleration of particles to non-thermal energies is a phenomenon which is
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prevalent in the tenuous plasmas found throughout the universe. Examples in our
own solar system of particle acceleration in plasmas include the terrestrial magneto-
sphere and magnetotail, the Jovian magnetosphere, interplanetary shock waves and
solar flares. Particle acceleration in solar flares has been found to generate both
energetic ions and electrons. Extensive spacecraft observations of energetic solar
particles have shown that 10-100 keV electrons are accelerated and emitted by solar
flares much more frequently than energetic protons (Lin, 1970a). Energetic electrons,
unlike protons, produce radio and X-ray emission in the solar atmosphere which is
observable from the earth or from earth orbiting spacecraft.

X-ray observations (Hudson et al., 1969) show that essentially every flare or
subflare is accompanied by X-ray emission above 7.7 keV. Although most of these
solar flare X-ray bursts appear to be quasi-thermal emission due to the heating of
the solar flare plasma to 0.5-3 x 107 K, many of the bursts also contain a non-thermal
X-ray component (Kane and Anderson, 1970). The non-thermal component is
characterized by rapid time variations, with rise and decay times typically a few
seconds, and power law energy spectra. In contrast the quasi-thermal component
smoothly varies on a time scale of minutes and has an energy spectrum too soft to
measure by present scintillation techniques (see Kane and Hudson, 1970).

On many occasions following solar flares with energetic (220 keV) X-ray bursts,
electrons are observed in the interplanetary medium, particularly if the flare is located
favorably for the propagation of these electrons to the vicinity of the observing space-
craft. Over 100 events with >40 keV electron flux above 10(cm? sec ster) ™ have
been observed in the ascending portion (1964-67) of this solar cycle. Moreover, the
limited angular cone of propagation (~ 30°) of these electron events imply that over
10% events above that threshold have been emitted by the Sun during this period.
Many examples of such events have been published previously, including three of the
events to be discussed here (see Lin, 1970b).

Previous studies of energetic electrons in solar flares (see for example Anderson
and Winckler, 1962; Takakura, 1969; Arnoldy ef al., 1968; Holt and Cline, 1968;
and Kane and Anderson, 1970) have concentrated on the interpretation of the ob-
served solar radio and X-ray emission. In this paper we analyze the behavior of the
10-100 keV electron component produced in solar flares by examining the non-
thermal X-ray burst and the fluxes of electrons escaping into the interplanetary
medium. X-ray and electron observations for five solar flare events occurring during
the period of data overlap between the OSO-3 energetic X-ray experiment and the
electron experiments aboard IMP-4 and Explorer-35 are presented. From these ob-
servations we infer parameters and conditions of 10-100 keV electron acceleration and
emission by solar flares. Our analysis of the dynamical processes affecting energetic
electrons in the solar atmosphere proceeds as follows:

(1) Using the non-thermal component of the X-ray burst, we derive the parent
electron energy spectrum and the ‘emission measure’ n.n;V, at time of maximum
(n,=non-thermal electron density, n,=ambient ion density, ¥'=volume).

(2) The electron observations at ~1 AU in the interplanetary medium are extra-
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polated back to obtain the energy spectrum and total number of electrons escaping
from the Sun.

(3) We calculate the ratio of collision to bremsstrahlung loss for an electron of a
given energy. From the total integrated bremsstrahlung energy loss observed during
an X-ray burst the total energy loss due to electron collisions with the ambient medium
is obtained.

(4) The total energy contained in escaping electrons is compared to the energy
lost by collision to determine the relative importance of these two processes in the
decay of the X-ray burst. We examine the energy dependence of the escape mechanism
by comparing the energy spectra of the X-ray producing electrons and the escaping
electrons.

(5) Estimates are made of the height of the acceleration region and the time scale
of the acceleration process, based on the picture of the solar flare electron phenome-
non derived in parts 1-4.

(6) The total energy contained in the =22 keV electrons is compared to the quasi-
thermal flare energy and the implications are discussed.

2. Observations
A. ELECTRON OBSERVATIONS

The observations of electrons in the interplanetary medium are from the University
of California (Berkeley) experiments aboard IMP-4 and Explorer 35. These exper-
iments contained detectors sensitive to >22 keV and >45 keV electrons, and
>0.3 MeV protons. Electrons are unambiguously identified by the instrumentation.
Lin (1970a) gives a full description of the instrumentation.

