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High Resolution Hard X-ray Spectra of Solar and Cosmic Sources

Richard Alan Schwariz

Abstract

High resolution ("1 keV) hard X-ray (14-300 keV) observations of 2 large solar flare and
the Crab Nebula were obtained during balloon flights on October 18, 1979 and June 27, 1980
using an array of cooled germanium planar detectors. In addition, high time resolution (.128
sec.) high sensitivity measurements were obtained with a 300 em? Nal/Csl phoswich scintilla-

tor.

We find that the flare impulsive hard X-ray spectrum capnot be produced by thermal
bremsstrahlung from a homogeneous Maxwellian electron distribution. Instead, the sequence
of 2-20 second hard X-ray bursts over the 3-4 minute impulsive phase implies the acceleration o
of 10->200 keV electrons by as many as three mechanisms. Below ~30 keV the acceleration
varies gradually (20-40 sec.), from ~30-120 keV the acceleration varies rapidly {1-35 sec.), and
above 120 keV there iz a second-step acceleration which produces a 1-2 second X-ray delay.
No more than 1% of these electrons could be accelerated prior to the impulsive phase. Also,
repeated low intensity hard X-ray spikes were observed for an additional 13 minutes indicating

that electron acceleration continues well past the impulsive phase,

While the impulsive hard X-ray flux seems to be of non-thermal origin, this experiment

also discovered a steep super-hot component of the flare hard X-ray spectrum at energies below
35 keV. The spectrum fits closely to that from a Maxwellian electrcn distribution with a max- i
imum temperature of “35 x 10%°K and a peak emission measure of “5x 10®cm™. This emis- . 5
sion appears to come from a dense plasma (n>10"2cm™?) occupying filamentary loops of total |
cross-section “10 em? and length ~2.6 x 10%m. The super-hot filaments exist in addition to

loops with the 10-20 x 10%°K peak temperature characteristic of the usual soft X-ray flare Do
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plasma.

The Crab spectrum from both flights was searched without finding evidence of line emis-
sion below 200 keV. In particular, for the 73 keV line previously reported we obiain a 3o
upper limit for a narrow (1 keV FWHM) line of 1.9x 1073 and 1.4 x 10~ phem™2 sec™! for the

1979 and 1980 flights, respectively.
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Introduction

Hard X-ray and gamma-ray observations in the ~10 keV to —1 MeV range have shown
that explosive and non-thermal processes commonly occur in the universe. The high resolution
spectroscopic measurements w‘hich may be r-iained with cooled germanium detectors can pro-
vide one important means for undersianding the fundamental physical processes occurring in
the source objects. The precise measurement of the continuum spectra of hard X-ray sources
can give detailed information about the emission process and about physical conditions in the
emitting region. Continuum spectra characteristic of thermal sources are often so steep as to be
unresolvable by scintillation detectors [Kane and Hudson 1970, Lin et al., 1981]. Furthermore,
a very important practical advantage of the superior energy resolution of germanium detectors
is that the source spectrum can be determined uniquely without g priori assumption of a spectral
model [Fenimore et al., 1982]. Emission lines and narrow absorption features in this energy
range are expected from the radioactive decay products of nucleosynthesis, from cyclotron line
emission and absorption in the strong magnetic fields of neutron stars, from positron annihila-

tion, and from the collisional excitation of nuclei by cosmic rays.

During a solar flare, from 10% to 10°? ergs are released over a time scale of ~10-100
seconds, The energy is believed to be stored in the twisted magnetic field of a solar active

region and released through magnetic reconnection in the lower solar corona [see reviews by
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Svestka 1976, Kahler et al, 1980, Van Hoven er al. 1980}, A wide range of phenomena may

1 Introducton 2 E
3
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occur during a flare including electromagnetic radiation (ranging from ~108-10* Hz), mass

g

motion, particle acceleration, and plasma heating. Of particular interest is the rapid acceleration
of large numbers of electrons to energies of 10 to greater than 100 keV. These fast electrons
may lose almost all of their energy in collisions with the ambient electrons (AT < < E,) while
less than .01% of their initial energy would be lost to X-ray producing electron-ion collisions.
Under this non-thermal interpretation of the hard X-ray emission, the fast electrons carry the
bulk of the flare energy [Lin and Hudson 1976, Kane et al. 1980}, Furthermore, most of the
flare phenomena may be understood as resulting from the teraction of these energetic elec-

trons with the solar atmosphere. These fast electrons may be one of the first detectable pro-

—des e e ra e = et e

ducts of the energy conversion process. Although taese electrons cannot be studied in siti, the
instantaneous electron and hard X-ray specira are closely related by the Bethe-Heitler
bremsstrahiung cross-section. Also, since these X-rays propagate freely through the tenuous .
overlying solar atmosphere, they are an excellent diagnostic of the electron spectrum in the

hard X-ray production region.

The shape of the hard X-ray spectrum is one key to the understanding of the role played

by the fast electrons. For example, if the fast electrons can be contained and isclated from the
o ambient electrons, then the collisions between the fast electrons will only exchange energy

within the very hot plasma [Anderson 1972, Smith and Lilliequist 1979]. Then, radiative losses

would dominate, implying that far fewer fast electrons produce the same hard X-ray flux. If

this thermal interpretation is correct, then the fast electrons would play a much less important

B o et e R amarg iy
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role in the flare energy transfer process. Measurements of flare hard X-ray spectra by high

resolution germanium detectors can determine whether a spectrum was produced by a single

i, g i nmp— o

temperature {10%-10%°K) plasma. High time resoluuon is also important because the hard X-
rays are produced during a series of bursts which rise and fall on a time scale of a few tenths to

a few tens of seconds. Moreover, during these bursis, the spectrum shows a soft-hard-soft g
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evolution. Such temporal evolution is controiled by the competition between the loss and injec-

tion of the electrons in the X-ray production region.

On June 27, 1980 we observed a large solar flare in hard X-rays (715-300 keV) using a
balloon-borne germanium spectrometer and a large area phoswich scintillator. In partic:lar we
show that the hard X-ray spectrum cannot be produced by a single temperature plasma contrary
to the conclusions of Maizler et al, [1978), Elcan [1978], and Crannell er al. [1978]. Also, the
fast electron lifetime appears to be so short that the evolution of the hard X-ray spectrum is
dominated by the acceleration/injection of the energetic electrons. Thus, from the X-ray time
profiles, we are able to determine that there may be as many as three electron acceleration
mechanisms operating during the flare. The acceleration of electrons up to over 100 keV
appears to be very rapid, perhaps taking only a fraction of a second. Conceivably, there are
two acceleration processes operating below 100 keV. The number of electrons below 30 keV
seems to vary gradually, while at higher energies the number of electrons varies on a much
more rapid timescale. We find that this temporal evolution may be interpreted by the superpo-
sition of many ‘elementary’ bursts [de Jager and de Jonge 1978] with a soft-kard-soft spectral
evolution, or by the combination of a gradua! (varying over several tens of seconds) accelera-
tion mechanism at low (£<30keV) and a rapid (varying over ~1-3 seconds) acceleration
mechanism at higher (£>30keV) energies. Also, we have found that electron acceleration
continues at a low level for almost 1000 seconds after the end of the main impulsive phase.
The third acceleration mechanism appears to be a delayed second-step process which further
accelerates the energetic electrons up to several hundred keY and higher. This same mechan-

ism may also rapidly accelerate protons to tens of MeV’s in this and other flares [Bai and Dennis

19831.

Since the fast electrons seem to carry much of the flare energy they should heat the solar
plasma as they lose energy in electron-electron Coulomb collisions. During this flare, space-

craft instruments observed the ususal 10-20 x 10%°K soft X-ray plasma. but in addition, we
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1. Introduction 4

discovered a new super-hot component of the thermal flare plasma with 2 temperature of
35 x 10°°K and an electron density which may be as high as 10'2cm™ {Lm er al. 1981]. The
steep X-ray spectrum from the super-hot component is unresolvable by scintillation detectors.
It seems most likely that this super-hot compenent plasma is found on field lines with a very

high level of energy release.

We have also observed the Crab during both the June 27, 1980 flight and during a flight
on October 18, 1979 to search for the 73 keV line emission reported by Ling er al. {1979). This
line, if real, may be another instance of guantized cyclotron emission in the intense, > 10'?
gauss, magnetic field of a neutron star as presumed for Her X-1 [Tritmper et al. 1978]. This
null observation is consistent, however, with the interpretation that this line is strongly pro-

duced only in transient bursts.

The chapters are organized as follows: Chapter 2 is a description of the high resolution
germanium spectrometer. It has achieved the best resolution, (<700 eV FWHM) of any hard
X-ray dztector flown to date. A brief description is included of the remaining instrumentation
in the balloon payload. Chapters 3.4, and 5 describe the observation of and results from the
solar flare hard X-ray burst. Chapter 3 examines the acceleration of the electrons: Chapter 4
discusses the evolution of the new super-hot component, and Chapter 5 links the non-thermal
and thermal results together in a summary which describes the relationship of this thesis to
other work in the field. Chapter 6 discusses our search for 73 keV line emission in the Crab

pulsed and unpulsed spectra.

bt e bt s Rt s e e eeEmde T e e ST e S e e A Y

ety T 2 “;: .

» i

T e AR T T




-y
]

L7

TWO

[nstrumentation

2-A. Instrument Description

in 1979 we began development of a high resolution instrument for hard X-ray spectros-
copy. The instrument consists of an array of four —4 cm diameter x 1.3 cm thick hyperpure
planar germanium detectors, cooied by liguid nitrogen and housed within an aluminum vacuum
cryostat. In turn this is surrounded by active anti-coincidence scintillator shields. State of the
art electronics, including cooled FET preamplifiers with pulsed charge feedback, were used to
give an in-flight energy resolution of better than .7 keV FWHM {full width at half maximum)
at 50 keV, the best achieved to date for astrophysical instrumentation. This instrument has
been flown, along with a 300 cm® Nal/Csl phoswich scintillation hard X-ray detector, on two
successful balloon flights, one in October, 1979, the second in June, 1980. The scientific tar-
gets on the first flight were the Crab Nebula, the supernova remnant Cas A, and the Seyfert
galaxy Markaryan 421. The primary target of the second flight was the Sun; several solar hard
X-ray bursts, including one very intense flare, were observed. The Crab Nebula was aiso
observed during this flight. Two more flights were launched from Brazil in spring and fall,

1982. Improvements have been made to the instrument based on the experience gained from

each flight
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2 [nstrumentatan 6

Germanium Detecror

The detectors are fabricated from p type germanium: one face is an n” diffused lithium
positive high voltage contact, while the other face is a p™ boron implant signal contact. They
are operated as reverse biased diodes with their volumes fully depleted of free carriers and with
a field strength of ~1 kV/cm. The detectors are held in boron nitride cups with pressure-
loaded indium pads (these pads make the electrical contact to the detector), and are housed in
separate aluminum modules for .olation. These sit within an aluminum vacuum cryostat, as
shown in Figure 2-1. The detectors are cooled to 95°K with liquid nitrogen. The liquid nitro-
gen coolant is kept at 12 p.s.i. over the ambient pressure by venting the boiloff gas through a
relief vaive. Photons enter through a 0.06" thick x 4.5" diameter beryllium window, and pass
through 4 cm diameter holes in the cold plate to enter the detectors through their boron

implant side.

Shields and Collimator

The active anti-coincidence shield is a modification of a balloon-borne cosmic x-ray exper-
iment designed, built, and flown by Space Sciences Laboratory and C. E. S. R. Toulouse [Hurley
and Duprai, 1977, Anderson and Mahoney, 1974; Mahorey, 1974]. The active shield has three
parts. The phoswich shield is a central 5 inch diameter x 1/4 inch thick Nal (TI) scintillator
optically coupled to a 5 inch diameter x 2 inch thick CsI (Na) scintillator; a single photomulti-
plier tube (PMT) views both. The annular shield, a 9 inch outer diameter x 2 1/4 inch long
annulus of CsI (Na) viewed by 6 PMT's, surrounds the phoswich crystal. In front of these is
the collimator shield with an 8 inch outer diameter and 5 inch inner diameter x 2 inch thick of
Csl (Na) viewed by 4 PMT’s. All of the shield lower level discriminators are set to ~30 keV.

A shield event trigpers a 14 p sec logic signal used for anti-coincidence.

Passive shields are used within the cryostat. Figure 2-2 shows the location of the 0.125

inch thick tantalum shietds covered mostly oy 0.013 inch of moiybdenum to prevent tantaium
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2. Instrumentation 7

fluorescent x-rays from reaching the germanium detectors. Indium is used betw.s., the Ta coid
plate shield and the detector modules to provide good thermal contact and as X-ray shielding.
Surrounding the cryosiat feedthrough ring and directly above the active shields there is an addi~

tional annular shield of 0.125 inch lead.

The graded z slat collimator is made from three 10.]1 ¢cm leng sections, each consisting of
eleven 0.7 mm thick plates, spaced by ! cm. The plates are of 0.1 mm Ta, covered on both
sides by 0.3 mm tin flashed with copper. The collimator walls are lined with 2 mm of lead.
Two collimator sections are stacked to define a 2.8° FWHM elevation angle field of view
(FOV), while a single orthogonal section defines the 5.6° FWHM cross-elevation angle FOV.
Figure 2-3 shows the germanium instrument’s collimator transmission as a function of eleva-
tion offset angle. Even at zero offset angle, the finite siat thickness reduces the transmiission to
85%. The transmission of photons above 300 keV is not zero at offset angles > 2.8° because
the total cross-section becomes small enough that some photons can pass unscattered and unab-

sorbed through a line of sight plate thickness of ~0.7 mm/ sin 2.6°.

Detecror Electronics

Each of the four germanium detectors has an independent signal chain, including a
preamplifier, dual shaping amplifiers, pulse stretcher, active baseline restorer, and a 4096 chan-
nel puise height analyzer (PHA). An electronic block diagram is shown in Figure 2-4. Each
detector is I3 C. coupled to a low noise (7500 eV FWHM), charge-sensitive preamplifier whose
first stage is a Soliiron 310 FET operating at ~150°K mounted within the detector module. A
key element of the low noise electronics is the pulsed charge feedback reset system [Landis et
al,, 1982). During reset, which occurs ~10 times a second, the signal processing electronics

are disabled for —290 u sec.

The output from the preamplifier goes into dual shaping amplifiers. The slow shaper-

amplifier-discriminator (~10 wsec shaping time) converts the preamplifier signal into a unipolar
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2. Instrumentation 8

pulse. The peak is detected and converted to a 12 bit PHA word by a run-down Wilkinson-type
analog to digital converter for which a full scale event takes ! miilisecond. The fast shaper-
amplifier-discriminator (~400 nsec shaping time) gives fast pulses for detector-detector coin-
cidence, pile-up rejection, timing, and rate accumulations. This dual fast/slow amplifier system,
together with the active baseline restorer, allows for single detector count rates in excess of

20,000 counts/second without spectral distortion.

The bias voltage for each germanium detector is supplied through one of four separate
high voltage filter boxes, powered in pairs by two separately commandable (on/off only) high
voltage supplies. Each detector also has a separately commandable pulse generator. Approxi-
mately every three hours during an observation, they are turned on for several minutes with a

~20/second pulse rate for electronic calibration.

Digital Electronics

Each detector event is encoded into the telemetry stream in a 20 bit word, 12 bits for the
PHA, 2 bits for the detector identification, 4 bits for fine timing to 0.5 millisecond, 1 bit for
pair detector coincidence, and | bit for shield coincidence. Those Compton events which
trigger two detectors set the pair detector coincidence bit. There are two commandable modes
for detector shield anti-coincidence. In one mode, all detector events are analyzed and encoded
with the shield coincidence bit either set or null. In the “‘shield veto enable’ mode, the shield
logic signal inhibits the PHA's from analyzing any shield coincident events. Polling logic
gueries each detector’s signal ready flip-flop in turn for the next event to encode into the
telemetry. The telemetry system c¢an handle up to 500 total germanium detector

events/second.

Scintillator events, fast rate scalars, slow rate scalars, and gondola status words are also
transmitted. The 16 ten bit fast rate scalars, read out every 0,128 sec., accumulate separately

each detector's valid event rate both in coincidence (4 rates) and in anti-coincidence (4 rates)
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with the active shields, the 3 anti-coincidence shields’ rates. and the scintillator’s rates over 3

energy ranges 22-33, 33-60, 60-120, 120-235, and >235 keV.

