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

Richard Alan Schwartz

Abstract

high resolution ( - 1 keV) hard X-ray (14-300 keV) observations of a large solar flare and

the Crab Nebula were obtained during balloon flights on October 18, 1979 and .Tune 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 cm 2 NaI/CsI phoswich scintilla-

tor.

We find that the flare impulsive hard X-ray spectrum cannot 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

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 (1-5 sec.), and

above 120 keV there is 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 electron distribution with a max-

imum temperature of -35 x 106°K and a peak emission measure of -5 x 1018 cm-3. This emis-

sion appears to come from a dense plasma (n > 10 12 cm-3) occupying filamentary loops of total

cross-section - 10 E5 cm~ and length -2.6x 109cm. The super-hot filaments exist in addition to

loops with the 10-20 x 10 6°K peak temperature characteristic of the usual soft X-ray flare
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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 obtain a 3rr

upper limit for a narrow 0 keV FWHM) line of 1.9 x 10-3 and I.4 x 10-3 ph cm-2 sec I for the

1979 and 1950 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 which may be ( , `,tained with cooled germanium detectors can pro-

vide one important means for understanding 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 a priori assumption of a spectral

model [Fenimore et al., 19821. Emission lines and narrow absorption features in this energy

range are expected from the radioactive decay products of nucleosynthesis, from cyclotron line
fi

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 29 to 1032 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

I
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Srestka 1976. Kahler er al. 1980, tan Hoten et al. 19801. A wide range of phenomena may

occur during a flare including electromagnetic radiation (ranging from - I01-102, Hz), mass

motion, particle acceleration, and plasma heating. Of particular interest is the rapid acceleration

of Iarge 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 (kT < <Ee ) while

less than .01% of their initial energy would be lost to X-ray producing electron-ion collisions.

Under this iron- 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-

ducts of the energy conversion process. Although tilese electrons cannot be studied in situ, the

instantaneous electron and hard X-ray spectra are closely related by the Bethe-Heitler

bremsstrahlung 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 isolated from the

ambient electrons, then the collisions between the fast electrons will only exchange energy

within the very hot plasma (Anderson 1972, Smith and Lithequisr 19791. 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

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

temperature (10$-109'K) plasma. High time resoluaon 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 bursts, the spectrum Shows a soft-hard-soft

i
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evolution. Such temporal evolution is controlled 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 ( - 15-300 keV) using a

balloon-borne germanium spectrometer and a large area phoswich scintillator. In partic-1ar we

show that the hard X-ray spectrum cannot be produced by a single temperature plasma contrary

to the conclusions of Mahler 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 We Jager and de Jonge 19781 with a soft-hard-soft spectral

evolution, or by the combination of a gradual (varying over several tens of seconds) accelera-

tion mechanism at low (E! 30keV) and a rapid (varying over - 1-5 seconds) acceleration

mechanism at higher (EZ30keV) 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 keV and higher. This same mechan-

ism may also rapidly accelerate protons to tens of McWs in this and other flares [Bar 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 usus, 10-20 x 10"K soft X-ray plasma, but in addition, we

fLo,A y.
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discovered a new super-hot component of the thermal flare plasma with a temperature of

-35 x 10°o K and an electron density which may be as high as I0 1 - cm- 3 {Lin car al. 19811. The

steep X-ray spectrum from the super-hot component is unresolvable by scintillation detectors.

It seems most likely that this super-hot component plasma is found ort field lines with a very

high level of energy release.

We have also observed the Crab during both the .Tune 27, 1980 flight and during a flight

on October 18, 1979 to search for the 73 keV line emission reported by Ling et al. (19791. This

line, if real, may be another instance of quantized cyclotron emission in the intense, B > 1012

gauss, magnetic field of a neutron star as presumed for Her X-1 [Tramper et al 19781. 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 d2tector 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 b discusses our search for 73 keV tine emission in the Crab

pulsed and unpulsed spectra.

i
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Instrumentation

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, cooled by liquid 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 EET preamplifiers with pulsed charge feedback, were used to

give an in-flight energy resolution of better than .7 keV )~WHM (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 2 Dial/CsI phoswich scintillation hard X-ray detector, on two

successful balloon flights, one in October, 1979, the second in dune, 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 also

observed during this flight. Two more flights were launched from Brazil in spring and fall,

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

each flight

3V
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Germanium Detector

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 valve. 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 Duprat, 1977; Anderson and Mahoney, 1974; Mahoney, 19741. The active shield has three

parts. The phoswich shield is a central 5 inch diameter x 1/4 inch thick NaI (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

CsI (Na) viewed by 4 PMT'S. All of the shield lower level discriminators are set to --30 keV.

A shield event triggers a 14 A 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 shields covered mostly by 0.013 inch of molybdenum to prevent tantalum

r
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fluorescent x-rays from reaching the germanium detectors. Indium is used betw. s(.., the Ta cold

plate shield and the detector modules to provide good thermal contact and as X-ray shielding.