Only impulsive electron events will be considered here. These events have relatively
simple time profiles and can be identified with specific solar flares. Their fast rise-slow
decay time profiles suggest a short injection time followed by a longer period of
diffusion, or storage and release. Fifty-seven prompt electron events occurred during
the interval of the present study, 9 March 1967 to 31 March 1968; improved instru-
mentation available after 24 May 1967 detected an additional 25 weak prompt solar
electron events. No satellite data exists for the period 824 May 1967. For each event
in the list, an Ho flare was selected as the most likely source for the particle injection.
The selection process included reference to the solar radio emission occurring at the
time of the flare. The resulting list of flares conforms to the characteristics ascribed
to electron-associated flares by Lin and Anderson (1967); their longitudes generally
fall in the western hemisphere and they frequently have small optical importance
classifications.

B. X-RAY OBSERVATIONS

The OSO-3 hard X-ray telescope provided the comparison X-ray data. This instru-
ment (Hudson ef al., 1969) responds to X-rays above 7.7 keV energy and has six
logarithmically-spaced differential energy channels ranging up to 210 keV. OSO-3
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gives about 55 per cent data coverage, and many thousands of X-ray bursts occurred
during the interval of this study. Solar X-ray bursts correlate very well with Ha flares,
so that a well-identified X-ray burst corresponded to each member of the list of solar
flares associated with electron emission.

In many solar X-ray bursts both components, impulsive and slow, can be observed.

The slow, quasi-thermal component has a very steep energy spectrum, presumably
of the form

dJ (hv) o A ”e"iV_ o~ (/KT
d(hv) hv/kT

photons (cm? sec keV)™* (1)

where hv is the photon energy. The temperature T falls in the range 0.5-3x 10’K
and the emission measure n,V takes values between 10*7 and 10°° cm ™ 3. The quasi-
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Fig. 1. X-ray and electron observations for the event of 3 August 1967 are presented here along with

the optical and 3000 MHz radio emission. The X-ray channels are chosen to show the quasi-thermal

component (7.7-12.5 keV) and the non-thermal component (dots connected by lines in the 22-38 keV

channel). The 7.7-12.5 keV counting rate reached saturation, ~ 3000 cm~—2 sec™! and the 22-38 keV

channel is recording pile-up counts after the non-thermal burst (see Kane and Hudson, 1970). The
electron onset at 1 AU is observed at about 09235™ UT in the > 45 keV channel.
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thermal component usually dominates the counting rate of the 7.7-12.5 keV channel.
The spectrum of the non-thermal component can be represented by a power law with
exponent ¢,
dJ (hv)
d(hv)

in the energy range 10-100 keV (Kane and Anderson, 1970). The quasi-thermal
spectrum presumably arises in free—free and free-bound radiation from a Maxwellian
distribution of electron velocities, while the non-thermal emission comes from the
bremsstrahlung of a power law electron energy spectrum.

The non-thermal component of the spectrum has a duration of ~10-100 sec. The
OSO-3 experiment samples a complete spectrum each 15.36 sec and cannot resolve
some features of the impulsive non-thermal emission. The non-thermal component
occurs during the onset phase of some quasi-thermal bursts, but not all solar X-ray
bursts have detectable non-thermal emission.
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Fig. 2. The peak > 40 keV electron flux observed at 1 AU is plotted against the peak quasi-thermal
7.7-12.5 keV X-ray flux. Note that no events are observed in the upper left hand corner and that the
30°-70° solar longitude events appear to give relatively larger electron fluxes.
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C. EVENT SELECTION

An examination of OSO-3 X-ray data associated with the 82 electron events occurring
during the interval of study yielded 25 for which the X-ray data coverage included
the probable time of the associated X-ray bursts. Of these, 24 showed well-correlated
X-ray bursts. Five of these X-ray bursts produced clearly recognizable non-thermal
emission while eight did not. These five non-thermal events will be analyzed here.
Of the others, one burst saturated the detector and 11 did not generate a high enough
counting rate for distinguishing the non-thermal and quasi-thermal components.
Figure 1 shows an example of a X-ray burst displaying both components, and followed
by an electron event at 1 AU.

The choice of the X-ray events for analysis is limited by the OSO-3 instrument.
In intense X-ray events the non-thermal component is usually masked by pulse pileup
and saturation effects due to the quasi-thermal component. Small events are not
observed with sufficient counting rate in the higher channels to be analyzed. The
lower limit for analysis is a >22 keV X-ray flux integrated over the burst of ~350
photons/cm?. The net effect of these instrumental limitations is to choose for anal-
ysis those events containing an abnormally intense non-thermal component.

The rise and decay times of the 7.7-12.5 keV (quasi-thermal) X-ray flux during the
bursts associated with electron events observed at 1 AU were compared to X-ray
bursts in general, and no characteristics peculiar to the electron event associated bursts
were found. However, some indications of propagation effects for the escaping
electrons are evident from Figure 2, where the maximum electron flux is plotted
versus the maximum X-ray flux. It appears that for the restricted longitude range,
30°-70° west, the ratio of electron flux to the X-ray flux is larger. Similar propagation
effects have been reported by Arnoldy ez al. (1968) from a comparison of ~20 keV
X-ray bursts to electron events. The effect of the electron propagation is to favor the
observation of electrons from flares near W50° solar longitude. The electron flux from
events arising from flares far from this longitude appears to be attenuated or not
observed at all.

