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ABSTRACT

We present high resolution (~ 1 keV FWHM) spectral measurements from 13 to 300 keV of a
solar flare hard X-ray burst observed on 1980 June 27 by a balloon-borne array of cooled germanivm
planar detectors. At energies below ~ 35 keV we identify a new component of solar flare hard
X-rays. This component is characterized by an extremely steep spectrum which fits closely to that
from a Maxwellian electron distribution with a maximum temperature of ~ 34 X 10° K and an
emission measure of 2.9 X 10 cm™3. This hot isothermal component appears at the peak of the
normal power-law-like impulsive X-ray burst component, and it remains isothermal and dominates
the X-ray emission below ~ 30 keV through the decay of the flare event.

Subject headings: Sun: flares — Sun: X-rays

I. INTRODUCTION

X-ray, radio, and energetic particle measurements
have shown that the acceleration of ~ 10-10% keV
electrons commonly occurs during the flash phase of
solar flares (see review by Lin 1974). Most of our
quantitative information about flare-accelerated elec-
trons at the Sun comes from bhard, = 20 keV X-ray
observations. Usually the = 20 keV X-ray burst ob-
served during the impulsive phase is assumed to be a
single component. The observations are generally con-
sistent with a falling power-law spectrum, with some
evidence for a change to a more rapidly decreasing
spectrum above an energy of 60-100 keV (Kane and
Anderson 1970), although some flare bursts have been
reported to be consistent with an isothermal source
spectrum with temperatures of 10%-10° K (Crannell
et al. 1978; Elcan 1978). The broad energy channel data
available from scintillation detectors, however, appear
inadequate to distinguish between power-law and iso-
thermal spectra (see review by Kane et al. 1980).

Accurate measurements of the hard X-ray spectrum
are important for studying the flare energy release pro-
cess. If the observed X-ray emission is produced by
bremsstrahlung from fast electrons colliding with a cold
plasma (ie., fast electron energy > kT), then the
Coulomb collision energy losses would be 104-10° times
the X-ray losses. Under this nonthermal assumption, a
large fraction of the total flare energy in many flares
must be initially contained in the fast electrons (Lin and
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Hudson 1971, 1976); the exact amount depends on how
low in energy the fast electron spectrum extends. The
electron acceleration process would then be intimately
related to the flare energy release process. Under alter-
native, thermal interpretations, the hard X-ray emission
is produced by a very hot, T~ 108-10° K, plasma
(Chubb 1970; Brown 1975; Kahler 1975). Then electron-
electron Coulomb collisions will result in exchanges of
energy only among the hot electrons without any net
collisional energy loss. Provided the hot plasma could be
confined, the energy requirements for the energetic elec-
trons might be drastically reduced (see discussion in
Ramaty et al. 1980). In the case of a homogeneous
source (e.g., the adiabatic heating model of Mitzler
et al. [1978] or the high density, thermonuclear burning
model of Colgate, Audouze, and Fowler [1977]), a
Maxwellian electron distribution would be expected.

In this Letter we describe the characteristics of a
previously unidentified component in the hard X-ray
range, which is observed to occur starting at the maxi-
mum of the normal impulsive hard X-ray component.
This new component has an extremely steep X-ray
spectrum characteristic of an isothermal plasma with
temperatures of ~ 30-35 X 10° K and an emission
measure of a few times 10*® cm ™2,

II. EXPERIMENTAL DETAILS

The observations were made with two coaligned hard
X-ray detector systems: an array of four planar intrinsic


http://adsabs.harvard.edu/abs/1981ApJ...251L.109L

=
-
—
(=}

LI IR I AL AL NI ANLI IR UL INNCI LA LI ML BN N
3 27 JUNE 1980 g
3 °F FLOAT BACKGROUND ]
< L .

o C ]

3 2 - -

o o 3
E r 3

L [ h
w r ]

|_ N |

P - ]

I 3

o r ]

© .
= =

o f .
0 TR NI NI NN O WU SOUE S T MU SN M BN SR | | [ ]

20 60 100 40
ENERGY (keV)

Fi16. 1.—Energy spectrum of the detector background at bal-
loon float altitude, all four detectors summed together. The two
largest peaks are separated by ~ 2 keV.

germanium detectors, each 4 cm diameter by 1.3 cm
thick, cooled by liquid nitrogen to obtain <51 keV
FWHM energy resolution; and a 300 cm? Nal/Csl
phoswich scintillator for high time resolution (Peterson
1975). The cryostat housing the germanium detector
array is surrounded by a ~ 2" thick CsI anticoincidence
well. Graded Z passive collimators provide 296 X 592
fields of view for both detector systems. Each Ge detec-
tor output goes to a pulsed FET feedback preamplifier,
dual fast (400 ns) and slow (~ 10 us) shaping amplifiers,
and then to a 4096 channel ADC covering the interval
~ 11-580 keV (7 bins per keV). The fast amplifier
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provides for coincidence and pile-up rejection so that
rates up to ~ 20,000 counts s~ !, far greater than those
observed during the flare, can be handled without spec-
tral distortion (Landis, Goulding, and Pehl, 1971). Fig-
ure 1, a background energy spectrum at balloon float
altitude with all four detector outputs summed together,
shows the excellent energy resolution (< 1 keV). This
resolution is' the best ever achieved in an instrument
flown for astrophysical measurements from ~ 15 to
~ 200 keV. An on-board flare burst memory provides
high time resolution accumulations (to 8§ ms) for the
two-detector system in four energy channels.