The slow rates, each read out every 8.192 seconds. include each germanium detector’s
live time and reset rate. During the time a detector’s signal chain is available, a 128 kHz cry-
stal oscillator advances its live time counter. Thus, the live time fraction is that count divided

by 2% — 1. The detector reset rates can be replaced by the pair detector coincidence rates on

command.

Burst Memory

A burst memory was installed before the June, 1980 flight to store the total germanium
detector event rate and the 3 lowest energy scintillator rates. After automatically triggering on
an elevated scintillator rate, the memeory stores these four fast rates every 8 milliseconds, until
the memory is half full, then for 32 msec until filled. This accumulates ~5 minutes of high
time resolution rate data in 65,536 10 bit words. Then on command, the memory is read out in

65 seconds, replacing the normal germanium detector telemetry.

Tracking System

The gondola uses an.alt-azimuth pointing system referenced to gravitational vertical and
the local magnetic field direction. The bailioon payload rotates beneath a fAeld aligned magne-
tometer tabie to the target azimuth computed on the ground and sent up periodically by com-
mand as the balloon changes latitude and longitude. Concurrently, the thermally insulated
instrument cage housing the germanium instrument and coaligned phoswich scintillator is
rotated to the computed elevation angle. The pointing system automatically tracks a source in

between ground commands, which are sent every 15 to 30 minutes.

2 lastrumenwnon 9
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2-B. Instrument Performance

Efficiency

A photon, energy £, normally incident on the detector’s front surface. can lose some or
all of its energy to the detector by the photoelectric effect or by Compton scattering. For low-
energy X-rays, some of this energy can escape the detector by fluorescent X-ray emission. The
detector response r (£,, £,), where £, is the pulse height energy, was computed using a
Monte Carlo program, which foilowed the photon until it was either totally absorbed or scat-
tered beyond the active shield. The calculated absolute photoefficiency and the measured rela-
tive efficiency are shown in Figure 2-5. The Monte Cario calculation showed that the shield

almost completely suppresses the Compton continuum under 200 keV.

The escape peak response may be computed directly. Consider a low-energy photon
which stops in the detector. The gjected K shell photoelectron gives up its energy by elastic
scattering to create an electron-hole charge cloud. Then the atom decays, either by emission of
another energetic electron in an Auger process, or by the fluorescent emission of a photon at
9.87 or 10.98 keV [ er al., 1978). If the original photon stopped near the front surface of the
detector, there is a good probability of the fluorescent X-ray escaping the detector volume,

resulting in a pulse height event at the escape peak energy. The probability for escape is given

by

P (£, E)=(Wy/2D{1~: log[(l+z)/z]} (2-1)
where £ is the incident photon energy; £; is the escape X-ray energy, z is a dimensionless
number defined to be upg (£;)/upe (E)), {where ppg = photoeleciric x-section]; and W, is
the probability of X-ray emission at £,. For example, for an incident photon £, = 20 keV, the

probability of K escape is the sum of P(20.9.87) = 7.7% and P(20,10.98) = 1.3%, for a total
of 9.0%.
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2. Insirumentation 1

Two problems modified the germanium detector response during the October, 1979 flight.
All four detectors had ~ 220 micren dead layers, which are undepieted front surfaces (regions
of low electric field), due to the diffusion of the lithium of the front surface contact. Charge,
from ionizing events in the dead layer, has a high probability of recombination before moving
into the high field region. The resultant pulse height spectrum has a reduced photopeak and a
low energy tail. Only events which actually occur in the dead layer are affected; at 60 keV 80%
of the photons will pass through to stop in the fully depleted region. Also, one of the detectors
had surface channels [Hafler, 1982} which cause poor field line geometry; the field lines in the
0.3 cm outer edge of the back contact connected to the side of the detector instead of to the
front surface. (The field line geometry was estimated after scanning across the back surface of
the detector with a collimated ~60 keV line source. If the X-rays were incident on a region con-
nected by the field lines io the front surface, then the pulse-height response wouid be at 60
keV.) Charge created in this region moved to the sides where it recombined more readily and
was lost from the output current pulse. This resulied in a photopeak efficiency reduced by
about 30% for higher energies with a very flat low energy tail. Both of these effecis have been
modeled and incorporated into a matrix deconvolution routine {or the October, 1979 data. Sub-
sequently, we were able to reverse the polarity of our detectors by using a newly developed
puised reset circuit [Landis et al,, 1982], which made the lithium contact the detector back sur-

face. The surface channels did not reappear in the detectors of the modified instrument.

Background, Resolution, Stabilny, and Linearity

Figure 2-6 shows the background spectrum from 11 to 385 keV during the June, 1980
flight rate from Palestine, Texas. This spectrum is the summed output of ail four germanium
detectors for a 12,500 seconds’ accumulation from 15:30 - 21:00 UT. Most of the observed

background lines are listed in
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Principal Backeround Lines at Float \

Energy Source !

23.5 keV Neutron Activauon !
"Ge tn.y) 'Ge™

534 keV Neutron Activation
"Ge tn.y) Ge™

56.3 keV Ta K,

575 keV Ta Ky

65.2 keV Ta Kpg

66.7 keV Neutron Activation

"Ge (n,y) PGe™

72.8 and 750 keV  Radioactive Cryostat Impurity
Pb K,;and Ky

74,8 and 711 keV  Radigactive Cryostat Impurity
Bi Kaz and Kﬂl

84.7 keV Radioactive Cryostat Impurity
Pb Kg
; 87.1 keV Radioactive Cryostat Impurity
. Bi Kg
: 90 and 93.4 keV Radioactive Cryostat impurity
: Th Koz and Ky
i 139.7 keV Neutron Activation
MGe {n,y) °Ge™
199 keV Neutron Activation
| NGe (n.y) 'Ge™
’ 238.6 keV Radioactive Cryostat Impurity
212 Ph
511 keV Electron-Positron Annihiiation

Sources of Principal Background Lines at Float The radioactive cryostat impurity was found in
the aluminum detector modules. These lines are characteristic of the Thorium decay chain.
Many of the lines from 70 to 95 keV are due to the abnormally high radioactive contamination
of the aluminum detector modules. For the spring, 1982 flight, new aluminum modules were

fabricated with less than 1% of these contamination levels.

, An advantage of the dual fast-siow amplifier/pileup rejection system is that it reduces the
background due to the decay of 73 Ge™, which is mainly produced by the neutron activation of

72 Ge. 73 Ge™ decays by emitting a 54 keV photon, followed in 2.9 wsec by emission at 13.3

i ke Tk e -

keV of either a photon or a conversion electron (Figure 2-7). This event triggers the fast
discriminator threshold set at ~11 keV, this second trigger, if within 30 wsec, will cause the

entire decay event to be rejected as pile-up. Figure 2-8 shows the effectiveness of this tech-

nigque in a spectrum taken from the June, 1980 flight, which shows the spectrum of germanium

detector 3 (fast discriminator threshold —11 keV) versus the spectrum of germanium detector
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4 (fast discriminator threshold ~20 keV).

For a germanium detector, the energy resolution is the sum of two components: an
energy independent component, due to electronic noise, and an energy dependent component,

due to the statistics of the charge collection process within the germanium crystat:

FWHMAE) =~ FWHMZ2 0. + (2.35)% FE (2-2)

Here € is the average energy needed to create an electron-hole pair (2.63 eV) and F is the Fano
factor (~0.12). Initially, three of the germanium detectors had 700 eV FWHM electronic reso-
lution; however, all of these detectors’ electronic noise levels increased to 1 keV FWHM by the
time of the flight. This increase appeared to be due to slow deterioration of the detectors’ elec-
tronic ground integrity because of the increase in the cryostat-preamplifier contact resistance

which developed in the humid pre-flight conditions in Texas.

Line Sensitivity
The minimum flux, &, (photons/{cm®/sec)), detectable from a narrow line at the level of

n standard deviations (o} is given by [ Willet et al., 1978]

1.30 n Ry  Rpg
® = =0 =4 22
f pr T Ty

where pr is the probability that a photon incident at the top of the atmosphere causes a photo-

AE
A

'/:
|

peak event, AE is the energy resolution in keV (FWHM); T, and T, are the source and back-

ground observing times; and R, and Rz are the source and background rates {(counts/cm* sec

keV). Figure 2-9 shows the 3o sensitivity for the June 27, 1980 Crab Observation (7, = 6076 |

secand Ty = 4571 sec).

Total Performance

In Figure 2-10 we see the previously discussed detection efficiency and energy resolution
together with the transmission functions for photons through the atmosphere at 3 g/cm?® and

the 50 mil Be window. The 3o line sensitivity for a narrow line was computed for a narrow
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line for 10* sec on source and 10* sec on background. For comparison, the spectra of Her X-1,

the Crab, and a typical several-per-day-occurence solar flare are shown.

2-C. Spectral Analysis :

The X-ray flux from an astrophysical object is modulated by pointing the telcscope alter-

naiely at the source and then at a source free background location on the sky. Typically, a sin-

R e e i

gle observation of a source or background location lasts for about 20 minutes; an entire obser- :ji
. . . . 4
vation of a cosmic source lasts for 4 - 6 hours. The counting rate (counts/sec) in a detector

channeli / due to a source is given by:

Er+l L

C = [ dE;s [ 8(Ey, ENdE, [ 4 r(Ey E) FIED ¢ (E) ®(E) dE, (2-4) !
0 0

¢

where ®(£,) = source flux at the top of the atmosphere (photons cm™?sec™! keV™!),
t (E;) = probability of transmission through the atmosphere and overlying materials,
S (E}) = collimator transmission, r (£, £|) = probability of an energy loss £, for an incident

photon of energy £, 4 = detector area, and g (£., £;) = pulse height shape for an energy

loss £,.

_:L.ﬁ;'py;v .

To solve for the source flux @ incident on the atmcsphere, the first step is to convert the
integral equation ({2-4)) into an algebraic equation. The narrow field of view of the collimator
Y effectively eliminates any contribution from source flux scattered by the atmosphere. The
active shielding rejects almost all of the partial energy Compton scatter events which would oth-
i erwise mimic lower energy source photons. The response simplifies to delta functions at the
photopeak and at the escape peaks. The observed counting raies are essentially unbroadened by
‘ the convolution with g(£,, E;) because the FWHM of 1 keV is less than the scale size of the
variations of the detector incident flux. Since only fluorescent X-ray escape contributes non-

diagonal matrix elements connecting photon and pulse height spectral energies, thus, above 30

S . iy S s G AN S Fe Aarmm LB .
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keV, the integral equation reduces o

where AE = £,,; — E, and r, is the photopeak efficiency (includes all full energy loass events)
where r; and ¢ are evaluated at £;,. Including the X-ray escape (showing only the 9.87 keV

term to simplify the expression) we have

C,=AFA f [fn l‘fl)lg + rit® Poys

£, + 9.37] (2-6)
Above 30 keV the source flux is obtained from

D, = C,/(ﬁEAf ry t)

At lower energies the solution for @, is obtained by starting at £, = 30 keV and recursively

solving the equation

P, =C, —AEA f (2-7

AEA fri¢

El

Thus, source photon spectra may be determined uniquely by directly inverting the background
subtracted source spectra. Any narrow spectral lines which would be broadened instrumentaily
can be fit to determine their intrinsic parameters. This is in contrast to scintillation detectors,
where a candidate source spectra is chosen a priori and convolved through the response matrix

and then compared with the observed count rates,

s

K -

e

¢ e = ————— s
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Figure Captions

Figure 2-1 Vacuum cryostat housing germanium detectors,
Figure 2-2 Inside of the ¢ryostat showing shields and germanium crystals.

Figure 2-3 Aperture response computed for the collimator at low and high energy.

g Figure 2-4 Block diagram of electronic signal chain showing the principal functional units.

Figure 2-5 Calculated absoluie photoefficiency of the germanium spectrometer and the measured relative
efficiency.

Figure 2-6 Background spectrum accumulsied over 12,500 seconds during June 27, 1980 flight in Palestine,
Texas. The two sharp lines near 75 keV are separaied by 2 keV from peak to peak which shows the excellent
detector stability and high resolution. This spectrum is the sum of the output of all four crystals.

Figure 2-7 Decay scheme for 73 Ge™.

Y g s

Figure 2-8 The specira from detectors 3 and 4 during June 27, 1980 flight showing effectiveness of the pile-

up rejection technique for both the lines and continuum from 34 10 67 keV. Note that the spectrum from

detector 4 contains additional background lines that from detector 3 because the fast discriminator threshold

for detector 4 had to be set to an energy too high to detect the 14 keV transition. The difference spectrum
(*4’-*3") clearly shows the lines at 54 and 7.

o Figure 2-9 Three & sensitivity for narrow lines for the June 27, 1980 Crab Observation.

Figure 2-10 Insirument sensitivity and resolution. At ballagn altitude the low energy response is limited by
the 3 g/cm? of overlying armosphere as shown. At the bottom, the sensitivity for lines narrower than the
instrument resolution is shown for a 10% sec total on source/10* sec total on background observation. The
,! dash line is corrected for atmospheric transmission to give the sensitivity to photons incident at the top of the
almosphere. Cosmic and salar spectra {at 3 g/em®) are shown tor comparison.
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Flare Electron Acceleration

3-A. Introduction

One of the most remarkable aspects of the flare process is that large numbers of electrons
appear to be accelerated to 10-100 keV within seconds. These fast electrons may lose almost all
of their energy to collisions with cold ambient electrons and less than .01% of their initial
energy will be lost 10 X-ray producing electron-ion collisions. Qver a series of bursts lasting
~100 seconds the electrons may carry from ~102° to 10°? ergs. Under this hypothesis Lin and
Hudson [1976) and Dujjveman [1982] both found that the acceleration process may convert at
least 10-50% of the flare energy into fast electrons as opposed to heat or mass motion. The
flare electrons cannot be measured /n sity, but the instantaneous electron and X-ray spectra are
related by the Bethe-Heitler bremsstrahlung cross-section. Because hard X-rays propagate
freely through the tenuous overlying solar atmosphere, they are an excellent probe of the phy-

sical conditions in the electron source and/or the electron interaction region.

On June 27, 1980 we observed an intense solar flare in hard X-rays using -a germanium
spectrometer and large area phoswich scintillator. With our unprecedented spectral and tem-
poral resolution we can address a number of important questions about the flare process. Is the
fast electron population in the X-ray production region thermal or non-thermal? How many

different electron acceleration mechanisms are there? When and how are the electrons

]
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accelerated? Where do the fast electrons deposit their energy?

Figure 3-1 shows the émire flare from 1612 until 1633 UT over the five scintillator rate
channels, 22-33 keV, 33-60 keV, 60-120 keV, 120-235 keV, and > 235 keV. Here we see a
series of intense bursts of a few to a few tens of seconds in duration over the impulsive phase
from 1613:30-1617:30 UT. The ISEE-3 spacecraft data [ Kane private comm. ] show that the
5-6 keV soft X-rays begin to rise at 1612 UT. After 1617:30 UT a gradual hard X-ray decay

begins, but there are at least four impulsive bursts between 1618 and 1631 UT.

We found that the falling low energy, <30 kev, flux after 1617:30 UT is dominated by
emission from a super-hot component [Lin er al. 1981]. The spectrum in Figure 3-2, 1617:00-
1617:10 UT, shows a steep increase at low energy which distinguishes the super-hot component
from the impulsive component (For the four parameter model fit, x%,04 = .78). This new com-
ponent is the radiation from an ~30 million degree nearly isothermal electron plasma with an
emission measure over 10 cm™3. It is first seen shortly after the overall flare peak is reached
at 1616:08 UT, We emphasize that only by using a high resolution instrument can the super-
hot component be accurately measured and identified. The super-hot component is discussed

in the next chapter.

Below 120 keV, the spikes show the typical flare hard X-ray soft-hard-soft spectral evolu-
tion described by Kane et al. [1980). Also, the spikes peak simultaneously (within .128 sec.)
for all energies befow 120 keV. This is consistent with the electrons rapidly losing their energy
in a high density region where the electron lifetime is short, less than 1/4 sec. If true, the
temporal evolution of *he photon flux mirrors the electron acceleration profile. Two interpreta-
tions are offered of the underiying acceleration process:

1. Below 120 keV a single acceleration mechanism is repeated in a succession of ‘elementary’
bursts [de Jager and de Jonge 1978).
2. As an alternative we hypothesize that the hard X-rays are produced from the superposition of

the flux from two non-thermal electron componentis. The gradual component, important below
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50 keV, varies over 10-20 seconds while the rapid component, impertant from ~30-100 keV,

varies over ~ 1-4 seconds.