3. X-Ray Burst Electrons

The flux and spectrum of the solar X-ray emission provide a measure of the number
of electrons in the X-ray source and their energy spectrum if some assumptions are
made about the X-ray production mechanism and region. We shall follow the pro-
cedure of Kane and Anderson (1970) in deriving the parent electron spectrum.

In view of the rapid variations of the non-thermal component and its hard energy
spectrum we shall assume that isotropic bremsstrahlung produces the non-thermal
component of solar X-rays. For convenience it is assumed that the production of
X-rays occurs in a homogeneous region of volume ¥ with ambient ion density »; and
energetic electron density n,. Furthermore, we assume that the electron spectrum is
of the form

dn,

dE

= AE™° (3)
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Fig. 3. The X-ray spectrum was numerically computed for electron spectra of the form dn./dE =
AE-9, For various values of § the resulting X-ray spectrum was fitted to a power law dJ(Av)/d(hv) =
B(hv)~? in the energy range 20-70 keV as shown.

where n,=number of electrons per cm?®, E=celectron kinetic energy, 4,  constants;
and that the spectrum falls off rapidly above 100 keV. This assumption of an energy
cutoff is based on (1) the results of Kane and Anderson (1970) in which the observed
spectrum of the non-thermal X-ray component agrees well with that calculated for a
power law parent electron spectrum extending only to 100 keV, and (2) the escaping
electron spectra observed at 1 AU for pure electron events which show a rapid fall off
near 100 keV (Lin, 1970a; Lin and Anderson, 1970).

Since we are dealing with non-relativistic energy electrons we can use the Bethe-
Heitler approximation for the bremsstrahlung cross-section (Jackson, 1962) written

here as
do (hv, E) a1 E\'"* [(E 12
— =316 x107"" —In| | — +|l——1
d(hv) hvE hv hv

cm?jon~ ! keV ™! 4)
where E and Av are in keV.
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Then the differential X-ray flux observed at 1 AU is given by

100
d7(w) 1 [ do(hv, E dn, _
) _ 1 [ dolhnB) 9% ipx 105 x 1072 nY x
d(hw)  dnr d() dE
hy
100

1 1 dn EN'* [E 1z
Sl e (2) 4 (S 1) |dE
8 {hv J E? dE n[(m) <hv > ] }

hv
cm ?sec keVT! ()
where r=1 AU=1.5x 10'? cm and v=electron velocity.

For electron spectra of the Form (3), dJ (hv)/d(hv) for various values of 6 have
been numerically computed. The resultant spectra are power law over the 20-70 keV
energy and fall off above 70 keV. This behavior is just that observed in the X-ray
observations in small flares (Kane and Anderson, 1970). Several examples are plotted
in Figure 3. We have fitted the computed X-ray spectra to a power law with exponent
¢ as in Equation (2) over the 20 to 70 keV range, and plotted the variation of ¢ with
o0 in Figure 4.
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Fig. 4. From numerical calculations and fits shown in Figure 3 the variation of the X-ray spectral
exponent with the electron spectral exponent was derived and plotted here. The electron spectrum is
assumed to extend only to 100 keV and the X-ray spectra are fitted over the 20-70 keV range,
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Fig. 5. The constant X which relates the emission measure to the observed photon flux as a function
of the electron spectral exponent is shown here.

J(22 keV < hv < 38 keV) <22—0+1 — 100—0+l> o

ne(E> 22 keV) niV' = 6.55 x 10-3 K 6—1

0—1
X (22—w+1 _ 38—<p+1>

Let K be the constant such that K(hv)™?={ } of Equation (5). Then, the ‘emission
measure’ nn;}V may be derived from the X-ray observations. For electrons greater
than 22 keV and J (22 keV </Av<38 keV),

J(22 keV < hv < 38 keV) y
6.55x 107K

22—54—1 _ 100—5+1 0 — 1 6
* 56— 1 e _ggeri) O
K is graphed in Figure 5.

In channels 4 and 5 OSO-3 observes X-rays in the 22-38 keV and 38-65 keV energy

n.(E>22keV)nV =
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ranges, which correspond closely in parent electron energies to the 22 keV and 45 keV
thresholds of the IMP detectors. Data from these two channels were used to derive
¢ and ¢ and n,(E>22keV)n,V for each of the five events. These parameters are
listed in Table I.