The instrument was flown from Palestine, Texas, on
1980 June 27. Observations of the Sun and the Crab
Nebula were taken beginning at float at 1520 UT until
2130 UT. During the solar X-ray burst of interest, the
balloon was at an atmospheric depth of 2.3 g cm™?, as
determined by an on-board pressure sensor accurate o
+2%. This gave a line-of-sight atmospheric depth to the
Sun of 2.73 g cm™ 2 Tracking was achieved with an
alt-azimuth pointing system on the gondola with 1
minute pointing updates. During solar observation an
optical sensor provided azimuthal reference.

Each Ge detector count rate was normalized for de-
tector live time, and the nonflare background was sub-
tracted. The high energy resolution and narrow field of
view of the germanium detector system permit very
accurate source spectra to be obtained with a relatively
simple spectral unfolding procedure. This procedure
takes into account collimator transmission; detector ef-
ficiency (including fluorescent escape and Compton
effects); and attenuation by the Be window, thermal
insulation, and the overlying atmosphere.
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F16. 2.—The flare hard X-ray burst observed by the scintillation detector. The numbered intervals at the bottom indicate the times when

spectra were accumulated for the germanium detector array.
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F16.3.—Energy spectra from the germanium array through the event. The vertical scale applies to the uppermost spectrum, with each succeeding spectrum offset downward by two

decades.
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HI. RESULTS

l—; The hard X-ray event (Fig. 2) consists of a series of

impulsive bursts, each of duration of a few to a few tens
of seconds, beginning ~ 1514 UT, reaching an overall
peak at ~ 1616:10, and ending ~ 1617:30, followed by
a long slow decay (visible in the 22-33 keV channel)
which lasts till ~ 1632 UT. The associated He flare
began at 1615 UT and peaked at 1617 UT. It was
located at S27, W67 in plage region No. 2522 and
reported to be only of importance SB. Intense micro-
wave emission (325 sfu at 2800 MHz), a group of strong
type III-V bursts, and type II and IV emission, how-
ever, were observed to accompany the flare. The Solar
Maximum Mission (SMM) coronagraph observed a
coronal transient about 20 minutes later (W. Wagner,
private communication). Unfortunately, the flare itself
was during SMM nighttime. An M6 soft X-ray burst
was observed by the GOES 2 spacecraft, and the hard
X-ray burst was also observed by the ISEE 3 spacecraft
(S. R. Kane, private communication).

We have used ratios of adjacent energy channels of
the scintillator to choose time intervals (indicated in Fig,.
2) over which the energy spectrum is relatively constant.
Accurate energy spectra were then determined for these
intervals from the germanium spectrometer in 8 channel
wide (1.12 keV) bins. Adjacent bins were summed to-
gether if required for good statistical accuracy. The
resulting spectra are shown in Figure 3. At the start of
the event, the spectra are accurately power law (index
~ 3.5) from 13 keV up to ~ 60-100 keV, with a steepen-
ing at higher energies. Detailed analysis of this “normal”
power-law component will be presented in a future
paper, but we note here that single temperature isother-
mal fits to this component clearly can be excluded by
using x? tests. Note also that this power-law component
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persists to the end of the event, well after the impulsive
phase.

Beginning near the peak of the event at ~ 1616 UT, a
new, very steep component is observed at low energies,
superposed on the power law. At its steepest, this new
component has a power-law index vy~ 11, where
(dJ/dE) o« E™7. Such a steep spectrum is unresolvable
by scintillation detectors. This steep component appears
to vary much more slowly than the power-law compo-
nent. After the rapid drop of the power-law component
at ~ 1617 UT, it can be seen that the new steep compo-
nent has a curved exponential-like spectral shape. We
have fit the X-ray spectrum to a combination of that
expected from a single temperature Maxwellian electron
distribution,

b
kT

dn,
B 27rne(

3/2

) E,1/% = E/KT
at low energies, and a power law at high energies. Here
n,, m,, and E_ refer to the electron number density,
mass, and energy, respectively. The power-law compo-
nent contributes insignificantly to the flux below ~ 30
keV. The X-ray spectrum from this distribution was
computed for solar coronal abundances (Z? = 1.8) using
the Bethe-Heitler bremsstrahlung cross sections with the
Elwert correction (Koch and Motz 1959). These are
estimated to be accurate to 10% in the 10-100 keV
region.