The X-ray flux profile above 120 keV is delayed by 1-2 seconds with respect to the lower
energy X-ray flux. Such delays could be produced if the collisional electron lifetime for the
>120 keV electrons is ~2-4 seconds longer than for the —60 keV electrons since the X-ray
producing electron population is approximately given by the injection rate integrated over an
electron lifetime [Bai and Ramaty 1979, Vilmer et al. 1982]. However, our high sensitivity
observations can rule out the low energy (<120 keV) delays expected for this rechanisim, so
we conclude that it is the injection/acceleration of the high energy electrons which is delayed.
The observed spectral variations are consistent with the delayed high energy electrons having

. been accelerated by a first-order Fermi mechanism operating on electrons injected by the initial

acceleration mechanism.

3-B. Acceleration of 15-120 keV Electrons

Hard X-ray Spectra ‘ ‘;ﬂ

The accurate determination of the hard X-ray spectrum is important for the understand-
ing of the role played by the fast electrons in the flare energy release process. In a non-thermal

interpretation the observed hard X-rays are from the bremsstrahlung of fast electrons streaming

Fe through a cold plasma (k7, << £,.). These fast electrons suffer electron-electron Coulomb !
f_ collision losses 10°—10° times as great as the radiative losses. For the observed X-ray fluxes )
|
i
o this low radiative efficiency implies that a large fraction of the flare energy would be initially :

contained in the fast electrons [Lin and Hudson 1976, Duijveman 1982]. Alternatively, in a

thermal model the hard X-rays are produced by thermal bremsstrahlung f{rom a very hot,

108—10%°K, plasma, If the hot thermal electrons can be confined and isolated from the cooler

surrounding medium, the collisions between the fast electrons will only exchange energy within
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the very hot plasma [Smith and Lilliequist 1979). Then, the radiative losses would dominate
implying that far fewer fast electrons produce the same time integrated X-ray flux. However,
isolating these ultra-high temperature electrons from their surroundings is difficult, so that
some of their energy must be lost through conduction and convection. Kiplinger et al. [1983]
show for observed burst rise times of “100 msec that a thermal model will be more efficient

only for plasma densities in excess of 1.6 x 10! em™3.

The fast electrons of a high density plasma quickly approach a Maxweilian distribution in
a time 7.,;=3.8% 10'%n for an average electron energy of 20 keV and electron density #
[Spirzer 1962]. Such a plasma at a single temperature produces a characteristic hard X-ray spec-
trum [Métzler et al, 1978]. Previous broad resolution observations indicated that the impulsive
hard X-ray spectrum is a failing power-law at low energy (with a spectral index between -2.5
and -7) which steepens further somewhere above —50-100 keV. [t is important to note that
these measurements could not exclude a single temperature source for the hard X-rays [Elcan
1978, Matzler et al. 1978]. Using the high resolution spectral data, we can determine from the

shape of the impulsive spectra whether a single temperature plasma can be the source.

We first consider the photon spectrum over the six 20-30 second intervals in Figure 3-1b.
These are long enough to have good count rate statistics. Here we are interested in the
accelerated electrons so we exclude the flux from the super-hot component which first appears
after 1616 UT. Since the super-hot component is very steep at low energies we can select the
impulsive energy range by inspection (see Figure 3-2), The energy ranges are given in Table
3-1

Three models for the hard X-ray emission are compared with the data. Oné model is an
ultra-hot single temperature thermal piasma where &7, ranges from ~10-30 keV and includes a
back-scattered contribution [Métzler er al. 1978]. Basically, the photon spectrum is nearly pro-
portional to (1/E)Yxe"#/T) in this model. The other two models are non-thermal: the single

power-iaw,
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Table 3-1 Comparison of Spectral Models to Fiare Spectra

Comparison of 2, for Model Spectra
Time 1614:40 1615:00 1615:23 1616:00 | 1616:20 1616:50
1500 UT | 1523 UT | 1600 UT | 16:20 UT | 16:50 UT | 17:20 UT
Spectrum I I m v v Vi
Range 15-290 15-290 15-290 20-290 25-290 29-290
{keV)
Data Pts. 24 21 26 23 22 18
Test for Goodness of Fit
Model xi,
Thermal 19.2 39.7 Jg.z2 29 83 74
Power-Law || 6.2 10.5 2.2 23 1.3 i4
Double 1.07 1.25 1.65 0.6 0.33 1.30
Power-Law
F Test 44 64 44 30 33 1.4
i Double Power-Law Parameters
A (109 .20 77 2.0 30 93 .28
Ep keV 3845 252 4245 45415 59+23 NA
vl 33 3.6 37 2.9 33 31
y2 38 49 4.6 35 39 NA
Thick-Target Power
Power i.0 1.8 48 4.8 5.2 1.9
[028
(erps/s)

Spectrum labels (i-VI) correspond 1o the labels on the spectra in Figure 3-3. Time inter-
vals indicated in Figure 3-1b.

A xE™Y,

and the double power-law,

A x E-' for E<E, and
(A xE;Y E~v2 for E2 E,.

These three model functions were fit to the spectra for the six time intervals, and Table 3-1
summarizes the comparison of the reduced Chi-square statistic, x°, [Bevingron 1969, for the
best fits of the free parameters for these model functions. The yx?, statistic measures the
squared deviation of the model function from the data points normalized by the expected sta-
tistical errors and the degrees of freedom for the fit. For the thermal model there are two free
parameters, the temperature and the normalization constant. For the single power-law the free
parameters are A and y and for the double power-law the free parameters are A, £,, y1, and
¥2. u, the degrees of freedom, is given by the difference between the number of data points

less the zxvrmber of free parameters. The number of data points for each spectrum is given in

—a D
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Figure 3-3.

Examining Table 3-1 we see that the double power-law model is an acceptable fit to all the
spectra since the x2, statistic is always around 1. The best ultra-high single temperature model
alway- gives an unacceptably large x°, of 7 or more. Moreover, in Figure 3-31-VI we see that
the best non-thermal model really matches the data points. (Small values of the x2, statistic can
be produced from a poor model by using a data set with very large error bars.) The inset in Fig-
ure 3-31I shows that even for the steepest spectrum observed the thermal model falls off too
quickly at energies greater than 40 keV. The two additional parameters of the double power-
law are significant if the reduction in x?, satisfies the F test [Bevingron 1969]. The computed
values of F in Table 3-1, for the first five intervals, are all well over 10 which justifies the addi-
tional parameters, while interval VI is adequately fit by the single power-law. The change in
siope between y1 and 2 ranges from .5 to 1.3, and even spectrum VI, (Figure 3-3VI) shows
some steepening at high energy. The break energy, £,, is usually between 30 and 40 keV,
although the break energy cannot b‘e constant throughout the whole impulsive phase. (The

intervals quoted for £, are 90% confidence intervals [Lampron et al. 1976] for a four parameter

fit.}

So far the analysis has been over the major features of the impulsive phase, but the rate
channel ratios, Figure 3-4, exhibit the characteristic soft-hard-soft spectral variation through
each individual burst [Kane er al. 1980]. Could the double power-law be produced by the
superposition of true single power-law or isothermal spectra? Since the spectra turn down at
high energy we can exclude a sum of single power-laws. However, a sum of thermal specira
can mimic a non-thermal spectrum over a finite energy range. When the spectra are fit over
two second intervals the double power-law is still the superior fit with the parameters for the
three models covering about the same range as in Table 3-1. Therefore, the impuisive hard X-

ray source is not an evolving singie temperature plasma, but the superposition of several isoth-

ermal sources cannot be excluded.
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To find the minimum amount of energy in the fast electrons, we assume that the the
non-thermal electrons are injected into a region (known as a thick target) where the electrons
are compietely stopped. Clearly, if the fast electrons had escaped through a thin target region,
they would have initially contained more energy to produce the same X-ray flux. We can ade-
quately approximate the injection electron spectra with a double power-law [Kane er al. 1983].
The electron spectral indices are given by y1+1 and y2+1 at low and high energy respectivety
while the break point energy is 20 keV above the photon break. The normalization is obtained
by using the single power-law conversion coefficient (==10%* electrons ph™! cm™2 at 60 keV for
v2=4) from Hudson et al, [1978] for the high energy electron spectrum at the electron break.
Then the low energy electron spectrum is matched at the break. Jsing this approximation, the
average power injected into the fast electrons is calculated for each interval and listed in Table

3-1, The total energy injected must be at least 5 x 10°0 ergs over these six intervals.

Note that the injected power remains nearly unchanged from spectrum III through V in
Table 3-1 from 1615:23-1616:50 UT. This is despite the fact that the X-ray spectrum is more
intense and harder from 1616:00-1616:20 UT (see Figure 3-4) than at any other time during
the flare. This is because the harder X-ray spectrum is the bremsstrahlung from an electron
spectrum of fewer, although more energetic, electrons. (The more energetic electrons have a
higher radiation yield, on average, before stopping.) So although the X-ray spectrum is rapidly
varying over spectrum III through V in Figure 3-3, the input rate of energy into the electrons
hardly changes over 90 seconds. It is also interesting to repeat this analysis over the rise of a
single peak. We have divided the rise of the most intense burst in the flare into three, four
second time intervals from 1615:58 to 1616:10 UT. We fit these spectra to double power-law
models and obtain the data in Table 3-2. Here we see that the injected power, for a 15 keV
electron cutoff, seems to drop at the f{lare peak. Figure 3-5 shows the thick target electron
power through the whole impulsive phase compared to the 33-60 keV X-ray count rate. Of

course, the actual injected power depends critically on the true low energy cutoff. We only
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Tabie 3-2 Thick-Target Power for Burst Rise at Flare

Peak
Thick-Target Power Near Flare Peak _
UT 1615:58 1616:02 1616:06 ]
-1602 - 1606 - 16:10

O sphem™2sec™! kev=! §f 130 125 120
Dogehem™Zsec~ key~! If 2.5 30 4.4

yl 3.27 a 2.74

Pis 4.3 3.5 2.7

(1028 erg/5)

@5 is the X-ray flux at 15 keV. Pys is the thick-target pcwer for a
15 keV electron cutoff.

know that the impulsive hard X-ray spectrum extends to 15 keV for this flare. Table 3-2 illus.
trates that one must take care when interpreting the variation in the hard X-rays as a variation

in the power injected into the fast electrons.

Burst Evolution

The X-ray flux protiles of Figure 3-1b zre directly propertional to the instantaneous popu-
lation of fast electrons in the X-ray production/energy loss region. The temporal evolution of
this fast electron population is principally determined by the variation of the injection rate and
the fast electron lifetime. The fast electrons may be lost either by energy ioss or by escape
from the interaction region. If the electron lifetime is short compared to the e-folding time for
the injection rate, then the injection rate profile will be closely reflected in the X-ray count

profile.

The fast electron energy loss rate will be at least as high as the eleciron-electron Coulomb

collision loss rate given by [Trubnikov 1965}

%‘f— = =49 x 10 n £~ keV s~ (3-1)

for an electron energy E (keV) in a region with a cold electron density #. So the electron life-

time, 7, , will be no longer than

7.< (W/EdE/dt) = 2 x 10%n sec. (3-2)

Any burst profile governed by collisional energy loss (3-2) would harden as the flux decreases.
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é
This variation is in sharp contrast to the softening depicted by the count rate channel ratios of ;;53
HY
Figure 3-3. We believe then, that the burst evolution is dominated by the variation of the elec- )

tron injection spectrum because the fast electron lifetime is short compared to the time scale

for the burst evolution. 3

The fastest burst decay time during this flare is ~1 second in the 120-235 keV count rate. |

We know that the profile is injection dominated, but such short electron lifetimes are possible

T 'ty

possible either through Coulomb collisions in a high density region where the target density

exceeds 2.6 x 10! cm™? (by (3-2)) or by escape through a thin target. Since a 60 keV electron
travels —~120,000 km in one second, outward travelling fast electrons moving along open field

lines could easily escape the denser corona within a few tenths of a second. However, this

model implies an even greater number of initially accelerated electrons. In addition, spacecraft

measurements in the interplanetary medium usually show that typically the number of escaping

electrons are less than 1% of the total number of electrons accelerated under the non-thermal

interpretation of the spectrum [Lin 1974]. The thick target interpretation suggests that the

higher energy electrons reach the chromosphere where n>10'2 cm®. Electrons with an energy . é
;

E (keV) will be stopped by a column density (#L) > 2% 10" x £2 (cm?) where n is the

‘:..t?‘p:)v

e e e IRy RS L et

ambient electron density averaged over the path length L (em). So for a reasonable coronal
density of 2x 10'° em® and L <40,000 km, almost all of the > 20keV electrons would reach the
chromosphere if, as the rapid high energy decay suggests, there is no significant electron trap-

ping within the corona.

‘Elementary’ Bursts vs. Two Component Pictire

s+ e i e o

De Jager and de Jonge [1978] have advanced the idea that flare time profiles are composed

of a series of ‘elementary’ impulsive bursts, These bursts appeared to narrow with increasing

energy as 1 & £7%=.05 for the bursts they observed. The compiex bursts observed here agrees

well with this picture at energies below 120 keV. The spikes run together at low energy and are
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more clearly separated at higher energies (Figure 3-6a). The narrowing with increasing energy
(see spike at 1615:28 UT in Figure 3-6a) is exactly equivalent 1o the soft-hard-soft spectral evo-
lution. This, then, is a fundamental property of the acceleratioin mechanism within the thick
target picture. As an example, the 60-120 keV rate in Figure 3-6b is decomposed into 2 set of
possible ‘elementary’ bursts. Under the ‘elementary’ burst interpretation, the start of a rise tn
a peak is obscured by decay of the previous peak, i. e., the bursts overlap. This is particularly
true at lower energy where the bursts must be broader for this interpretation to be consistent

with the observations.

Suppose, instead, that the low energy X-ray profile is smoother because the injection of
lower energy electrons is slowly varying and a separate mechanism for the spiky bursts which

N inject the higher energy electrons. We hypothesize that there is a gradual component varying

over 10-20 seconds and a rapid component varying over 1-4 seconds. The gradual component
dominates the flux betow 30 keV and falls off very steeply above that energy while the rapid !
component dominates at higher energy and produces the numerous bursts. Possibly these two

components are produced by different acceleration mechainisms with their own spectral and

‘;'(A:W";"

ternporal characteristics. In Figure 3-6¢ the 60-120 keV rate is decomposed into possible rapid
and gradual components. The rapid high energy component must be non-thermal, but what

, about the gradual component? From 1615:15-18 UT there are no apparent bursts, so this

i
¥
i
i
i
interval might have the closest to a purely gradual component This spectrum is still a double !
i
power-law with a spectral index of 3.7 below 26 keV and 3.2 above, and not a single tempera- 1

i

|

ture thermal. Thus, we conclude that the gradua! component is non-thermal. Could the gra- |
j dual component electrons, which are at lower energy, be a trapped remnant of the rapid com- i
; ponent electrons? This scenario seems uniikely because the 60-120 keV gradua! component i"
"_-: electrons/ X-rays appear to decay more rapidly than the 22-33 keV gradual component electrons Il
during the dip in the flux around 1615:10 UT in Figure 3-7. As before, faster decay at high ]
:' energy indicates that the X-rays are produced by the continuous injection of fast electrons i
]
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3. Electron Acceleration 37

rapidly losing their energy.

Figure 3-7a and Figure 3-7b show a hypothetical temporal evolution of the gradual com-
ponent in the 22-33 keV and 60-120 keV channels through the impulsive phase. The gradual
component might comprise about 60-70% of the 22-33 keV flux (exclusive of the super-hot
component) and about 10-20% of the flux from‘60-120 keV, Since the gradual component
would probably be relatively stronger below 15 keV, greater than 70% of the non-thermal

energy would be in the gradual/ component electrons.

Both the ‘elementary’ burst and two component pictures are consistent with the data, but
have different implications for the physics of the flare process. The ‘elementary’ burst picture
has several important elements which may be characteristic of the acceleration process: the
soft-hard-soft spectral evolution and the fact that the start of the bursts follow within a time of
the order of the burst duration. It may be that one burst acts as a trigger for the succeeding
burst. The most important implication of a two component picture is that there are two
mechanisms for accelerating the 10-100 keV electrons. However, the spectral evolution is no
longer strictly due to a single acceleration process, but is attributed, in part, to the changing
ratio of the injection of two processes which produce very different spectra. In a non-thermal
thick target picture the total fast electron energy depends only upon the total photon spectrum,
which is not changed. Although the total energy does not change, this picture implies that the

gradual ¢, aiponent is more energetically important than the more dramatic rapid component.