4. Electrons Escaping from the Sun

The >22 and >45 keV solar electron fluxes observed in the interplanetary medium
can be translated back to the Sun to obtain the total number and spectrum of the
escaping electrons for that flare event. From the flux intensity versus time profile of
the particular event we estimate the amount of diffusion which the particles have
undergone in their propagation from the Sun to 1 AU. In some of the events (notably
the two on 30 July 1967) the electron flux undergoes a rapid (e-folding time ~ 10-20
min) decay indicating essentially no scattering in the propagation of the electrons
inside of 1 AU (see Lin, 1970c). For these events the total number of electrons
emitted is just ©

N(E > E,) = 2rQr* f J(E > E,, t) dt (7)
0

where J (E> E,, t) is the average directional flux (cm? sec ster) ™!, Qr? is the cross-
sectional area of the cone of propagation, Q the solid angle, r=1 AU. In the other
events the electron flux exhibits an intensity versus time profile which is more indica-
tive of diffusion-dominated propagation. For these events we estimate the total
number of electrons through an isotropic diffusion calculation. Following Parker
(1963), the particle density ¢ (E) cm™2 keV ™! is governed by the diffusion equation

do 1 0 00
— = —|Dr* = 8

ot r*or ( or ®
where D is the diffusion coefficient, which we assume is constant, and r=distance
from source, t=time. The solution to this equation is

_ 1 (dN\ exp(— r?/4Dt)
¢~ o\dE ) 222 (Diy"

3 )

where Q is the solid angle into which the particles are emitted, and dN/dE is the
escaping electron differential energy spectrum. The maximum occurs at ¢=r?/6D,

for which
dN
R 271:97‘3 Qmax expl(;%)
dE (216m)"/

Since ¢=4n/v dJ/dE, integrating over energy we obtain for the total number of

escaping electrons
2m\'"? . Juax (E > E
N(E > Eo) = 2nQr® [(E) e? Inax (E > Eo) . 0)]
v

(10)

(1D

where v = velocity of the particle, 7 the average velocity of particles with energy greater
than E,. Note that this expression for N (E> E,) is independent of D, depending only
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on J,..(E>E,). Also note that we have neglected any attenuation due to longitude
effects.

The average size of the cone of interplanetary field lines filled with electrons by an
event has been estimated by Lin and Anderson (1967). Electron event flares are
distributed in solar longitude with an rms deviation of 15° about a most probable
longitude of ~W55°. Thus, on the average a cone of roughly 30° angular extent is
filled with electrons from a single event. For a particular event this cone may be as
large as 70° (see Lin, 1970b). For each of the five events studied here, the appropriate
Expression, (7) or (11), and value for the size of the cone of propagation have been
used to obtain the number of escaping electrons (Table I). The electron energy spectra
was assumed to be power law (Equation 3) and the exponent 6 was derived * and also
listed in Table 1.

A comparison of the two spectra, that derived from X-ray burst and that from the
interplanetary electron observations, indicate that escaping electrons are more ener-
getic. A second point of interest is that the number of electrons escaping appears small
compared to the number present in the X-ray producing volume if a reasonable value
of the ion density is assumed. One would expect from the observations of X-ray bursts
from behind the limb of the Sun that the X-ray production region may be high in the
solar chromosphere — = 10* km above the solar photosphere — so that a reasonable
value of the ion density (taking 10 x Baumbach-Allen corona, from Kundu, 1965)
might be ~10'° cm 3. If the total number of >22 keV electrons producing the X-ray
burst is computed from the emission measure (Table I) it is seen to be ~3 orders of
magnitude larger than the number escaping. Further comment on these comparisons
are reserved for later in this paper.

5. Electron Loss by Escape and Collisions

The decay of the X-ray burst is interpreted as due to the loss of the energetic electrons
from the X-ray production region. This loss can be due to either escape of the electrons
from that region into a much lower density region where no observable X-ray flux
is produced — the interplanetary medium or perhaps the upper corona — or loss of
the electrons through collisions with the ambient gas. We estimate the relative
importance of these two processes by calculating the energy loss for > 22 keV electrons
due to each process.

A. TOTAL ENERGY LOST THROUGH ESCAPING ELECTRONS
The total energy loss from escaping electrons, & ..., (E> E,), is easily calculated,
gescape (E > EO) = Nescape (E > EO) E (12)

where E is the average electron energy. We assume here that no appreciable coronal
trapping occurs.