Figure 4 shows the detailed fit for one of the time
intervals. We have estimated the significance of the
isothermal fit to the data below 33.5 keV, using the
parameter estimation technique of Lampton, Margon,
and Bowyer (1976). The 90% confidence (x? fit with 16
degrees of freedom) region in the temperature/emission
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FiG. 4.—Example of the isothermal fit. The power-law fit at high energies and the emission from the flare plasma at low energies are also
shown. The x2 90% confidence contour is shown in the upper right corner.
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F16. 5.—The evolution in time of the parameters of the hot isothermal component (solid lines) and the flare plasma (dots). The energy
input rate and cumulative total energy of the power-law component are shown (x’s and dashed lines) also.

measure plane is also shown in Figure 4. The best-fit
temperature is 29.9 X 10® K, and the emission measure
is 1.8 X 10® ecm 3 Good fits to isothermals are
obtained throughout the decay phase (> 1618 UT)
of the event. Thus this X-ray component is consistent
with that of an isothermal electron distribution es-
sentially throughout its existence. The evolution of
the temperature and emission measure with time for
this component is shown in Figure 5 (solid lines). The
maximum temperature of 34.2 X 10° K is reach at
~ 1617:15 UT, and the maximum emission measure of
2.9 X 10*® cm™3 is attained at ~ 1618 UT (excluding
the value before ~ 1616:40 UT which is highly uncer-
tain because the power-law component dominates).

IvV. DISCUSSION

To investigate the relationship of this hot isothermal
component to the soft X-ray producing thermal flare
plasma which has been studied previously (Moore et al.
1980), we have used 1-8 A and 0.5-4 A ioniza-
tion chamber data from the GOES 2 spacecraft (R.
Donnelly, private communication). These data were fit
to a single temperature and emission measure using the
GOES 2 chambers’ response functions (Donnelly,
Grubb, and Cowley 1977) and the calculated X-ray
emission as a function of temperature for an isothermal
coronal gas (Wendt, private communication; Mewe
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972; Tucker and Koren 1971). The maximum tempera-
ture reached by the flare plasma is 19 X 10% K, well
below that of the hot isothermal component, and the
maximum emission measure is 4 X 10*° em™3, a factor
of 14 larger. In our energy range (> 13 keV) the X-ray
emission of this flare plasma would be negligible com-
pared to the observed X-ray flux (Fig. 4). Since the flare
plasma usually consists of a continuous distribution of
emission measures with temperature (Moore et al. 1980),
the hot isothermal component identified here could be
the highest temperature portion of this distribution. In
that case, these observations show that the flare plasma
at least occasionally extends up to 35 X 10% K. Both the
emission measure and temperature of the hot isothermal
component, however, show temporal variations quite
different from those of the flare plasma (Fig. 5). Note
especially the rapid rise in temperature at 1616:50 UT
and rapid fall at 1617:45 UT for the hot isothermal
component, quite independent of the slow smooth in-
crease in temperature of the flare plasma from 1615 to
1618 UT.

The energy content in the electron plasma, Q =
3/2n kT, multiplied by the ambient density, »;, for
both the hot isothermal and the flare plasmas is shown
in Figure 5, along with the energy deposition rate
(ergs s~') and the cumulative energy deposited (ergs)
for the power-law component, calculated under the thick
target assumption. (i.e., that the electrons lose all their
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" energy by Coulomb collisions). The low energy cutoff is

,_}-' chosen to be 13 keV, since the power-law spectrum is

observed to extend down to that energy early in the
event. If we assume a maximum source size of 10° km
(10*° cm® volume) for the hot isothermal component,
then we obtain a lower limit of ~ 10° cm™? to the
ambient density, #;. Assuming that the observed energy
loss for this component is entirely due to radiation gives
an upper limit of order n; ~ 10'2 cm . The total energy
contained in this hot isothermal component thus ranges
from 10%-10%' ergs at maximum, compared to 10°°-
103! ergs for the thermal flare plasma (for n; ~ 10'°-10"
cm~3), and a cumulative, thick target energy deposited
in the power-law component of = 103! ergs. The tem-
poral evolution of the quantities shown in Figure 5 is
consistent with the power-law component being the
source of energy both for the flare plasma, for typical
values of the density, n, ~ 10'°-10'! cm™* (Moore ez al.
1980; Widing and Dere 1977), and for the hot isother-
mal plasma.

We believe that this hot isothermal component may
occur commonly in flares, often showing up as a slow
decay in the lowest energy channel (typically ~ 20-25
keV) in hard X-ray bursts observed by scintillation

detectors. Since at energies below ~ 30 keV this compo-
nent is significant beginning at the peak of the hard
X-ray burst, spectral measurements by scintillation de-
tectors of the power-law component could be substan-
tially distorted. Clearly, high energy resolution is
required for unambiguous spectral measurements of the
power-law component as well as this hot isothermal
component.
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