Pre-Flare Acceleration

Ellior [1965] proposed that flares couid be the result of a sudden precipitation of energetic
ions stored high in the corona where therr jifatime is long. Electrons, too, might be stored in a
low density region where their collision loss rate would be low and then precipitated during the
flare. This scenario ailows the acceleration of electrons over a much longer time scale at a

much lower rate. The stored eiectrons, however, would radiate via bremsstrahiung. Using the
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° 3. Elestron Acceleratian 38 ' g
high sensitivity of these detectors we have set upper limits to the preflare flux from 1600-1610 'E

UT. The three sigma upper limit to the flux at 20 keV is 8.3 x 10™* phecm™2sec™ kev™!, This t

gives an upper limit to the power-law emission measure [Hudson, Canfield, and Kane 1978}

Nyn, < 2.4x10%m™3, where Ny is the average number of electrons above 20 keV at any

instant of time in a region with an ion density n,. Conceivably, the electrons could be stored

very high in the corona where the density could be as low as I x 10°cm™3. This would give a 50

hour collisional lifetime for a 20 keV electron. Then up to 2x 10°° electrons could have

remained undetected. This is about the number of fast electrons in the smail early burst at
1614:00 UT and it is less than about 1% of the total accelerated electron population (see Figure

3-1). So while it is possible that a stored population could have triggered one of the early small

bursts, the vast majority of the flare electrons could not have been stored in the corona but

must be accelerated during the impulsive phase.

Post-Impulsive Phase Acceleration

In Figure 3-1 we see that at "1617:30 UT the >60 keV X-ray flux falls to <1% of its

intensity at the flare peak. Also, the 22-33 keV rate, maostly from the super-hot component, is

falling more slowly. Of greater interest for this discussion of electron acceleration is the series
|
of impulsive bursts most clearly seen in the 33-60 keV rate in Figure 3-1. We shall call this i
i
time from 1617:30 to past 16320 UT the Post-Impulsive phase. Because other flare hard X-ray

[

observations have been made with detectors of poorer sensitivity [Kane et al. 1980], the discus-

o

i

i

!

i

I

sion of impulsive phenomena has been limited to the more intense fluxes which are typically !
'

L

s found in the usual impulsive phase which for this flare lasts only 3-4 minutes. However, the :
post-impulsive phase exhibits impulsive bursts, whici: «c a strong signature of electron
acceleration, for an additional 13 minutes. Several guestions can be explored during this
period. Are electrons accelerated during the post-impulsive phase or is the non-thermal emis-

sion due to a stored remnant of fast electrons accelerated in the impuisive phase? Are fast
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electrons accelerated at this time? Is the process the same as during the intense impulsive

bursts?

First, our very high sensitivity measurements show that there are impulsive bursts
throughout the post-impulsive phase. In order to enhance the bursts’ contrast, the 22-33 and
33-60 keV rates have been filtered by subtracting a portion of the 80 second running average
for each rate. Figure 3-8 shows these impulsive components together with the 60-120 keV rate.
At least 10 spikes are evident with four complex bursts at 1618:45-1619:15, 1620:10-1621:00,
1623:40-1624:10, and 1629:70-1630:15 UT. .

Post-Impulsive Phase Bursts
----- BURST 1 1620:16-54 UT «m-

Time 1620:16-24 1620:41-45 | 1620:12-54 UT
Type Spike Spike Total Burst
Relative Rates
22-30 keV 85=20 90120 4010
33-60 keV 19£2 435 2043
60-120 keV 6.2x2 li+4 6=l
Yy >5 ~4.5 —~4.5

-- BURST 2 1623:29-24:14 UT --
Time 1623:40-44 1623:57-61 | 1623:29-24:14 UT
Type Spike Spike Total Burst
Relative Rates
22-33 keV 51%9 5449 363
33-60 keV 2745 31£5 2215
60-120 keV T+2 13+3 61
Y ~4.3 ~4.,0 ~4.2

-~ BURST 3 1629:30-30:14 UT --
Time 1628:31-29:29 | 1629:45-53 | 1629:30-30:14 UT
Type Pre-Burst Spike Total Burst
Relative Rates
22-33 keV 6.5+.5 243 14+1.5
33-60 keV 247 19+ 2 10.7+.7
60-120 keV 1.5+.7 4.5+2 3.6+.7
y >4.5 ~34 —~3.5

Post-Impulsive Phase Bursts lists the properties of the three later bursts. These bursts are simi-
lar to the impulsive phase bursis. All three bursts have a comparable peak intensity of about
.5% of the largest impulsive phase peak. All three bursts have fast spikes which rise and fall in

4-10 seconds. The spectral index , uncertain due to the large low energy continuum raies, is
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obtained by comparison with the count rates during the impulsive phase, These values are con-

sistent with a non-thermal spectrum as are the bursts in the impulsive phase. For the last
burst, the spike is clearly harder than the pre-burst emission from 1628:30-1629:31 UT. Cer-
tainly, this continual bursting is evidence of electron acceleration throughout the post-

impulsive phase. ]

To search for a stored remnant from the impulsive phase we must look for a spectrum

which hardens as the flux decays. The power-law index {from the spectrometer data), of Fig-
ure 3-9 does not harden sysiematically from 1618 through 1624 UT. To gain additional high
energy sensitivity we also compare the scintillator 60-120 keV rate with the germanium spec-
trometer non-thermal 33-60 keV flux in Figure 3-9a.. The only hardening occurs during the
times of the discrete bursts, Figure 3-8 does not show any obvious spikes from 1625 through

1629:30 UT, so we can examine the spectrum at this time to look for a low-level continuously

o

emitting stored remnant. Integrating over this time reveals a net spectrum with a power-law
index y somewhere between 4 and 5. Again, this seems too soft to be a decayed trapped popu-~
lation from the impulsive phase. Thus, the post-impulsive phase non-thermal emission is
unlikely to be from a stored remnant from the impulsive phase, but rather is more probably

from electrons accelerated during the post-impulsive phase.

We can interpret this post-impulsive phase emission within the ‘elementary’ burst or the
1 two component picture. The ‘elementary’ burst picture is suggested by the fast spikes which
are similar to the spikes of the impulsive phase because they come in groups and are of com-
parable duration. The statistics are t0o poor to discern the soft-hard-soft spectral evolution.
The low-level emission from 1625-1629:30 UT could be produced by numerous small unresolv-
able ‘elementary’ bursts. Of course this same sofi continuous emission is very suggestive of
the soft gradua! component of the two component hypothesis. Finally, assuming that the decay
phase emission above 335 keV extends to as low as 15 keV, as during the impulsive phase,

implies that the non-thermal electrons of the decay phase contain ~3% as much energy as the
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impulsive phase electrons.

3-C. Acceleration of Electrons to >120 keV

We have already seen that, below 120 keV, the flux at all energies rises to virtually simul-
taneous peaks. However above 120 keV, in Figure 3-10a and Figure 3-10b, the most intense
and the hardest bursts are always delayed from .3 to 2 seconds after the low energy bursts. We
show that because the low energy peaks are nearly sirnultaneous, the delays at high energy are
inconsistent with a simpie collisional loss process. A second-step acceleration process [Bai and
Ramaty, 1976 and 1979] is considered. In this process some of the fast electrons are further
accelerated within a few seconds. Their subsequent appearance in the interaction region pro-
duces the delayed X-ray profile. The second-step acceleration interpretation is more consistent
with the observation, and we show that first-order Fermi acceleration mechanism is consistent

with the observed spectral variations.

Time Delays

Figure 3-10a is a smoothed plot of the 60-120 keV and 120-235 keV rates during the
impuisive phase. The smoothed rate during each .128 sec interval is computed by averaging the
rate over the surrounding bins using a Gaussian weighting function with a .5 sec FWHM for
the 60-120 keV rate and with 2 1. sec FWHM for the two rates above 120 keV. This filters out
the high frequency fluctuations, both real and statistical, but does not move the bursts’ cen-
troids. The 120-235 keV peaks are delayed for the bursts marked A,B,C, and E. In Figure 3-
10b we see that the > 235 keV rate is delayed with respect to the 60-120 keV rate for the bursts

D and F as we have already reported {Bai et al. 1983]

In order to quantify the delays at high energy and to place limits on low energy delays we
compute the cross-correlation function between the rate pairs {22-33 keV,60-120 keV), (60-120

keV,120-235 keV), and (60-120 keV, 235 keV) for these six bursts. The smoothed rates
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were used only for the rates above 120 keV. The cross-correlation function between two rates

R, and R, is
N—=u _ .
2 (R, (m)—-R) (R, (n+u)~R,)
CCF (1) j=—gm=? e — (3-3)
[ 3 (R, W)=R,)* ¥ (R, m)—R, )"
ne=l) -y

where ¢=u % .128sec. The results are plotted in Figure 3-11. From these functions the delay
time is obtained and listed in Table 3-3. For the burst at 1616:38 UT, the > 235 keV rate is too
low to accurately determine a centroid. The delay listed between the 22-33 keV and 60-120
keV rates is an upper [imit based on the count rate statistics. Only burst C, at 1615:52 UT, has
a real delay at low energy of .128 seconds. Above 120 keV, all of these bursts show real delays.
There is a delay of ~1-2 seconds for the 120-235 keV rate for the medium sized and shorter
duration bursts A, B, C, and E. For the two most intense and longest duration bursts, D and
F, the longest delay is for the >235 keV rate with only a smaller delay for the 120-235 keV
rate. We note that these two intense and spectrally hard burst show this upward shift of the

delay energy.

Delay Mechanisms

A high energy X-ray delay is produced because the high energy electron population peaks
after the low energy population within the X-ray production region. The delays may be pro-
duced by one, or both, of two processes: injection or decay. If the injection rate peak of high

energy electrons is delayed with respect to the low energy injection, then a delay will result

Table 3-3 Cross-Correlation Delays

{ Cross-Correlation Delays
Burst A B C D E F
Time after 1600 UT [4:48 15:37 13:32 16:08 16:38 17:02

{22-33.60-120 keV) <05 | <05 <.20 <05 <.05 <.05
(60-120,120-235 keV) || 8.5 | Li=.5 | 1.9£.5 | 04x£.25 | 09%35 | 2+.25

(60-120,> 235 keV) - - 1.5+.5 1.8%.5
} Delav Expected For Colhisional Loss Process
{22-33.60-120 keV) [ 13 7 .13 | .60 | .12 .26 { .15
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between the peak of the X-ray profiles. Aliernatively, lower decay rates at high energy produce
a delay from simultangous injection profiles because the electron population is nearly given by

integrating over a decay time.

Using a simple model we can illustrate the delayed decay process and quantify the delay as

a function of the lifetime. The instantaneous particle population, N (¢ ) changes with time as

1

M:-l-l—lv(:)+q(:) (3-4)
dt Te

where 7, is the particle lifetime and ¢ (¢} is the injection rate. N () may be roughly approx-

imated by integrating g (¢#) over a single lifetime, 7.

N(t)-‘/zfe[q(t—re)-i-q(l)} (3-5)

- in (3-4) to zero and use N (1) given by

To find the time of the peak population set an(e) d(t[) i

(3-5) to obtain

g(t) ~qg(t—7,) (3-6)
For a symmetric injection profile about ¢, the population peak occurs at a time

t=tg+7./2 since q(tg—71,/2) = q(1y+7,/2) (3-7)
Thus, the population peak occurs about half a particle lifetime after the injection peak. This
model holds over discrete energy intervals even though the electrons which are lost from one
interval by collisional loss move to a lower energy interval. This downward electron flux (in
energy space) is not included in the model, but it is small compared to the injection rate

because the electron injection spectra are steep.

Thus, for two simultaneously peaking electron injection profiles at energies £, and £,, the
delay decay between the respective X-ray profiles is about ¥ [ T, (E) — 1. (E z)}. Moreover,

this relationship is roughly independent of the variation with energy of the injection time scale.

Using the collisional lifetime, (3-2} for a constant ambient electron density, we extrapolate the
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observed delays at high energy to obtain a consistent delay between the 22-33 keV and 60-120
keV rates. We use the lower energy bound of the rate channel to compute these lifetimes.
Table 3-3 lists this extrapolated delay and it is significantly greater than the upper limit deter-
mined using the cross-correlation function. Additionsally, for decay to be the dominant process,
the X-ray rate profile at high energy must decay more slowly than an electron lifetime. For the
burst C at 1615:52 UT (Figure 3-10a), the 120-235 keV X-ray flux decay time is ~—2 seconds.
The observed delay implies a lifetime of at least 4 seconds which is longer than the burst profile
allows. Since this condition is violated, and because there are no low energy delays observed as
would be expected for collision decay delay, we conclude that it is the injection of the >12¢

keV electrons which is consistently delayed throughout this flare.

One type of injection delay would occur if there were a difference in the electrons’ time of
flight from the acceleration region to the X-ray production region. Since higher energy elec-
trons are faster, the observed delay has the wrong sign for a common thick target X-ray region.
Even if the effective thick target is different for low and high energy electrons, the > 100 keV
electrons (v> 1.6 x 10%cmsec™') will be stopped within a few tenths of a second. Thus, for a
simultaneous acceleration, differential time of flight cannot produce 1-2 second high energy X-

ray delays.

Instead, the delays may be produced if a second mechanism accelerates some of the fast
electrons over 1-2 seconds and then these electrons are injected into the X-ray production
region. The rate profiles may be produced by an admixture of both the imitial and second
accelerations. This blend of simultaneous and delayed injection might account for the apparent
shift in defay energy for the two most intense bursts D and F. These bursts are also the hard-
est, so the electrons from the initial acceleration may dominate the signal of the additional

acceleration mechanism at a higher energy than for the softer bursts.

The need for a second acceleration mechanism to boost the fast electrons to energies from

.1 to greater than 1 MeV has been recognized for many years. Observations showed that for

N R Edaes oy e e s ——wir

. - ) ™ e mme T Ao aZS=X L5 L

T etk P TR B T o et B e B Sk gy o AN U T oy e e T H b 4., e

P




3. Electran Acceleration 45

some larger flares the production of these higher energy electrons occurred in close association
with other phenomena: Type II and IV radio bursts and the injection into the interplanetary
medium of energetic ions of several to several tens of MeV [Ramary er al. 1980]. All of the
high energy particles were thought to be accelerated over several minutes during a second phase
which immediately followed the impulsive phase. The process energized protons far more
easily than electrons because the observed electron to proton ratio above 1| MeV was probably
less than 1% [Ramaty et al. 1980]. It was believed that the particle acceleration was by repeated

scattering off the coronal shock waves which produce the Type II radio emission [Wild, Smerd,

and Weiss 1963, de Jager 1969]. Since this scattering gives equal velocity boosts to both elec-
8 .
trons and pretons, this picture is consistent with the higher mass protons being accelerated to |
higher energy. Also, shock waves in the solar wind are known to produce super-thermal pro-

tons {Gosling et al. 1981].

The best timing signature of the acceleration of the high energy jons is found in the
impuisive gamma-rays produced when the ions collide with other particles in the solar atmo-

~ sphere. The very large and well-studied flare of August 4, 1972 produced the first solar

| e
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gamma-ray line measurements. These seemed to support the picture of a second phase of

acceleration minutes after the impulsive phase [Ba/ and Ramaty 1976]. Recent measuremenis

o

C of gamma-ray flares by the Solar Maximum Mission {Forrest er al. 1981, Chupp 1982] have
shown that in many flares the protons must be accelerated within a few seconds of the 10-100
keV electrons. For most of the gamma-ray line flares, there is also a delay of several seconds

seen in the >130 keV X-rays relative to the lower energy X-rays. Bai and Dennis [1983]

&

showed that both the gamma-ray producing ions and the .1 to 1 MeV electrons might be

accelerated by a second-step mechanism.

LI .

% The second-step acceleration process requires the injection of energetic particles from a
first-step process. It must accelerate the particles to their peak energy within seconds since the

time profile of the higher energy particles is as spiky as the <100 keV hard X-ray profiles of
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the impulsive phase. This is very different from the second phase picture where the accelera-

tion takes place over minutes. Also, the time profiles of particles accelerated during a second

phase vary much more slowly than the impulsive hard X-ray profiles [Bai 1982].

First«Order Fermi Acceleration

Consider two shock fronts moving up both ends of a flux tube. An energetic particle
caught between the two fronts will be seen to approach one of the shock fronts. In the shock
rest frame, the particle will be magnetically reflected by the shock’s higher field with no change
in energy but with a change in the particle direction of motivn. Transforming back to the flux

tube frame there is an energy gain for this single collision given by

dE = 2v, vs-g- (3-8)
where v, is the particle velocity, « is the cosine of the pitch angle, vs is the speed of the shock
front along the field lines, and W is the total particle energy [mel. Repeated collisions with
the approaching fronts continue to accelerate the particles. This is first-order Fermi accelera-

tion where the particles gain energy with each collision.