* We have not imposed a cutoff at 100 keV in calculating the spectral exponent of the escaping
electrons. A cutoff at 100 keV would decrease values of [d] by ~ 0.4.
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B. TOTAL ENERGY LOST BY COLLISIONS

For electrons of a given energy the energy loss due to collisions is directly proportional
to the bremsstrahlung energy loss. We compute the ratio of bremsstrahlung energy
loss to collision energy loss for both fully ionized hydrogen and neutral hydrogen.
From Trubnikov (1965) and Takakura (1969), we obtain for fully ionized hydrogen
and £<5100 keV,

dE
dt

collision
ionized

=49 x 107° n,E~"/? keV/sec (13)

where F is in keV and #n; is cm 3. Bremsstrahlung energy loss is given by Berger and
Seltzer (1964) over the energy range 10-100 keV and can be closely approximated by

dE
b 6.2 x 107'® n,E'?(E + 988) keV/sec. (14)
brems

The ratio of the bremsstrahlung loss rate to the collision loss rate in an ionized medium
1s dependent only on the energy of the electron since the ion density »; cancels out.
This ratio is averaged over the assumed power law electron spectrum (Equation 1)
in the energy range 22-100 keV,

100

dE dE “ldn,

-— — dE

dtbrems dtcol]ision dE

R()=2 — : (15)

dn,
— dE
dE

22

to obtain the values of R (6);oni,eq Plotted in Figure 6. For neutral hydrogen we obtain
from Evans (1955),

dE 2me”* n, | 2E? g j
dteonision  MoC B 1? (1 - ﬁz) ®

neutral
; 2E?
— 776 x 10-12 M J1n — 5 | — B¢ keV/sec
B, L |1.85x 107%(1 — §?)
(16)

where f=1v/c. R(0)peurrar is calculated numerically and also graphed in Figure 5. The
ionized and neutral medium values differ roughly by a factor of 2 and both ratios
are ~107* compared to ~ 1072 for relativistic electrons. Furthermore, note that in
both energy loss equations (ionized and neutral) the rate of energy loss increases for
decreasing energy.

Using R () the total collision energy loss is computed as follows: First, J is ob-
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Fig. 6. The ratio of electron energy loss by bremsstrahlung to energy loss by collisions for both
neutral and ionized hydrogen is shown here as a function of the electron spectral exponent. The
energy losses are averaged over the electron spectrum in the energy range 22-100 keV.

tained as outlined previously (Section 3). Then integrating dJ (hv)/d(hv) over the
time of the non-thermal X-ray burst and over energy, we obtain the total energy lost
by bremsstrahlung

100
dJ (hv, t
éabrems (hV > 22) = 47'57'2 hv ( Y —) t d(hV) . (17)
d(hv)
22  spike

Adding on the bremsstrahlung energy loss from photons below 22 keV due to above
22 keV electrons, we obtain

Eprems (hv > 0) = 41rG(5) J J(22keV < hv < 38 keV) dt (18)

spike
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Fig. 7. This factor G relates the integrated photon flux for 22 keV < Av <100 keV to the total
bremsstrahlung energy loss for electrons of energy 22-100 keV. G is graphed as a function of the
electron spectral exponent J.

where the parameter G(J) is graphed in Figure 7. Then, the total energy lost by
collision is

gcol]ision (E > 22 keV) = R(a) éabrems (hv > 0) . (19)

Eprems (Y > 0), € oision (E > 22 keV) and & qpisi0n (E > 22 keV) have been calculated

neutral ionized

and tabulated in Table II for each of the five events studied.

The computed collision energy losses are lower limits to the actual energy losses
since they do not take into account collective plasma effects (Friedman and Ham-
berger, 1969). These effects are such as to increase the electron energy losses without
affecting the bremsstrahlung X-ray production.
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Finally, we note that this method of computation of collisional energy losses from
bremsstrahlung energy losses is not dependent on the ambient density nor is it de-
pendent on the electron stopping in the gas (as in thick target theory).

It is apparent from Table II that for the events studied (keeping in mind the
instrumental limitations by which these events were chosen for analysis) the energy
loss due to collisions with the ambient medium completely dominates over energy
loss due to electrons escaping into the interplanetary medium. A possibility which
cannot be ruled out at the present time is that a large fraction of the electrons escape
into the corona, there to be trapped. If we assume that coronal trapping does not
take place, we may attribute the decay of the X-ray bursts to collision processes since
the only other energy loss mechanism, synchrotron radiation, leads to a decay time
constant of = 10* sec for 10-100 keV electrons in a magnetic field of 510* G (Snijders,
1968). Typical decay time constants for the non-thermal component of an X-ray burst
are 1-10 sec (see Figure 1 and Kane and Anderson, 1970). This decay time constant
is an upper limit to the time constant for electron loss processes. It is possible to have
shorter time constants for loss processes if the acceleration is not instantaneous. Then
the time profile of the burst would essentially reflect the time profile of the accelera-
tion. Some evidence that this may be the case is provided by Kane and Anderson
(1970) whose observations show that the higher energy channels decay more rapidly
than lower energy channels for the non-thermal X-ray component, just the reverse
of the expected energy dependence for collisional energy loss. They interpret these
observations to imply that a combination of escape and collision processes dominate
the decay phase of the burst, but our analysis here indicates that escape processes, at
least escape into the interplanetary medium, do not play a significant role in deter-
mining the decay of the X-ray burst.