Surrounding the cryostat feedthrough ring and directly above the active shields there is an addi-

tional annular shield of 0.125 inch lead.

The graded z slat coIIimator is made fro=n three 10.1 cm bang sections, each consisting of

eleven 0.7 mm thick plates, spaced by 1 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 slat thickness reduces the transmission 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°.

Detector 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 pulse height analyzer (PHA). An electronic block diagram is shown in Figure 2-4. Each

detector is D C. coupled to a low noise ("500 eV FWHM), charge-sensitive preamplifier whose

first stage is a Solaron 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 --200,u sec.

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

amplifier-discriminator (--10 gsec shaping time) converts the preamplifier signal into a unipolar

1 p'
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pulse. The peak is detected and converted to a 12 bit FHA word by a run-down Wilkinson-type

analog to digital converter for which a full scale event takes 1 millisecond. 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 court 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 commendable (on/off only) high

voltage supplies. Each detector also has a separately commendable 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 1 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 FHA's from analyzing any shield coincident, events. Polling logic

queries each detector's signal ready flip-flop in turn for the next event to encode into the

telemetry. The telemetry system can 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 lb 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)

Age P.
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with the active shields, the 3 anti-coincidence shields' rates, and the scintillator's rates over 5

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

five 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 five time fraction is that count divided

by 220 -- 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 Iowest energy scintillator rates. After automatically triggering on

an elevated scintillator rate, the memory stores these four fast rates every 8 milliseconds, until

the memory is half full, then for 32 cosec 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 balloon payload rotates beneath a field aligned magne-

tometer table 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.

i
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2-B. Instrument Performance

aciency

A photon, energy E l , 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 (E2 , E), where E2 is the pulse height energy, was computed using a

Monte Carlo program, which followed 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 Carlo 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 ejected 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 [ et al., 19781. 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 1 , E2) = (W2 12) 11 - -z 108((1 +-)/z1 (2-1)

where E I is the incident photon energy; E2 is the escape X-ray energy; z is a dimensionless

number defined to be µpE (E2 ) l ApE (E I ), [where µ pE = photoelectric x-sectionh and W, is

the probability of X-ray emission at E 2 . For example, for an incident photon E i = 20 keV, the

probability of K escape is the sum of P (20, 9.$7) = 7.7% and P (20, 10.95) = 1.3%, for a total

of 9.0%.

%N
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Two problems modified the germanium detector response during the October, 1979 flight.

All four detectors had — 220 micron dead layers, which are undepleted front surfaces (regions

of low electric fteld), 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 folly depleted region. Also, one of the detectors

had surface channels Waller, 19821 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-ra ys were incident on a region con-

nected by the field lines io the front surface, then the pulse-height response would 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 resulted in a photopeak efficiency reduced by

about 30% for higher energies with a very flat low energy tail. Both of these effects have been

modeled and incorporated into a matrix deconvolution routine for the October, 1979 data. Sub-

sequently, we were able to reverse the polarity of our detectors by using a newly developed

pulsed reset circuit [Landis et al., 19821, 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, Stability, and Linearity

Figure 2-6 shows the background spectrum from I I to 585 keV during the .tune, 1980

flight rate from Palestine, Texas, This spectrum is the summed output of all 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 Background Lines at Flout
Energy	 source

23.5 keV	 Neutron Activation
'°Ge Ky) 71Gen'

53.4 keV	 Neutron Activation
'2Ge (n,y) 73Gem

56.3 keV	 Ta Ka2
57.5 keV	 Ta Kai
65.2 keV	 Ta KO
66,7 keV	 Neutron Activation

72Ge (n,y) 73Gem
72.8 and 75.0 keV	 Radioactive Cryostat Impurity

Pb Ka2 and KQt

74.8 and 77.1 keV	 Radioactive Cryostat Impurity
l3i Ka2 and Kat

84.7 keV	 Radioactive Cryostat Impurity
Pb KS

87.1 keV	 Radioactive Cryostat Impurity
Bi Kp

90 and 93.4 keV	 Radioactive Cryostat Impurity
Th Ka2 and Kat

139.7 keV	 Neutron Activation
74Ge (n,y) ^5Gem

199 keV	 Neutron Activation
^0Ge ( n .y) 1145al

238.6 keV	 Radioactive Cryostat Impurity
212 pb

511 keV	 Electron-Positron Annihilation

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-slow amplifier/pileup rejection system is that it reduces the

background due to the decay of 73 Gem , which is mainly produced by the neutron activation of

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

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 Asec, will cause the

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

nique 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

1]^iir_^^.^...^_r_sy,_...._.a..sa...cr_.i. .^..cs^__^^..-.^.... -. ......-r--....r _...... .....T..,, .. w.- 	 ... ,.. .. .r-. ^^ ,..ter .-.,.. <,., ..^,re _.^.---,.._--•--,-..^..,.. «w^i.=.:..«....-.-«.«^....__.—	 _:_.:._	 _	 ^J,
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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,

date to the statistics of the charge collection process within the germanium crystal:

FWHM (E) — FWHMeluromc + (2.35) 2E FE (2-2)

Here a 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 I 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, 0 1 (photons/ (crn z/sec) ), detectable from a narrow line at the level of

n standard deviations (a) is given by [Willer et aL. 19781

CDT 1.30 n ^ .Af R + RB h
	

(2-3)
PT	 rf	 TS	TB

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

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

ground observing times; and R, and R B are the source and background rates (counts/cm = sec

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

sec and Tg = 4571 sec).