We follow Bai et al. {1983] to find the net energy gain from successive coilisions. The
time averaged distance, o, between the shocks is the half-length of the flux tube. So the aver-
age time interval between successive collisions is

dr = d{v, <u>)"! (3-9)
Combining ((3-8)) and ((3-9)) gives the energy gain raie for vg << v, ~¢:

L _2E<p?> (T+D/T) (dfvs)™ (3-10)
The electron kinetic energy £ = (I'—1)x511keV. For a 100 keV electron, with <p’>=.5
and (d/vs) =2 sec., dE/dt is 92 keV/sec., which is quite substantial. Here we have identified
the shock rransit time {d/vs) with the delay time. Typically, one might expect

v~ 1000 kmsec™' so that 2 sec. corresponds to a loop length of 4000 km for the shock propa-
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3 Electron Acceleration 47

gation. Since there will be collisional losses, 100, there will be some injection energy above
which electrons gain more energy than they lose. This is determined from the gain rate (3-
10) and the loss rate (3-1).

(1=-80)"V283 = 3x 10°Bn <pu?>""1 (d/vs) (3-11)
For n=3x 10'%cm™ the injection speed is 8~.32 so E£,,=26keV. Then, ¢E/dr at 100 keV

will be 77 keV sec™! which is still very large.

The high resolution spectra may show evidence of this second-step. In Figure 3-12 there
are five spectra which were accumulated over the intervals marked in Figure 3-10. The evolu-
tion is similar over both bursts, At low energy the slope is fairly constant over the burst, but at
high energy the spectrum hardens. We see that the double power-law becomes single power-
faw although we do not have the counting rate sensitivity to ohzerve the hardening in detail.
For example, an important question is: Does the spectrum harden by increasing £, or by raising
the whole high energy spectrum? Delayed injection of high energy electrons would produce the
trend we have found that the decay side is harder at high energy energy than the rising side of
the burst. Note, though, that the high energy spectral exponent does not become less than the
low energy spectral exponent. This holds true throughout the impulsive phase and may be an

importaant clue to the underlying acceleration mechanism.

We can estimate the evolution of the electron spectrum due to first-order Fermi accelera-
tion using a simple model. Assume that the electrons are perfectly trapped within a volume
where the density is low enough that the collision losses ((3-1)) and other losses are small
compared to the energy gain given by (3-10). Furthermore, approximate (M'+1)/(T') by 2
(E<200keV) and ignore the change i <u*> despite the increasing parallel éomponent of
velocity. The trajectory, £ (¢}, of a single electron initially at £’ is determined by inwegrating

the energy gain (3-10).
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E(t) =Ee" (3-12)

where a~ 4 <u">{v¢/d). The spectral evolution is determined by a continuity equation for

the electrons with rio source term:

a
ot
To find the correct N (£,1) consider the electrons between £' and E~+dE' at t=0. These elec-

-a—u— g—-E— - " l_l -l -
(E.1) + aE[N(E,l) dt] 0 (elkevlsec™) (3-13)

trons will all move to an interval between £ and £+dE at a time ¢, where £ is given by (3-12).
Therefore,

N(E' 1=0)dE' = N(E 1)dE (3-14)
and df = N(E') e™', Substituting for £’ and 4E’ in (3-14) yields

N(E,)=N(E e (3-15)

For a single power-law at r==0, N'E")=4 E 77, the spectru. : at a later time ¢ will be

NEg) =4 (Ee”™ )V e
=4 E~velv-Var (3-16)
We can also determine the evolution of an initial double power-law spectrum,
N(EQ) =4 E! E<E,
[4 EZX"' ) EVREZE,, .
The electrons just below the initial break point energy must ail follow the trajectory given by

(3-12) and their spectrum must evolve exactly as for a single power-law with a spectral index
v1. Electrons initially below E,,U clearly cannot exceed £, e*'. Similarly, the electrons initially
above £, will all be abovs E,,u e®! at ¢t with a spectrum given by the single power-law soiution
for the high energy index, y2. Therefore, the total electron spectrum as a function of ¢ is

given by

NIED) =4 Evl givI-Da VE<E, e
[4 £y £ vt L ERE, o (3-17)
Substitution verifies that this function is a solution for (3-13) and that the electron spectrum is

continuous at the changing break point energy.
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3. Electren Acceteration 49

So this simple model predicts that the high energy electron spectral exponent can never
become smaller than the initial lower energy spectrai exponent. Also, an initial double power-
law spectrum remains a double power-law with an increasing break energy. Furthermore, the
intensity of the high energy spectrum increases more rapidly than the intensity of the lower
energy spectrum. This model does not include escape, collisions, or radiation. We have noted
that the ~40-100 keV spectral exponent (Figure 3-12) does not become lower than the low
energy spectral exponent either during or after the peak of any burst. This limit to hardening is
just as expected from this simplified model. But we do not have the count rate sensitivity to
determine whether £, increases in the manner predicted by this model. Also, the delays are
found at energies above 120 keV where we do not have sufficient counts to watch the spectrum
evolve. At low energy the density of first-step fast electrons is too high to be changed by the
injection of a few second-step electrons. But at high energy where the initial electron density is
very low, the shock accelerated electrons may be the dominant component and the delay time

might really be the time it takes to accelerate the electrons to higher energy.

This scenrario requires a shock wave for each of the six delayed bursts from 1614:48
through 1617:02 UT. Shock waves could be created by the flare explosion process which is ini-
tiated by the rapid transfer of energy to the chromosphere by the fast electrons [Brown 1973,
Lin and Hudson 1976]. The target atmosphere responds by an increase in temperature. As the
temperature increases the emissivity of the atmosphere above 100,000 K rapidly decreases.
Therefore, the atmosphere cannot radiate away this additional energy flux. At some fast elec-
tron flux level, the conductive losses will be small compared to the input power. Then, much
of the beam power will go into the explosive expansion of the target plasina. Computer simula-
tions [Fisher et al. 1984] indicate that an energy flux greater than 3 x 10%ergsem™?sec™! over 5
seconds will initiate a shock wave within a rigid flux tube model. We can estimate the area
covered by the flare hard X-rays from the H, optical measurements of 1.5—3, x 10'8¢m?2  Using

the larger area as an upper limit to the flux tube foot points, we find a lower limit average
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energy flux of 1.3x 10%rgscm™"sec™!. The energy flux during a single spike could be much
higher if each burst occurs over a distinct flux tube with a much smaller cross-section. So it is
possible that the start of each intense fast electron burst could trigger the explosion which ini-

tiates the shock waves for the second-step acceleration.

There is an intense Type II radio burst seen at 1620 UT in meter waves which indicates a
shock prepagating out through the corona. Although we have not examined the radio records
to search for multiple shocks, this emission is consistent with an event starting sometime dur-
ing the impulsive phase and moving with a velocity ~3500~-1500kmsec™'. Undoubtedly the
second-step acceleration process is much more complicated, but the data do, at least partially,

support the rapid acceleration of electrons by the first-order Fermi process.

The second-step will also accelerate protons which are detectable by the gamma-ray line
emission they produce, or by /n sity measurements by spacecraft in the interplanetary medium.
The June 27, 1980 flare did produce 8 x 10°° protons (> 10 MeV) in interplanetary space [Bai et

al. 19831 which left the sun within a haif hour of the start of the flare.

Energetic protons collisionally excite ions in the solar atrnosphere, some of which decay
by positron emission [Ramaty et al. 1982, Ramaziy et al. 1983]. The positrons siow down, and
subsequently annihilate to produce line emission at 511 keV. Qur germanium spectrometer is
capable of detecting this line with high spectral resolution {(~1.5 keV FW/{M}. The spectrum
at 511 keV, Figure 3-13 indicates a flux at the Earth of 3+=2.7 ph cm™* over the entire flare.
This compares to a total flux of 35 ph cm™? for the giant August 4, 1972 flare. This implies a
3o upper limit of 10* to the number of protons, E>30 MeV, hitting the sun. Therefore, the
escape fraction lies between .001 and 1 which is consistent with other observations [Ramary et
al. 1980, Lin and Hudson 1976]. If we extend the thick target model! electron injection spectrum
to high energy, we find that the proton to electron ratio is greater than 10°. As expected for a
process where the average non-relativistic particle receives the same velocity boost, ions are

accelerated to higher energies than electrons.
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- . * . - * . g
A second-step acceleration process thus, in principle, seems most compatible with the 8
37
i

delays observed during this flare. First-order Fermi acceleration is an attractive mechanism

because it can rapidly boost both electrons and protons to higher energies. We have shown that

the first-order Fermi process is consistent with both the physical conditions in the fast electron '§
X
environment and the hard X-ray data from this flare. \
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Figure Captions

Figure 3-1 (a)Large area scintillator counting rates during June 27, 1980 flare from 16:12:00 through 16:33:00

UT and (b) from 1614:24 through 1617:24 UT. High resolution spectra are accumulated over the intervals

marked in {b} with Roman numerals. Count rates are corrected for detector live time and the aperture
response of the collimator.

Figure 3-2 High resolution flare X-ray spectrum from 1617:00-1617:10 UT. The steep increase at low energy
is the emission from a thermal plasma while above ~20 keV we see a spectrum which is nearly power-law in
shape. For the four parameter model fit, x2;5, = .78.

Figure 3-3 High resolution spectra with best model fit for six time intervals during the impulsive phase. The
inset in (1I) shows the best ultra-high temperature thermal fit.

Figure 3-4 Scintillator rate channel ratios and 60-120 keV scintillator rate. Maxima occur at the counting rate
peaks showing the soft-hard-soft evolution of the bursts.

Figure 3-5 Thick target electron power above 15 keV. Also shown is the 33-60 keV X-ray count rate for the
scintillator. For this low energy cutoff, the X-ray peaks and power peaks are sometimes anti-correlzted,

Figure 3-6 Hard X-ray bursts (a) decomposed into possible ‘eiementary” burst profiles (b} and into the gre-
dual and ramd components (c).

Figure 3-7 Hypothetical temporal evolution of the gradual component at 22.33 keV and at 60-120 keV. The

fast fluctuations would be due o the rapid component, Also included is the 15-20 keV photon flux. Early in

the impulsive phase the 15-20 keV flux is almost completely due 1o the non-thermal gradual component.

After "1616:10 UT, the lowest energies are dominated by the emission from the thermal super-hot com-
ponent.

Figure 3-8 Post-Impulsive phase scintillator counting rates. (a} 60-120 keV rate corrected for collimator
trapsmission. (h) 22-33 keV and 60-120 keV rates with slowly varying component removed to enhance fast
spikes,

Figure 3-9 (a) 33-60 keV photon flux in excesss of the super-hot component -'s. 60-120 keV scintillator
counting rate, (b) single power-law spectral index vy,

Figure 3-10 Delayed bursts for photon energies > 120 keV. (a)Delay of 120-235 keV profile with respect 10
60-120 keV rate. (b)Delay ol > 235 keV rate with respect 1o 60-120 keV rate.

Figure 3-11 Cross-correlation functions for the six bursts which show delay between X-rays below 120 keV
and above 120 keV,

Figure 3-12 Five spectra taken from bursts at 1616:08 UT and 1617:02 UT. Specira show evolution of high
energy component through bursts.
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- Figure Capuans 5 3
: Figure 3-13 High resolution X-ray spectrum around 511 keV from germanium specirometer. The ~la
excess is not statistically significant.
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HIGH RESOLUTION SPECTRA WITH MODEL FITS
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FOUR

Super-Hot Component

4-A. Intreduction

Solar flares produce hot thermal plasmas which are contained in icops [Moore 1980].
Prior to our observations, it was believed that the highest temperatures reached within these
loops was 20—25 x 10%°K. With our high resolution measurements of the flare hard X-ray
spectrum, we discovered a super-hot flare piasma component with a peak temperature of close
to 35 x 109°K. This was present at the same time that soft X-ray monitors (GOES 2 ionization
chambers) showed the usual much cooler flare plasma at 10—20 x 10°K. This super-hot com-
ponent is likely to be the hottest truly thermal plasma in the flare. This chapter explores the

role of this super-hot component within the flare.

4-B. Observations

To examine the longer term evoiution of the flare, the germanium spectrometer data were
accumulated over the 15 time intervals of Figure 4-1 The corresponding highly accurate photon
spectra are displayed in Figure 4-1 with the data binned to 1.12 keV at low energies. At higher
energy, the bins are wider for increa.sed statistical accuracy. At the start of the event, the spec-

tra are accurately power-law (y ~3.5} from 13 to ~40 keV, with a steepening at higher ener-
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gies.
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Beginning near the peak of the event at ~1616 UT, a new, very steep component is

5

observed at low energies, superposed on the power-law. At its steepest, this new component
has a power-law index g~-11, where (d//dE) « E~7. Such a steep spectrum is unresolvable by
scintillation detectors. This steep component appears to vary much more slowly than the
power-law component. After the rapid drop of the power-law component at ~1617 UT, it can
be seen that the new steep component 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,

dn/dE, = 2w n, (w k T,) Y2 EM2 ¢ B/ ]
at low energies, and a power-law at high energies. Here n, and £, refer to the electron number '
density and kinetic energy, respectively. The power-law component contributes insignificantly E
to the flux below ~30 keV. The X-ray spectrum from this distribution was computed for solar
coronal abundances (Z? = 1.8) using the differential X-ray flux /5(£,7) in units of

phem™sec™! keV™!

B e o(E.T) exp™&/m
I5(E,T) = 1.07x 1072 22 £y £ 20

where the photon energy E£ and electron temperature T are in keV, the emission measure EA

e
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(4-1)

is in em™, and the dimensionless Gaunt factor g(E,T) is taken from Medrzler et al, [1978].

Figure 4.2 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 Lampron, Margon, and Bowyer {1976]. The 90% confidence { x>, fit with 16
degrees of freedom) region in the temperature/emission measure plane is also shown in Figure
4-2. The best-fit temperature is 30.1 x 10°°K, and the emission measure is 2.5x 10%em™? .
We call this plasma and its hard X-ray emission the super-hot component {SHC). Good fits to

isothermals are obtained throughout the decay phasse (>1618 UT) of the event. Thus, the
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SHC spectrum is consistent with that of an isothermal electron distribution essentially
throughout its existence. The evolution of this component is shown in Figure 4-3. The max-
imum temperature of 33.6 x 109K is rcached at ~1617:15 UT, and the maximum emission
measure of 5 x 10¥ cm™ is attained at ~1617:30 UT. Although this component is present after
~1616:20 UT, we exclude the fits prior to 1616:50 UT because there may be a significant dis-
tortion of the fit due X-ray emission around 15 keV from an intensely emitting lower tempera-
ture plasma. Also, we know from the ISEE-3 proportional counter data [Kane, private com-
munication] that the SHC is present until at least 1636 UT. (The ISEE-3 proportional counter
had two channels: at ~10-14 keV which are well suited for detecting the very late decay phase

when the observable emission falls below the balloon detectors’ atmospheric cutoff of 14 keV.)

After 1626:50 UT, the statistical uncertainty in the temperature and emission measure fit-

becomes too large to be included in a detailed examination of the temporal evolution.

To investigate the relationship of this SHC 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
ionization chamber data from the GOES 2 spacecraft [R. Donnelly, private communication].
We shall refer to this flare plasma as the soft X-ray plasma (SXR). The GOES data were fit to
a single temperature and emission measure using the GOES 2 chambers’ response functions
(Dannelly, Grubb, and Cowley 1977} and the calculated X-ray emission as a function of tempera-
ture for an isothermal coronal gas [ Wendt, private communication; Mewe 1972; Tucker and
Koren 1971]. The maximum temperature reached by the SXR is 19 x 10%°K, well below that of
the SHC, and maximum emission measure is 4 x 10¥cm™3, a factor of ~ 10 larger. In our
energy range (>13 keV) the X-ray emission of this flare plasma is usually negligible compared
to the observed X-ray flux (Figure 4-2). Since the SXR usually consists of a continuous distri-
bution of emission measures with temperature [Moore er al. 1980}, the SHC identified here may
be the highest temperature portion of this distribution. In that case, these observations show

that the SXR at least occasionally extends up to “35 x 109°K. Both the emission measure and
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temperature of the SHC, however, show temporal variations quite different from those of the
SXR (Figure 4-3). Note the fall in the SHC temperature from "1617:20 to 1618 UT, quite
independent of the slow smooth increase in temperature of the flare plasma from 1615 to 1618
UT. The SXR plasma cools significantly from 1618 to 1622 UT as its temperature falls from
“19 x 10°°K to ~13 x 10%°K, while over this same time the SHC maintains a temperature very
close to 30 x 10%°K but drops in emission measure by a factor of four. This cursory analysis
suggests that the SHC is not simply the hottest portion of the soft X-ray emitting loops. If they
occupy the same loop, then their relationship is determined mainly by thermal conductivity,

plasma emissivity, and energy input.