For purposes of constructing a consistent picture of the electron acceleration event
we shall assume that the e-folding time constant for energy loss due to collisions is
on the order of 1 sec. For our calculations we shall assume a completely ionized
medium although the results would be essentially unchanged for a neutral medium.
From Equation (13) we obtain

8
T, R & E*? (20)
n;
as the time for an electron to lose 1—1/e of its initial energy (£ in keV). For
E~50keV, we obtain n;~3.5x10'° cm™3.

For our calculated values of nn;V at non-thermal X-ray burst maximum (Table I)
we obtain N, (E>22 keV, ¢) for n;=3.5x 10'°. This number is tabulated in Table II
for each event.

6. Acceleration of Finite Duration

If the acceleration is essentially instantaneous compared to electron loss times then
indeed the number of electrons producing the X-rays at burst maximum will be just
the total number of electrons produced. However, if the acceleration extends over a
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time scale long compared to the time scale of the particle loss mechanisms then the
total number of electrons produced will be greater than the number in the source
region at any instant of time, i.e., the number inferred from X-ray burst maximum.
To see whether the picture of extended electron acceleration is consistent we compare
Npax (E>22keV, t) with the total number accelerated, Ny (E>22keV)=¢E
(E>22keV)/E, where &,,,,(E>22keV) is the total energy in electrons accelerated
above 22 keV and E is the average electron energy. Neglecting & (E>22keV),
we have
Sotat (E > 22 keV) = Eqppigion (E > 22 keV) +

+ N1 (E > 22 keV) x 22 keV x 1.6 x 1077 (erg/keV)

escape

or substituting N,,,,; E for &,,,,;

otal

éaco]lision (E > 22 keV)
1.6 x 107° (E —22)

Nt (E > 22 keV) =

and

E
8t (E > 22keV) = =~

22 éacollision (E > 22 keV) . (21)

These quantities are listed in Table II for each event. For n;x~3.5 x 10!° cm ™3, corre-
sponding to 7.~ 1 sec, Ny (E>22 keV) is about ten times N, (E>22 keV, ¢). Of
course, had we assumed 7,10 sec, then N, (E>22 keV)~ N, (E>22keV, 1).
Similarly, for smaller values of 7., correspondingly larger ratios of Ny,,; to N, would
be obtained. Thus, the observations presented here cannot by themselves rule out
either instantaneous acceleration with 7.~ 10 sec, or 7.<1 sec (which would corre-
spond to higher densities). In this respect it is useful to note that a close correlation
exists between non-thermal X-ray bursts and EUV bursts (Kane and Donnelly, 1971).
EUV emission is produced in the solar atmosphere at densities of ~10'1712 cm™3,

Using the assumed values of 7.~ 1 sec we can derive a number for the duration
of the acceleration. Suppose the acceleration of electrons proceeds over a time 1,;
for convenience sake we will assume that the acceleration is constant over that time.
We may write the following equation for the particle population in the acceleration

region:
N(E,t) 0 dE
+ = N(E, t) —
6E( (B, 1) dt)

M:f(t)—

ot T

(22)

e

where N is the number of particles, /() is the acceleration function and <, is the
escape time constant. The second term on the right is due to particles escaping from
the region. The third term on the right is the energy loss (or gain) term. In this context
this term is due to collisional energy losses. We will simplify our calculations by
replacing the third term with — [N (E, ¢)/z.]. Finally we take

fH)=4 O<t<rm,
f(H)=0 t<0,t>1,
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where 1, is a characteristic acceleration duration. Then we obtain

aN N Terc
O<t<r, —=A—— where 1=
ot L Te + Tc
ON N
t> Ta I (23)
6t 1L
Solving with boundary condition that N=0 at t=0, we obtain
N(@)=Ar (1—e) O0<t<r1,
= At (e — 1) e~ " t>1,. (24)
The total number accelerated is
Motal = ATa
and the maximum number in the acceleration region at any instant is
N ()nax = At (1 — 7™/,
The ratio is then
‘thotal . Ta 1 (25)

N(t)max Bl ;4 1 - e_ta/tL.

As we noted in the earlier discussion, for 7,<7z, Niwi/N (#)max~1. However for
7,> Tr, We obtain
Motal ~ Ty

N(t)max ~ E . (26)

This last equation implies that the number of electrons, N, (), derived from the
maximum X-ray flux is smaller by a factor 7,/7;, than the total number accelerated.

For our case where Ny i/N (#)max~10 and 7 ~7,~1 sec, we have 7,~10 sec.
This agrees well with the observed durations of the non-thermal component of X-ray
bursts, particularly in view of the numerous assumptions made here.

To explain the observed inverse relationship between the rise and decay times of
the non-thermal component and the X-ray energy, the acceleration process must not
only be extended in time but the average energy of the accelerated electrons must
first increase and then decrease through the event. This variation is not unreasonable
to expect from acceleration processes.

Another argument for extended acceleration is that instantaneous acceleration
would imply a characteristic shape for the intensity-time profile of the non-thermal
X-ray burst, namely, essentially an exponential (e™*/"*) decay after the initial spike.
Many non-thermal bursts have been observed with differing shapes.
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7. Discussion

A. ELECTRON ACCELERATION IN SOLAR FLARES

For the very large optical importance 3 + flares which produce energetic protons as
well as electrons the total energy content in non-thermal particles is on the order of
a few times 103! erg (Bruzek, 1967) compared to a total optical emission of ~10°? erg
and a total flare energy, including the interplanetary blast wave, of ~2x 10?2 erg.
A rather similar energy balance exists for these small flares and subflares which have
been analyzed here. Table II lists the optical importance of each flare event. Smith
and Smiith (1963) give values of ~102° erg for the Ha emission from an importance 2
flare. Hudson et al. (1969) estimate ~10%° erg for the quasi-thermal energy in these
small importance 1 flare or subflares based on a temperature-emission measure
analysis of the quasi-thermal component of the X-ray burst. Kahler et al. (1970) in
a similar analysis utilizing proportional counter data obtain similar numbers. This
compares to ~ 5 x 1028 ergin >22 keV electrons and more if the spectrum is extended
to lower energies. However, as we have pointed out, the event selection process is such
that only the relatively intense non-thermal bursts are chosen for analysis. For many
other flares from which escaping electrons are observed but not an intense non-
thermal X-ray component, the energy content in these particles may be much less.
An alternative possibility is that the energy content in accelerated electrons is still of
the same order but that the height of production of the energetic electrons may vary
from flare to flare. In some flares, such as the ones analyzed, the electron production
occurs low in the solar atmosphere and thus generates intense non-thermal X-ray
emission. In other flares the electrons are accelerated high up in corona where the
ion density is low and therefore the X-ray emission is small. Those types of events
would provide escaping electrons without substantial non-thermal X-ray emission.

For the events analyzed the acceleration of electrons to 10-100 keV energies must
be a highly efficient process to account for the roughly comparable energies in the
quasi-thermal/optical flare and in energetic electrons. It is energetically possible for
the non-thermal electrons to heat the flare region to produce the optical and quasi-
thermal flare as proposed by Kahler er al. (1970). However, such an interpretation
fails for the events in which no non-thermal radiation is observed above the back-
ground of the detector.

In the events analyzed we can place stringent requirements on the electron acceler-
ation mechanism in the flare:

(1) It must be highly efficient; roughly equal amounts of energy must go into non-
thermal particles and into the quasi-thermal flare.

(2) It must accelerate the particles on a time scale of ~ 10 sec.

(3) The accelerated electron energy varies through the event, going from low to
high and back to low.

(4) It must be able to accelerate and emit 10-100 keV electrons without simultane-
ously accelerating and emitting protons to > 300 keV energies since many electron
events are observed without protons above 300 keV. That is to say, equal particle
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velocity acceleration mechanisms are ruled out. Of these restrictions, clearly the first
one is the most difficult to meet. Basically the flare mechanism must be such as to
accelerate large numbers of particles as a primary energy dissipation process. To our
knowledge two flare mechanisms, those of Alfvén and Carlqvist (1967) and Syrovatsky
(1969) have been proposed which meet this requirement. Both these mechanisms
deper on the increase of the current density carried by a plasma beyond its stable
current limit, leading to large electric fields. In Alfvén and Carlqvist’s model, steady
currents following magnetic field lines in the solar atmosphere generate very high
current densities when local constrictions of the magnetic field (due to pinch effect
or similar phenomena) occur. This current interprution produces a large inductive
electric field which results in the release of most of the magnetic energy in the circuit
at the point of the interruption. A large part of the energy goes into accelerating
particles. Total magnetic energy released will be on the order of 0.5 x 10°° erg and
particles may be accelerated up to 10° eV.

Syrovatsky considers the flow of plasma toward a magnetic neutral sheet. The
currents which must flow along the thin neutral sheet may lead to large current
densities that exceed the stable current density for a plasma. For typical conditions
in a solar flare region, the resulting electric field accelerates particles along the sheet
as the main form of energy dissipation. Total energy available is ~102® to 1032 erg
and particles can be accelerated to a maximum rigidity of 10** to 10'> V. Of course,
for the events studied here these mechanisms may be scaled down somewhat from
their maximum values. One possible way of distinguishing between these two alter-
natives is through observation of 10-100 keV solar cosmic ray protons. Alfvén and
Carlqvist’s model leads to electrons and protons of the same energy while Syrovatsky’s
model leads to particles of the same rigidity.