Below we consider several models for producing the SHC and the SXR emission. In the
first model all of the SHC and SXR plasma is contained within a single loop of uniform cross-
section with the foot-poinits anchored in the cool chromosphere. The size of the SHC is
estimated from observations by HXIS, the hard X-ray imaging instrument on the Solar Max-
imum Mission spacecraft. We compute the loop pressure, assumed uniforn. along the loop,
from the SHC emission measure and the SHC volume. From the pressure the density is
obrained as a function of temperature, which allows us to estimate the radiated power from the
loop. We find, though, that this model is inconsistent because the downward heat flux from
the SHC is much greater than the computed radiated power from the rest of the loop. To
resolve this problem we try a second model where all of the SHC and SXR plasma is confined
within a collection of identical, dense filamentary loops. These filaments are distributed
throughout the HXIS volume, but fill only "1/60th of this volume. The plasma density is
chosen to be high enough to radiate all of the downward heat flux. While this is a more con-
sistent model, the SHC energy loss rate seems too high to be compatible with the observed
decay and possible energy inputs. In the third model we consider a collection of dense
filaments which have a distribution of peak temperatures. Using the quasi-static model of Ros-

ner et al. [1978] for the structure of the SHC loops, we obtain a decay rate which is compatible
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4. Super-Hot Componest 7 I

with the observation. In this isobaric (along the ioop but changing in time) constant cross-
section model, the loop structure is determined analytically by balancing the local radiative
losses, the change in internal energy, and the change in conductive flux. The total cross-
section for the SHC loops is obtained by matching the model hard X-ray flux to that observed.
We find that only about 20% of the SXR piasma is contained in these SHC loops, with the rest

contained in other loops with lower peak temperature.

4-C. Single Loop Made]

HXIS Data -

The HXIS instrument on the SMM spacecraft [Van Beek et al. 1980] images solar flare
X-rays with moderate angular and energy resolution from 1-30 keV, Unfortunately, SMM was
in earth shadow until just after 1630 UT, but HXIS did observe the flare during the time
immediately following 1631:27 UT. The counts in each pixel (coarse field 32"x32" per pixel)
over 23.5 seconds for the 11.5-16 keV and 8-11.5 keV channels are shown in Figure 4-4.
Because the fields of the pixels overlap, it is possible to determine the extent of the source
within a single pixel from the relative count rate of the neighboring pixels. As an example,
consider a source which is uniformly bright over the field (FWHM) of a single pixel. Because
the collimator response function is triangular, 32" FWHM, and overiaps the neighboring pixels,
each of the horizontal and vertical neighbors would have 1/6th the counting rate of the bright
pixels. Applying this reasoning to the data in Figure 4-4, we have estimated that the source in

both of these channels subtends a solid angle of ~12"x36".

We can estimate the relative contributions to the HXIS count rates from the SHC and
from the cooler SXR at 1631:30 UT. Table 4-1 shows that the SHC flux dominates above 11.5
keV while the SXR flux may be nearly as intense in the 8-11.5 keV channel. Thus, we con-

clude that we are acrually estimating the size of the SHC with the 11.5-16 keV data.
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Tahble 4-1 HXIS intensity as & function of 7T,

and energy.

Flux from Soft X-ray Plasma vs. Super-Hot Component
L I SXR | SHC
Temperature  11.6 x 10K 22 x 10K
EM Ix 10%em—S 1x10%em™?
Energy Flux phem™%sec™ keV™T | Fiux

8 KeV 64 104

11.5 keV 1.1 9.5

16 keV .0065 27

The active region of this flare is located on the sun at 67°W and 27°S. If the source is
thin and lies parallel to the surface then we may see only 38% of the true area. However, the
long direction of the image is in the N-S direction and may not be appreciably distorted. Tak-

ing these errors into account the scale size of the SHC is ~1—4 x 10° cm.

Physics of Hot Coronal Loops

Before we can discuss our three specific models for the SHC and the SXR, we need to
understand the physics of these hot plasmas. The SHC is in some ways a hotter version of the
SXR which, as we know from Skylab pictures [Moore et al. 1980], is configured into a loop
structure defined by the magnetic field. The magnetic field inhibits any mass or heat transport
perpendicular to the field so the physics is essentially one-dimensional provided the confining

field is sufficiently strong

The thermal conductive flux F, is given by the Spirzer [1962] formula
F.==10"%7%2 ¢T/ds (ergs cm™? sec™!) (4-2)
Here s is the coordinate which runs along the magnetic field and runs from s=0 at the base to
s=L/2 at T, for our symmetric loop. Note that F, is independent of the plasma density. F,
is derived from classical diffusion where the mean free path, /, of the energy carrying electrons
is much smailer than the temperature gradient scale length. The density drops out of the heat
flux because the number of carriers varies as the density, but the range of the carriers varies as

the inverse of the density. The range is important because the difference in ihe energy flux at

&
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5 scales with the difference in average energy of the carriers at the site of their last collision.
s=/ and s+{. Later we show that our loop probably has a density high enough that [ is
sufficiently small, compared to the temperature gradient scale, for this diffusion approach to be

valid.

Our mode! also requires that the pressure, p, be nearly nuniform throughout the loop. The
hydrostatic pressure gradient is not important because the temperature scale height is so large
(H>10!" cm for T,= 3 x 10°K). Moreover, if large pressure gradients were maintained over
time, then we expect that large velocities would develop. We can estimate the bulk velocity
within the SHC over the time from 1618-1623 UT when the emission measure falls by ~4
within ~270 seconds. Since we believe that the volume of the SHC remains nearly constant
through the decay, » must drop by 2 so that there must be a flow which covers
1/2 Lgpe/2)  in ~270  seconds. From the HXIS data we compute
Loye = 36"x7.28 x 10’=2.6 x 10%m. Thus, for the velocity at the SHC-SXR boundary we
obtain vgy-~25 km sec™! which is well below the jon sound speed (~500 kmsec™!). We
determine the loop gas pressure p from

p=2nk (T,+T,) (4-3)

The equipartition time for ions and electrons [Spitzer 1962] is given by

rep = (10/n) T2
= 165 sec for n=10'" cm™ and 7,=30 x 10K,

The HXIS image also gives us a crude upper limit to the loop cross-sectional area A < 7 x ( 6"
x 7.28x 107 cm)? which yields A<6x 107 cm?®, From the SHC emission measure.EMgyc, at
1618 UT of 3.9x 10¥em™ we obtain #>5x 10%cm™. Therefore, r,, must be less than 30

seconds which is short compared to the time scale of the decay. So we take 7,=7, for the loop

at all times.

Our first model is of a single loop of constant cross-section which contains all of the SHC

and SXR. The loop volume completely fills the HXIS "image". The pressure is nearly uniform
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throughout the loop. The pressure is computed from the temperature, volume. and emission
measure of the SHC. The conductive flux out of the SHC is estimated using the scalc length
from HXIS. The SXR radiative loss rate is estimated using its emission measure times the radi-
ative loss function, R (T) [Rosner et al. 1978]. For this model to be self-consistent, the cooler
portion of the loop, designated EUV for exiwreme ultra-violet, must be dense enough to radiate
the heat flux flowing out of the SXR loop. The power radiated by the EUV portion of the loop

is calculated by integrating R (T) over the estimated differential emission measure.
First, estimate £, leaving the SHC. Crudely dT/ds is given at 25 x 105°K by

(30 x 105°K—25 x 10%°K)}
(Lsyc/2)

which is ~38x107%cm™ for Lgyr~26x10%m. Thus by Equation (4-2),

dT/ds ~

(4-4)

Fe ~ 1.2x 10Y%rgem™sec™! which should be accurate to within a factor of ~2. For

A = 6x 10" cm?, the conductive energy flow from the SHC is 2F,A ~ 1.5x 10¥ergsec™.

The power radiated from the SXR is
Psyr = n n R(T,) dV = EMsyg Rexr
Rsyr is the emissivity averaged over R (T) assuming a flat differential emnission measure with
T. Based on the GOES response functions, 5 X 105°K < Teyg < 25 x 10K, We estimate
Rsxg ~ 3x 107Pargem?sec™, so that at 1618 UT, when EMg, = 4% 10¥%cm™?,

Psyg ~ 1.2x 107 ergsec!.
We see that the total downward heat flux, 2F, A ~ 1.5x 10%ergsec™!, is hardly reduced
by a radiative loss of Pgyp~1.2x 10¥ ergsec™ . Thus, the EUV portion of the loop must radi-

ate the bulk of the heat flux for this model to work. The heat flux into the EUV region is

given by

F. (5 x 10%K) = F, (25 x 10%°K) — Pgyp/24 ~1.1 x 100ergem™?sec™!

At 1618 UT we infer the pressure from the SHC volume and emission measure to be
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p= (EWS;{(-/(LSH(-A))”Z 2k Tmnx = 400dycm'3
The radiated power, per unit cross-section, is computed by integrating R (7) over n%ds. Using

(4-2) gives us ds/dt and replacing n with p/(2kT") we obtain

P
o T g

T=5 x 10%°K

P apex
base =T, i'
Peyy
' Here we clearly see that the larger F, is, the smaller the radiated power. In fact, 25: (4-5) :
.

may be estimated by replacing F.(7) with 1/2 F, incident on the EUV region from the SHC.

Using an approximation of Rosner e! al. [1978] for this integral over T,

Pryy

g 2A ~fr(TYFAT") for T" = 5 x 10®K (4.6}
where fr (T) is given by
Sr(T)=4.16x105p* T for T > 126,000°K 4-7
¥ P
Thus, ZEZV ~3x 10%rgscm2sec™!  which is much less than the incident
F.~1.1x10"%rgscm™?sec™!. Clearly, the EUV loop cannot radiate this heat flux at this pres-
sure. In fact for a consistent loop model, the pressure of the loop may be found by equating
.
Pryy . ) )
BT and £, incident on the EUV in (4-6). Thus, for a consistent loop model,
Peov. _ (fo (T=5 x 10°K)) 2 4-8)
r 2A
Moreover, F. is the minimum heat flux incident on the EUV. The falling emission meas-
ure of the SHC after 1618 UT indicates downward mass flow carrying additicnal energy. This
. phenomenon is called coronal ‘condensation’. (The reverse process, indicated by a rising £EM
at high remperature, is termed chromospheric ‘evaporation’.) The additional convective energy
flux is comprised of the material transport of plasma energy and pd¥ work done by the gas.
3 This is given by the enthalpy flux
F,=5/2pv {4-9)
®
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Thus, this model is not self-consistent. The EUV density is too low to radiale the incom-
ing heat flux. To make this loop model consistent, either £, must be jower or the plasma must

be dense enough to radiate the high heat flux.

Duijjverman {1983] examined a SHC loop model with a reduced F. due to anomalous heat
conduction. Equation (4-2) for F, is not valid when the electron mean free path, /, is compar-
able to the temperature gradient scale length, S=T7(ds/dT). Duijveman [1983] expects 2 minor
reduction (factor of ~2) from the classical conductivity for //S > .01 and serious limitation of £,
for /S —~ .1. If we take ds/dT ~ 300 cm as constant throughout the loop we may estimate
I/S by

/8 =(3.9%x10° 72/ 91 n T°¥3)/ 300 T

~3x10085 12/ p (4-10)
For 7 = 30 x 10°°K and p = 400dycm™?, we find that //S < .007 everwhere which means

that the classical conductive flux is valid for the SHC. Also, for any smaller Vgyc, the classical
formula for the conductive flux is valid for the SHC piasma at 1618 UT. Thus, we must inves-

tigate the other possibility of loops of higher density and smaller cross-section.

Filamentary Loop Models

In this filamentary model there are a collection of dense, identical loops distributed
throughout the apparent HXIS ‘volume’. The pressure is uniform along the loop and the phy-
sics is one-dimensional. The SHC and the SXR are totally contained within these loops. This
time we choose the pressure/density of the loop high enough that the energy loss can be radi-

ated.

The total energy flux out of the SHC is the conductive flux £, plus the enthalpy flux
F.=5/2 pv. This must be balanced by the radiative energy loss per unit cross-sectional area by
the SXR and the EUV plasmas. Since the loop pressure is falling everywhere, the SXR and the

EUYV are radiating their own energy loss, d£/dr <0, too. In short, the radiative loss must equal
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the energy input within the SHC and EUYV portion of the loog,

Peyy + Poyr = ZA(FL -+ F,,) + dE/dt. (4-11)

All of the terms in (4-11) may be expressed as either constant, linear, or quadratic in VA
at 1618 UT. Since Lgyg >>Leyy, dE/dt~1.5ALgyz dp/dt. Because the emission measure ratio
of the SXR to the SHC is “10/1 and the density ratio is “2/1, the ratio of the volumes should
be “10/2%°2.5. Thus, Lgyg is “2.5Lgyc. Computationally, it turns out that dE/dt~3AF,. In
cgs units, the other terms are

F.~1.2x 10, F,~pl.3x 107, Pgyp~1.2x 107, and Pryy~2A(f (TTNY2,
p is given by

p=( EMgyc ! Louc A) 2k T=132x101/ VA (4-12)
Solving for A we obtain
A= 1.3x10%cm? and p = 2850dycm™2
The energy loss from the SHC is 2A( F,+F, ) + Pgyc ~ .88x 1077 ergsec™! while
Ege ~ 1.3x 10%erg at 1618 UT. ™he cooling time for the SHC is given by
1, =15x10%/ .88x 10?"sec~ 170sec. But the SHC lasts with Ty, ~ 30 % 109K for ~ 300
sec and 7> 25 % 10%°K for ~600 sec. Because the SHC peréists beyond ¢., there must be an

additional heat input of the order of 5x 10%%ergsec™..

In the previous chapter we learrad that there are non-thermal electrons accelerated and
stopped during the decay phase. However, even if their spectrum extends to as low as 15 keV
they carry an average of less than 10%ergsec™ over 1618-1622 UT and even less power after-
wards, We note that the energy in the electron spectrum increases by about 10 for every 30%
drop in the low energy cutoff. Another possibility is that there could be some other mode of

energy input to the SHC. But observationally, there is no direct evidence of such a heat source.

We try a third filamentary loop model where we do not require the SHC and the SXR to

come from the same identical loops. Instead, thewe are a set of loops with a distribution of
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maximum temperatures. The loops are modeled by a static model, where v and F,~-0. This
is consistent with the chanpe in the conductive flux being given by the local radiative loss
minus the local change in internal energy. The model is similar to that of Rosner er al. {1978]
for steady-state coronal loops but we substitute the local energy loss for the heat input in their
energy balance aquation. In this model we are explicitly ignoring the fluid equations of motion
and assuming that changes take place siowly between a series of quasi-static states. Since this
model is best for small £,, we match the modet to the data at 1622-1623:30 UT when the SHC
emission measure is barely changing (implving that v~0). The differential emission measure
of the loop plasma is determined analyticall, from: the local energy balance. Using this
differential emission measure, we find the total cross-section A of the SHC lcops by matching
the observed hard X-ray flux. Using his A, the total energy and the energy loss rate can be

computed for the SHC plasma.

The local energy balance includes the local energy loss rate, (G¢/d¢) ds, the change in the

conductive flux, dF,, and the local radiative loss, #> R (T) ds,

dF, = —n*> R(T) ds — (3¢/8t) db. (4-13)
We integrate (4-13) over T to find the conductive flux by replacing ds with s dT/ds using (4-

2) and replacing n with p/(2kT). Thus,

FHT) = fr(T) = fu(T) (4-14)
because F, is negligible at the low temperature boundary. fy (T) is given by

T T v

Ju(D= [ 2% 107%(=3¢/d0) V21" (4-15)
=T,

During the decay, —3</9+ is always greater tha1 zero. To obtain s(T) we integrate (4-2} over T

using (4-14),

T=T rax

S =107 [ ar'T¥? (o (T") = Sy (7)1 (4-16)
T=Tp

The denominator in the integral in (4-16) vanishes only at the loop apex, s, Also, pressure
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balance should make d¢/8¢ constant over the loop so (4-18) is readily solved. The total loop
length is

L/2 ~ Up % (T, /1400)% for T> 10 x 10°°K (4-17)
We show the loop structure in Figure 4-5 where we display F.(T)/F,_and s(T)/(L/2) vs.