B. ELECTRON LOSS BY ESCAPE

Having examined the electron acceleration process, we now turn to the escape process.
First the efficiency of escape is small for these events: Ncmp(.‘/Nwtalz10‘3 so the
efficiency is on the order of 0.19,. This result is similar to that derived by Cline and
McDonald (1968) for relativistic electrons in the 7 July 1966 event. However, it must
be pointed out here that these events are selected ones in which the non-thermal X-ray
burst is intense. For many events (for example, those 8 in which no non-thermal
component was observed), a much higher escape efficiency must prevail.

A comparison of the energy spectra of the escaping electrons versus the X-ray
producing ones clearly shows that the escaping electrons are more energetic. This
effect is qualitatively consistent with the energy dependence of the mean free path
of charged particles in the solar atmosphere. The argument has been presented by
De Jager (1960) and goes as follows: The mean free path for charged particles with
velocity ~10° km/sec (~30 keV) is approximately equal to the scale height of the
corona (~ 5 x 10* km) and decreases rapidly with decreasing velocity. Thus low energy
(30 keV) electrons are likely to be stopped in the solar atmosphere while high energy
electrons will escape.
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C. RADIO EMISSION

We have examined the maximum flux observed in the accompanying microwave radio
burst at ~10* Hz for each event (IAU Quartely Bulletin on Solar Activity). Using the
scaling factor given by Takakura (1968) for fields of ~10° G and electron spectral
exponent 6~ 3 (~ 100 flux units =10%° electrons in 50-500 keV range) we have con-
verted these microwave fluxes into number of electrons in the energy range 50-500 ke V.
Then using the spectral exponents derived from the X-ray emission, we have com-
puted the radio-emitting population of electrons above 22 keV. These numbers are
given in Table IT and are typically ~102°~103° electrons. Note that the ratio of radio-
emitting electrons to X-ray producing electrons (at burst maximum) is essentially
constant, (Ng/Ny)~5x 10°. The one X-ray event for which a radio event was not
reported is also the smallest.

We have also looked for type III emission accompanying these events. For the first
two events relatively intense type III burst are observed coincident with the X-ray
maximum. No radio data was available for the 3 August event, and no type III
emission was observed for the last two events. The first two events released ~ 5 times
as many electrons as the last two events.

8. Conclusions

We have analyzed the emission of 10-100 keV X-rays and electrons from five small
solar flares. We find that:

(1) The electron energy spectra, assuming a power law form in the range 22-100 keV,
have exponents of ~3.5-4.2 for the X-ray producing electrons and ~2.91-3.17 for the
escaping electrons. The emission measure, n,(E>22 keV)n;V, at maximum varied
from ~2.7x10*% to 1.15x 10* cm™2 and the total number of escaping electrons
with energy >22 keV varied from ~5x 1032 to 6.7 x 1033,

(2) The total energy loss due to collisions in the solar atmosphere was calculated
from the total bremsstrahlung energy loss. For >22 keV electrons typical values for
the total energy in various processes are:

Eprems ~ 3 x 107> — 3 x 10** erg
&

27 28
collision ™ 7T X 10 - 8 X 10 crg, (éacollision ~ JZ‘éacollision)

ionized neutral ionized

brems

& ~3x10*° — 4 x 10*®erg

escape

E a1 ~ 10°% — 10%° erg

Total number of electrons accelerated above 22 keV is ~103°.
(3) A consistent picture of electron acceleration, energy loss and escape during
these flares was developed. This picture consisted of:
(a) electron acceleration over the ~10-100 sec duration of the non-thermal X-ray
emission, with the average energy of the accelerated particles increasing and then
decreasing through the burst;
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(b) electron energy loss predominantly by collisions on a short time scale, ~1 sec,

compared with the acceleration. This time scale leads to an ambient ion density

n;~3x101% cm™?3;

(c) escape of electrons into the interplanetary medium with efficiency of ~0.1-1%

and predominantly of the higher energy electrons;

(d) total numbers of >22 keV electrons of ~5x 103°-5x 103¢ and total energy in

electrons of ~10%8-10%° erg as compared to ~102° erg in the quasi-thermal flare.

(4) A large fraction (~%) of the total flare energy is contained in non-thermal
electrons, implying that the electron acceleration must be a major energy dissipation
mechanism for the flare mechanism. The flare mechanisms of Alfvén and Carlqvist
and Syrovatsky are discussed.
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