T/Tmax. Normalized this way, these curves are valid for all L and T>10 x 10°°K. The

differential emission measure within the loop is given by

p2 10—6 Tlf' 2

DEM(T) =
) 4 k2 F,

(4-18)

We can use this differential emission measure to compute the hard X-ray flux per unit
cross-section at 1622-1623 UT. For the moment we assume that the total loop length, L, is
4x 10%m (Later we show that this is consistent with Lgy-~2.6x 10%m.). Using this L and
Tmax=29.3 x 10%°K, then p=4500dycm™? by (4-5). Since a single temperature spectral model
was used to fit the hard X-ray flux, the cross-section A is obtained as a function of photon

energy E when we compare the single temperature model to the model which is differential in

T.

Tmax

HE Toa) EMspc =2 A J DEM(T") I(E,T")dT’
0
Thus, .8x 105 < A < 1.4%x 10¥cm? A ~ 1.2x 10%cm?® is a representative value. Fiom p,
A, and EMsyc, we compute Lgy-=2.7 % 10%cm and locate Lgye/L=.67 in Figure 4-5. Thus, in
Figure 4-5, we see that the low temperature boundary of the SHC plasma is given by

T/ Ty = .83 for Tp,u~30 x 10%°K. As promised the filaments are dense. For a total loop

cross-section of 1.2x 18 cm?, the density peaks at “1012em™.

Furthermore, computing the response of the GOES 2 ionization chambers to the SXR
emission from this collection of SHC filaments, we can account for most of the emission in the
-] o
.3-4 A channel, but not the emission in the 1-8 A channel. Therefore, there must be filaments

which have a peak temperature much less than that of the SHC plasma.
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Energy Budget of Filamentary Loops

Now we can specify all of the energy balance terms for the SHC, We write the SHC

energy balance
0=FE+ Psyc +2A (F, + F,) = H

E is the time rate of change of Esyc, the total energy of the SHC. For the SHC where
T~30 x 10K, R(T) ~2x 10"Bergem’sec™!. H is the total heat input into the SHC. Note
that for the largest EMgyc of 5% 10¥em™3, Pgyc~10%ergsec™! which is well below
Psyr > 10¥ergsec™!. Table 4-2 lists these energy loss/gain rates from 1616:50-1626:48 UT for
L~4x 10°cm and 4=1.2x 10 cm?. During the decay phase, Table 4-2 shows that the heat
input rate to the SHC should be ~5x 10¥ ergsec™! to account for the £ observed. We see that
H is of the same order as the observed power in the decay phase non-thermal electron spec-

trum if the low energy cutoff extends to 15 keV (as it does during the impulsive phase).

This additional heat input may maintain the SHC temperature from 1618-1622 UT when

Tmax remains nearly 30 x 10%°K while the emission measure of the SHC falls by a factor of 4.

Table 4-2 SHC Energy Balance for Quasi-Static Model

Super-Hot Compunent Energy Balance
Time 16:50 17:00 17:12 17:24 17:36 18:00 19:00 10:00 22:00 23:30 24:20
After 1600 T +26:46
EMoe 2 35 [32 |5 41 |39 |25 [16 |10 |10 [.85
10% cm~3
-1‘7 313 31013361321 13251303301 [3.00]2937]2787255
10°K
Esue 29 |38 [40 147 4.3 40 3.1 2.5 1.9 1.8 1.6
10%%ergs
E 2.1 1.7 3.8 33 10-1.3 [-1.5]-1.0 I'-1.0 | -0.1 |-0.4
10%62rgs sec~!
Poyc 0.4 0.7 b4 1.0 .82 .78 5 32 0.2 0.2 A7
10%ergs sec™!
2F,A 7.8 -2.2 168 -22 |-L1 |-9 -.8 -65 0. -.23
10%ergs sec™!
2F.A -5 -5 -65 [-355 ] -6 -45 | -45 1-45 | -40 | -33 |-24
10%%eras sec™!
H 1.5 3.0 1.35 .3 1.0 .35 57 25 43 24
10%erps sec~!
Pors 780 220 | 120 1130 (52 (.9 |9 |14 |3 [z 11
10%%rps sec™! .
Terms involving derivatives {F,, £, and H)} are computed by taking the difference betwesen two values and

dividing by the time.
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Since the SHC plasma must expand as it pushes some of the hot plasma downward, the tem-
perature would fall withoui some additional heating. It may be that all of this heat is deposited
in a small region which would be somewhat hotter than the T, indicated by the fit to the

emission from the singie temperature plasma model.

Determining the fraction of the SXR plasma in the SHC loops is difficult without precisely
determining the response of the GOES ionization chambers to the distribution of SHC plasma.
Probably, the hotter plasma distorts the measured temperature of the SXR emission by making
it seem hotter. This, in turn, probably results in an under-estimate of the SXR emission meas-
ure. Still, we can roughly estimate this fraction. First, Lgye =~ 2Lgyg within the SHC loops.
Since the SXR is cooler we estimate that the average density is twice that of the SHC. Thus,
the SXR emission measure should be “2 times the SHC emission measure. The overall ratio
EMsyn! EMsyc is ~10, so “20% of the SXR plasma resides in the SHC loops. Thus, 80% of the

SXR plasma must reside in loops with significantly lower maximum temperatures.

The maximum energy content of the SHC filaments is computed from
Ero1ar=3/ 2Pmax Y ot
At 1617:24, Epm = 8x 10% ergs. We estimate the energy content of the SXR filaments by
taking their radiative loss rate, Psyp 2 10¥ ergsec™!, multiplying by 2-3 for the EUV power, and
integrating over a decay time of 500-1500 seconds giving a total thermal energy of ~1-
5x 10™ergsec™!. The higher value is comparable to the energy in the non-thermal fast elec-

trons {computed in Chapter 3).

Origin of the SHC

There are two scenarios suggested by the extremely high density ("10'2em™3) of the SHC
plasma for the origin of the SHC plasma. (The plasma pressure of ~10%dy cm™ corresponds to
the magnetic pressure of an ~500 gauss field.) Strong acceleration may occur which produces an

intense flux of fast electrons which stop in the chromosphere. The dense plasma may then
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arise from the chromospheric evaporation process and quench the electron acceleration process.
leaving the SHC behind to slowly decay. Alternatively, the high density implies a high electron
collisional loss rate which would make acceleration of the electrons extremely difficult. Thus,
the SHC may arise from energy release in a filament which is too dense to support significant

electron acceleration [Tsuneta et al, 1984].
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Figure Captions

Figure 4-1 Hard X-ray spectra accumulated over 15 time intervals covering the impulsive and post-impulsive

phase of the flare. The time intervals are marked on the 22-33 keV scintillator counting rate inset. The solid

lines are mode! fits 10 the data. At high energy the model is a single power-law, After 1616 UT the curved
" thermal spectrum of the Super-Hot Component plasma is included at low energy.

Figure 4-2 Exumple of the isothermal fit. The power-law fit at high energies and the emission from the flare
plasma at low energies ar aiso shown. The xz,, 90% confidence contour is shown in the upper right corner,

Figure 4-3 Evolution of the SHC emission measure and temperature through the flare, Also shown are the
soft X-ray plasma emission measure and temperature,

Figure 4-4 Counting rates in (a) the 8-11.5 keV channel of HXIS and (b) the 11.5-16 keV channel (G. Sim-
nell private communication).

Figure 4-5 Structure of a static loop. The curves are normalized by their maximum value within the loop.
For L=4x 10%m and T, =30 x 105°K, Fe =34 10%ergserm—? sec™!,
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Summary of Flare Results

Here we summarize the non-thermal aad thermal results of the flare discussed in chapters
3 and 4. The unifying concept of these results is that electrons are accelerated in the corona
and stream down to the denser chromosphere where they deposit a large portion of their energy
[Kane and Anderson 1970, Lin 1974, Lin and Hudson 1976, Brown 1971 and 1973, Kane er al.
1980]. In fact, the first hard X-ray imaging detector, on board the Solar Maximum Mission
spacecrait, has observed simultaneous hard X-ray brightenings at widely separated locations
which spatiaily coincide with the bright He patches [Duijveman et al. 1982). This observation
greatly supports the concept that it is these fast electrons which are the initial carrier of a large

fraction of the impuisive flare energy.

During the June 27, 1980 flare, “10°8 electrons are rapidiy accelerated to energies from
15 to greater than 100 keV. Over the whole flare, =5 % 10%%rgs may be carried by these elec-
trons. We also know that thermal plasmas are created in this flare with densities as high as
~10" cm~? and temperatures in up to 35 x 10°K. In addition to t“2 soft and hard X-
radiation, there is a wide range of accompanying electromagnetic and particie emissions during

the flare.
The flare converts energy stored in the coronal magnetic field into electron energy [see

Svestka 1976, Van Hoven et al. Kahler et al. 1980]. For a volume of 108-10%8 cm® we require
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5. Summary of Flare Resulls 90

that B*V/(8z) >3 x 10%%rgs or B> 100-350 gauss. The first indication of the energy conver-
sion process is the rise in soft X-rays at 1612 UT. This is followed by the first observation of
the hard X-rays at 1613:30 UT. The soft X-ray flux may be produced by the heating from the
linear stage of a current dissipation process, which is followed by the far more dynamic non-
linear stage. During this non-linear stage, the conditions may exist for particle acceleration

{Alfvén and Carigvist 1967, Kane and Anderson 1970, Carlqvist 1972, Spicer 1977a and bl.

The hard X-ray time profiles and spectra reveal several important characteristics of the
energy conversion process. The rate of energy input into energetic electrons, computed in the
thick target picture, remains nearly constant across any individual burst, and also changes very
slowiy from burst to burst. This temporal behavior is the same as shown by the gradual com-
ponent of the impulsive phase non-thermal X-rays and is very different from the rapid varia-
tions seen in the "35-100 keV hard X-rays. It may be that the energy release is slowly varying
because the process depends on the global properties of the flare region. These global proper-

ties may evolve on a timescale given by the propagation of Alfvén waves across the flare site.

The spectral evolution of an individual burst reveais information about the acceleration
process. This process appears to accelerate electrons to > 100 keV within a fraction of a
second. One possible way to achieve this rapid electron acceleration is by an electric field.
Potential drops are known to exist along magnetic field lines in the Earth’s magnetosphere
[Mozer et al. 1980]. Conditions which maintain a large drop might also occur in the turbulent
conditions of the flare plasma [Gold and Hoyle 1966, Alfvén and Carlgvist 1967, Spicer 1977a and
b, Colgate 1978]. The number of higher energy (60-100 keV) electrons should depend strongly
on the total potential drop aiong the field lines. Thus, the spectral hardening of‘ a burst may
reflect the growth of the total potential drop along the field lines. However, De Feiter [1972]
and Anderson and Matoney [1974] show that if the coronal magneiic field is rapidly dissipated,
then there would be an inductive botential drop orders of magnitude higher than the 108-1000

kV one migiit infer from the fast electron population.
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In any event, there are non-thermal electrons streaming along the field lines. Some of the
fast electons may escape along open field lines to produce Type III radio bursts [Lin 1974].
Higher energy electrons will praduce the intense 10.6 GHZ microwaves seen during this flare
[Takakura and Kai 1966, Ramary 1969, Ramaty and Petrosian 1972]. Some of the 10-100 keV
electrons are stopped within the corona where their kinetic energy is turned into heat to pro-
duce the soft X-ray flare plasma [Canfieid et al. 1980]. Some of the electrons stri%e the chro-
mosphere where they produce impulsive radiation in H, [Canfield er al. 1980} and the EUV
[Donnelly and Kane 1978} from the collisional excitation of the protons and ions. After the
{lare plasma is heated, however, additional EUV and H, appear as gradual emissions with a

time profile similar to that of the soft X-rays [Moore et al. 1980].

The succession of discrete bursts indicates a small-scale structure to the flare in addition
to the aforementioned global structure as in Figure 5-1. The flare structure may consist of a
large loop or arch containing bundles of individual filamentary flux tubes simiiar to the indivi-
dual wires within a cable. Much of the actual energy release may occur within a small subset of
these filaments. This would imply energy fluxes from the non-thermal electrons of much
greater than 10'0 ergs cm™2s™!. Such an intense and penetrating energy flux would blow off
the upper layer of the chromosphere [ own 1973, Lin and Hudson 1976]. This explosion will
drive some mass up the field lines and send shock waves outward through the solar atmosphere
[Fisher et al. 1984]. These shock waves may provide the moving mirrors for the delayed
second-step acceleration of electrons to several hundred keV energies [Bai and Ramary 1979].
These shock waves could also accelerate the energetic protons to > 30 MeV in a first-order
Fermi process. Some of these protons escape along open field lines into interplanetary space.
These shock waves are observed producing the Type II radio burst [Wild er al. 1954, Wild er al.

1963] seen at 1620 UT in the upper corona.

This filamentary model means that some flux tubes have a higher rate of energy release

than others. Also, some of these filaments are characterized by peak temperatures -ical of
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the soft X-ray flare plasma (<20 x 10°°K) and and other filaments contain the much hotter

e

super-hot component plasma. The maximum temperature within a loop is governed by the

steady-state balance between the loop losses and inputs. If the heat input, either by non-

P AT AT

thermal electrons, or by some direct heating mechanism, is high enough and is sustained over a

long enough time, then the super-hot component plasma will appear.

The late phase impulsive hard X-ray spikes are clear evidence of electron acceleration
after the main impulsive phase ends at “1617:30 UT. These non-thermal electrons might pro- ;i!
vide the power which maintains temperature of the super-hot component plasma from 1618
through 1622 UT. However, the super-hot component plasma does not appear to change dur-
ing the larger late phase bursts at 1624 and 1630 UT. Also, the high density of the super-hot |

component may preclude acceleration in these filaments. !

Despite the advances in our understanding which has come from the intense effort of the
solar physics community during the latest solar maximum, the basic underlying problems of the
flare process remain unresolved. How is so much magnetic field energy so rapidly converted

into non-therrnal kinetic energy? Are the electrons accelerated within a small region or all

e

along the field lines? What triggers the energy release and what quenches it? How can such
intense electron beams propagate through the corona? Is the rapid second-step acceleration of
protons and electrons really a process distinct from the initial particle acceleration? These are
only a few of the questions which need to be answered before one can say that a true under-

standing of solar flares exisis.
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Figure 5-1 Schematic model of the flare region showing electrons streaming into the chromosphere, the
;. reflection of electrons off of the flare explosion shock wave, the hard X-ray production region, the supar-hot
component filaments, and the soft ¥ ray plasma. The left hand side shows the impulsive phase phenomena ;
and the right shows the thermal phenomena, but the actual foop will be nearly symmetric around the apex. If
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SIX

Search for the 73 keV Line from the Crab
Nebula

6-A. Intreduction

The Crab Nebula has remained one of the most interesting and observed obijects in
astronomy. It was the first cosmic X-ray source to be identified with either a visible or a radio
object [Bowyer et al. 1964]. It is the most intense hard X-ray source (15-200 keV) and has
been repeatedly observed using many different instruments carried on balloons, rockets, and
satellites [Toor and Seward 1974, Dolan et al. 1977, Knight 19811, While most of the observa-
tions showed a very constant emission over this energy range there have been several observa-

tions which appear to exhibit extremely interesting transient phenomena.

The Crab Nebula is the product of a supernova explosion about 2 kiloparsecs away seen
on the Earth in 1054. The X-ray emitting region is about 2’ across with a central ohject pulsing
every 33 msec identified as the radio pulsar NP 0531, which also pulses in visible light, soft
X-rays, and gamma-rays. The ultimate power source for both the nebular and pulsar emission
is thought to be from the rotational energy of the central neutron star. Most of the hard X-ray
emission is unpuised and thought to be of nebular origin from the synchrotron emission of
energetic electrons moving along open field lines from the pulsar. Since the size of this emit-

ting region is about 2 light years across, any variations on a short time scale probably originate
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within a volume near the pulsar.

Previous Hard X-ray Observations

The majority of previous observations are consisient with the view of the Crab as the
standard candle of hard X-ray astronomy. 7oor and Seward [1974] reviewed all of the previous
X-ray observations and concluded that any observed wvariations in the Crab X-ray spectrum
could be interpreted as due to systematic difficulties with those experiments. In fact, the three
most current and most sensitive satellite observations of the Crab by OSO-8 [Dolan er al. 1977},
HEAO-1 [Pravde and Serlimitsos 1981, Knight 1982, Gruber et al. 19801, and {Mahoney et al.

1984], have not shown any temporal variation in this hard X-ray flux.

First Observation of Hard X-ray Line Emission

Ling er al. [1979] made an observation of the Crab on June 10, 1974 using an array of 3
moderately high resolution (2.2 keV FWHM) detectors., They reported a possible line feature
at 73.3 kev with an intensity of 3.8 +=.9x 1077 ph cm™? sec™! in the total pulsed and unpulsed
Crab spectrum. They estimate that no more than 25% (lg) of the line flux could be pulsed

[Mahoney et al. 1984].

During a balloon flight on June 21, 1974 a transient feature was observed in the pulsar
light curve in an observation using a large area scintillation detector [Ryckman et al. 1977]. In
an observation using a heavily shielded GeLi detector, Leventhal et al. {1977] reported a possi-
ble gamma-ray line at 400 keV with an intensity of 2.24+.65 x 10~? and a FWHM < 3keV.

These features have not been reported in any other observations of the Crab.

There were subsequent balloon observations which tried 10 confirm the 73 keV line obser-
vation. A line at this intensity, at this energy, and of possibly narrow width makes a very
attractive target for a high resolution hard X-ray specirometer. Therefore, we looked at the

Crab during two balloon flights on October 18, 1979 and June 27, 1980 with a combined obser-
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vation time of approximately 25,000 seconds. The spectra from these observations do not show
any line emission at 73 keV in either the total spectrum or in the puised component. We dis-
cuss these observations in more detail later. Using a high resolution detector similar to ours,
with a 1.4 keV FWHM resolution, Hameury et al. [1983] set a 3o upper limit of
6x 10~* ph cm™2 sec™! to a narrow line at 73 keV during a September 25, 1980 balloon flight.

Finally, the line was reported to have been observed in two separate balloon observations.

First, a bailoon flight from Sicily [Manchanda er al. 1982] using a 900 em? high presure
Xenon proportional counter observed the Crab for thirty minutes on August 26, 1979. In the
Crab spectrum they report a line near 73 keV with a flux of 5£1.5x 107 ph ecm™2 sec™! and an
unresolved line width. Their data suggests that the line was pulsed at the pulsar frequency,

although a timing problem makes that inconclusive. Strickman er al. [1979] observed the Crab

on balloon flight fro:n Palestine, Texas on May 11, 1976 using a 765 cm? scintillator. The spec-
trum, lime averaged over their whole observation, was consistent with no line emission near 73
kev. However, after analyzing their data over a shorter time scale, they found evidence of a

"flare” in the pulsed hard X-ray spectrum. During the 25 minutes of this "flare” they measured

A pulse phase averaged (Pulse phase averaged means that the counts in the line are divided by

the time of the pulse phase which is ~ .63 of the time on the Crab.) line flux of

. 41+1.2% 107 phem~2sec™! at 76.6+2.5 keV with an 8+18 keV FWHM [Strickman er al.
1982]. Note that both observations are consisient with 73 keV line emission which [ believe

lends considerable confidence to all three reported positive observations. ]
|

L

6-B. Statistical Validity of the June 10, 1974 Observation

The confidence level of a reported emission line at some previously unreported energy §

ra

must correctly take into account the total number of independent statistical trial events

represented by a given data set [Cherry er al. 1980, Dolan 1982]. The confidence level, C, of a
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particujar line observation is the probability that the excess is not due to a random fluctuation
in the data set. For M independent trials of the same measurement the probability that no sin-
gle trial would have an excess so large C'= C. So, for a hard X-ray or a gamma-ray line
observation, it is the many PHA channels which comprise the set of independent trials. Also,
breaking the data set into time bins multiplies the number of independent trials. For exampie,
for the June 10, 1974 observation of line emission at 73.3 keV [Ling et al. 19791, Cherry et al.
[1980] have suggested that M should be 8192, the number of detector PHA channels. The
reported line strength of 3.8x 10~% ph cm~?sec™! with a one o deviation of .9x 107? is an
Lnuormalized 4.2 o’s greater than a null result. This corresponds to a confidence level
7 =.999867 which gives a I-C = 1.33 x 1073 probability that the excess is just due to chance
fluctuation. However if the confidence level is adjusted by choosing M=8192 we find that

[—C'"=.1 which would be weak evidence for a line.

However, choosing M=8192 is not valid for several reasons. First the energy resolution
of the detecior used was at best 2.2 keV FWHM which means at least 2 PHA channels per
resolution element. Secondly, the reported feature is at less than 100 keV and is in the spec-
trum of a source which includes a neutron star, suggesting that the line may be due to quan-
tized cyclotron radiation [Ling er al. 1979] as presumed in the case of the confirmed line emis-
sion from Her-X1 {Triimper et al. 1978). at 58 keV. Although the Crab pulsar and nebula are
powered by the rotational energy of the neutron star and not by the gravitational energy of
material falling from a companion star, the presence of a strong magnetic field, 10'2—1013
gauss, is a necessary condition for hard X-ray cyclotron emission. In the simplest picture of

cyclotron radiation

eB -
m, ¢

hv = 73 keV =}
which yields a B of about 6.3x 101? gausss. Field values are not likely to be more than a few

10'3 gauss, so cvclotron lines should be found at energies below abour 200 keV. Also the
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highest field values should be close to the surface of the neutron star so the expected gravita-
tional redshift of about 20% would further reduce the upper limit for cyclotron emission. One
might also expect that the line to continuum flux ratio should be of the same order as for
Her-X1. This restricts the energy range over which the hard X-ray detector has sufficient sensi-
tivity to the lower energies since the continuum flux is falling. Taking these restrictions into
account, along with the low energy cutoff of 50 keV for the spectrometer used, a value of
M =70 seems more appropriate. Using this value of M, we find that 1-C'= 9.3x 107 or that
there is less than one chance in a thousand that the excess flux was just due to a random

fluctuation in the counting rate.

There is one additional piece of evidence which supports the observation by Ling er al.
[1979]. The count rate excess due to the line is modulated by the aperture response of the
detector’s collimator in the same way the continuum flux is modulated. If the line is not of
cosmic origin then this apparent modulation is another remarkable statistical fluctuation. Thus,

this increase 5 the statistical significance of their observation

6-C. Results

Crab Spectra and Search for Line Emission

We have concentrated the analysis of our observations of the Crab to search for evidence
of narrow line emission at 73.3 keV in the total time averaged spectrum of each flight, the
pulsed minus unpulsed spectrum, and over individual source observation segments. We have
also searched our data for evidence of other line features in the 15-200 keV range. The
unpulsed spectrum was also examined to determine whether a single power-law could be an

acceptable fit or whether a break is neeac.” in the spectrum {Strickman et al, 1979).

Qur first observation was made during a balloon flight from Palestine, Texas on October

17-18, 1979. From 07:00:00 to 12:30:00 hours UT both the germanium spectrometer and the
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300 cm® scintillation detector were pointed on and off the Crab for successive twenty minute
periods. Each background interval consisted of two ten minute pointings to locations which

were above and below the Crab in elevation angle.

Tie second flight was made on June 27, 1980 during which both the Crab and the Sun
were alternately observed from 15:30:00 to 21:00:00 UT. The Crab pointings occurred from
16:40:00 U.T. until 19:30:00 U.T.; background pointings were interspersed about one-third of

the time.

Pulse Phase Binning

This phase binning was done in the same manner for each flight. To separate the puised
component of the Crab spectrum from the unpulsed component, we divided the Crab pointing
data into 64 pulse phase bins. The events from the larger area scintillation detector were used
to determine the pulsar timing parameters by constructing a pulsar light curve. The scintillator
data was first binned by phase using trial values for the pulsar period and its first time deriva-
tive, and by correcting for the motion of the balloon relative to the Crab, where the Earth's
motion around the solar system barycenter is the principal component. This binning yielded a
light curve and the deviations from a constant rate were used to comnpute a value of the Chi-
square statistic. The timing parameters were varied to maximize Chi-square to obtain the finai

light curves in Figure 6-1 which agree very well with other observations.

Deza Reduction

We analyzed the spectra for each flight separately, but using nearly the same pracedure,
To determine the total flux from the Crab, we subtracted the background rate from the on-
source rate, then deconvolved the spectrum for the instrumental response and normalized the
result for attenuation and transmission (see the discussion on spectral deconvolution in Chapier

2). However, we constructed the background rate differently for each flight.
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Examining the spectrometer counting rates over the 1979 flight we saw a gradual rise in
the background rate with time. The predominant cause is the northward drift of the balloon in
geomagnetic latitude during the flight; the background rate is known to increase by about 1%
for every degree of northward latitude Ling er al. [1979}, Therefore, to minimize this effect,
the background for each on-source interval was constructed from a time average of the adjacent
background intervais. For the 1980 flight, the overall background rate was much lower (the 15
to 100 keV continuum was lower by “50%) due to improvements in the cryostat design. Also,
the flight trajectory was due west so that there was no large background variation. We have
aiso included, as background for the Crab, times when we are pointing on the Sun and there is
no solar activity above the smaller ‘microflares’ [Lin er al. 19841, (These microflares are too
small to affect the flux around 73 keV.) Using this larger background sample improves our sen-
sitivity to line emission. We averaged these non-Crab rates together to determine a single
background rate which was subtracted from each on-source rate. Then, the each difference
spectrum is converted to a photon spectrum at the top of the atmosphere using the line-of-sight
atmospheric depth, collimator transmission, and detector response function. Finally, to deter-
mine the total time averaged spectrum, each of the individual photon spectra is combined in a

weighted average to obiain the total Crab flux.

Each on source time interval is an independent observation of the Crab spectrum. To
find the best average spectrum [Bevingron 1969] (based on the Maximum Likelihoed principle)
the weighting factors for each energy bin should be the inverse of the square of the standard
deviation of the flux. Essentially, the weights were constructed from the product of the time
on the source and the square of the transmission through the aperture and overlying atmo-
sphere, These are the most important factors which do not change between the independent on

source intervals.

The pulsed spectrum is obtained by subtracting the off-pulse rai2 from the on-puise rate

for each on-source interval. The pulsed region is defined here to be from 135 to 360 phase in
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the puisar light curve in Figure 6-1. Then, the deconvolution procedure is applied to each pul-
sar count rate. These are combined in a weighted average to form the pulsar spectrum
(in ph cm~? keV~! sec™!) averaged over the on-pulse phase. This spectrum is normalized by
multiplying by (360-135)/360 to obtain a pulsar spectrum averaged over the total puisar phase,
Then one defines the Crab nebular spectrum as the remaining unpulsed component: this is

cbtained by subtracting the total averaged pulsar spectrum from the total Crab flux bin by bin.

Spectral Fits

Parametric fits were made to the total Crab spectrum, the nebular spectrum, and the pul-
sar spectrum using the non-linear routines discussed by Bevington [1969]. Table 6-1 lists the
best fits to the total Crab spectrum for both flights for a single power-law and for single and
double power-law models for the nebular emission for the June 27, 1980 flight. Figure 6-2
shows the total Crab spectrum for June 27, 1980. The single power-law gives an acceptabie
value of x?, for the total Crab spectrum for both flights. The spectral index of ~2 verifies that
we are able to successfully deconvolve the counting rate into a photon spectrum. Also, the flux
at 70 keV for both flights is within 10% of the value obtained by Ling et al. [1979), Strickman et
al. [1979] claim that there is a spectral break at 80 keV in the nebular emission with the
power-law index increasing by ~ .4. Our best double power-law fit shows a break at 70 keV with

break of - .4. However, by the statistical criteria of Lampton et al. {1976) for a modet with four

Table 6-1 Spectral Fits to Crab Data

Best-Fit Spectral Models
Single Power-Law: & = A 71
Doublz Power-Law: @ = 4 £ for E<Ey
= (4 E;7Y E" far E2F,
Totat Crab Nebular Emission
10/18/79 6/27/80 6/27/80
Single Power-Luw  Single Power-Law  Single Power-Law  Double Power-Law
Interval | 35150 keV 20-150 keV 20-150 keV 20-150 kaV
A 12.7 4.86 4.26 3.54
E, NA NA NA 64 keV
¥l 2.2=.1 23 .05 205 1.95
v2 NA NA NA 2.32
x% xi=1.36 x2=1.11 x3=1.13 xip=L11
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=

free parameters, we find that the break energy could range from ~ 30-100 keV. Also, the

reduction in x° from the single power-law vaiue is not large enough (by the F-test in Bevington
[1969]) to mandate the additional two parameters of the double power-law. Thus, we find that
our observation is consistent with that of Swickman er al. [1979], but that we cannot constrain
their observation of a break. However, we can set observational limits to line emission which '

are below the observed line fluxes.

We visually examined the high resolution spectra for the total Crab and for the pulsar to :
look for a narrow line (" 1 keV FWHM) from 71 to 75 keV. We fit the largest excesses above ;
the Crab continuum spectrum with a gaussian profile but did not find any statistically significant
flux. Thus, we list in Table 6-2 the three o upper limits for these four spectra. We also looked

unsuccessfully for evidence of the sort of line ‘flare’ seen by Strickman et al. [1982].

We have searched the data of both flights for evidence of other narrow line features. We

™

have adopted the criteria of a line at 3o during a single flight with an excess shown in each

detector or a 2¢ feature showing in both flights at the same energy. The search was done by

253

visual inspection of the spectra for possible candidates and then by attempting to fit lines to any

“_‘ t‘pﬂ" .
e

candidate lines. No narrow features were found that met these criteria.

¢ 6-D. The Sun as a Possible Source of the 73 keV Line

During the June 10, 1974 observation of the Crab the Sun was located very close to the

Crab. Because of the wide field of view of about 30 degrees FWHM of the detector aperture

]

[Ling et al. 1979], the Sun could not be excluded as a possible source of the line emission even

At

Table 6-2 Limits to Line Emission from the Crab

Three o Upper Limit to Narrow Line Emission
{71 - 75 keV) |
Touwal Crab Pulsar ’;
Oct. 18, 1979 | 1.9% 1073 ph cm~2 keV~t sec™!  2.7x 10-3 ph cm™? keV~! sec™!
June 27, 1980 || 1.4x 1072 phem™2 ket see™! 1.8 1073 ph cm~2 keV~! sec™! s
Pulsar limit is for flux averaged over the pulse phase region. . !

™
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though there is no record of any solar activity during the observation. QOur 1980 flight abs&ived
the Crab and the Sun independently. The narrow field of view of our telescope precluded any
confusion of the Crab with the Sun. We obtained a three o upper limit to a solar line at 73

keV of 1.5x 10~ ph cm™2 sec™! which is well below the reported Crab flux.

6-E, Discussion

The Crab seems to be a source of a transient emission line near 73 keV, Although our
observation clearly shows that there was no flux at an intensity well below the reported levet,
the evidence of Ling et al. [1979], Manchanda et al. [1982], and Strickman et al. [1982] is
strong. These three independent positive reports of an emission feature are extremely difficult
1o ignore by attributing the line to some systematic error. The total Crab spectrum measured
during these observations agreed very well with all the other continuum measurements. None
of these detectors have a background feature near 73 keV and Strickman et al. [1982] reported
that the line emission was puised and in phase with the continuum pulsed emission. Also, if
the effect were systematic, one would espect to have reports of line emission near 73 keV from
other sources, Unfortunately, the three observations made with the best energy resolution (the
two reported here and Hameury et al. [1983]) did not observe the feature. The transient nature
of this line means that the source cannot be a radioisotopic decay with a decay time greater
that “10 minutes. It is more likely that the emission is more directly associated with the pulsar
magnetosphere although Srrickman et al. [1982]) showed that the puisar hard X-ray continuum
remained unchanged during the line ‘flare’. Clearly the measurement of the true width of this
feature will give great insight to the possible phsical emission mechanism. For example, if the
emission is of cyclotron origin then constraints could be placed on ¢8/8 and the velocity distri-
bution along the line of sight. The Crab remains as a primary target for continued observation

by a high energy resolution instrument.
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Figure Captions
Figure 6-1 Puisar light curves from balloon flights of October, 1979 and June 1980 obtained from the scintil-
lator data. The pulse phase region consists of two peaks and an interpeak repion from [35 10 360 degrees.
The off-pulse region extends from 0 to 135 degrees. :
)
Figure 6-2 Total Crab spectrum for fune 27, 1980. !
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