Total Performance	 ' N

ij

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 2 and

	

the 50 mil Be window. The 3a- line sensitivity for a narrow line was computed for a narrow	 }_

r
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line for 10' sec on source and 10 4 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-L. Spectral Analysis

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

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

gle observation of a source or background location lasts for about 20 minutes; an entire obser-

vation of a cosmic source lasts for 4 - 6 hours. The counting rate (counts/sec) in a detector

channel i due to a source is given by:

E,+l	 m	 m

C, = f dE3 f g(E2 , E3)dE 2 f A r(E2i EI) f (E I ) t (E I ) q)(E I ) dE I	(2-4)
Ei,	 0	 0

where d)(E I ) = source flux at the top of the atmosphere (photons cm -2 see- ' keV-l)

t (EI) — probability of transmission through the atmosphere and overlying materials,

f (E I) = collimator transmission, r (E,, E I ) = probability of an energy loss E, for an incident

photon of energy E I , A = detector area, and g (E,, E 3) = pulse height shape for an energy

Ioss EZ.

To solve for the source flax cD incident on the atmosphere, the first step is to convert the

integral equation ((2-4)) into an algebraic equation. The narrow field of view of the collimator

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-

erwise mimic lower energy source photons. The response simplifies to delta functions at the

photopeak and at the escape peaks. The observed counting rates are essentially unbroadened by

the convolution with g (E,, E3 ) 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

sir.-rr^_^^^r.^^_.^^v.-^r_u-...r..-r.-4..^.^,-..,-..,«w-r•-e..er-w.......-. 	 -_.._ -._	 ... .. .. ... ... ......-.......a....^..,..._„-.-^^,.... .^w.^.. 	 «.....w:Y..w..e^.	 _ —.. -... -	 .__	 _
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keV, the integral equation reduces to

C, — AEA r, f t (D 
1E,	

(2-3)

where AE = E, +i — E, and r, is the photopeak efficiency (includes all full energy loss events)

where r, and t are evaluated at E,. Including the X-ray escape (showing only the 9.87 keV

term to simplify the expression) we have

C, — AEA f I r, t 4) 1E + r I t (D P9.87 1
E, + 9.371	 (2-6)

Above 30 keV the source flux is obtained from

4), — C, / (AEAf r t t)

At lower energies the solution for 0, is obtained by starting at E, — 30 keV and recursively

solving the equation

(r, t (D P9.8,)f E T 4.87

AEA fr, t E

Thus, source photon spectra may be determined uniquely by directly inverting the background

subtracted source spectra. Any narrow spectral lines which would be broadened instrumentally

R

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.

it
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Figure Captions

Figure 2-1 Vacuum cryostat housing germanium detectors.

Figure 2-2 Inside of the cryostat showing shields and germanium crystals.

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

Figure 2-4 [clock diagram of electronic signal chain showing the principal functional units.

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

Figure 2-6 Background spectrum accumulated over 12,500 seconds during June 27, 1980 flight in Palestine,
Texas. The two sharp lines near 75 keV are separated 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 Gem.

Figure 2 -8 The spectra from detectors 3 and 4 during June 27, 1980 Bight showing effectiveness of the pile-
up rejection technique for both the lines and continuum from 54 to 67 keV. Mote 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 67.

Figure 2 -9 Three 6 sensitivity for narrow lines for the June 27, 1980 Crab Observation,

Figure 2-10 Instrument sensitivity and resolution. At balloon altitude the low energy response is limited by
the 3 g/cm 2 of overlying atmosphere as shown. At the bottom, the sensitivity for lines narrower than the
instrument resolution is shown for a 104 sec total on source/ 1()4 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

atmosphere. Cosmic and solar spectra cat 3 g/cm 2 ) are shown for 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 to X-ray producing electron-ion collisions. Over a series of bursts lasting

100 seconds the electrons may carry from - 1019 to 1032 ergs. Under this hypothesis Lin and

Hudson [19761 and Dufteman [19821 both found that the acceleration process may convert at

least 10-50 %O of the flare energy into fast electrons as opposed to heat or mass motion. The

flare electrons cannot be measured in situ, 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-

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

On .Tune 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-

L 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

t

r
r	 -.



3. Eteetran Arederatien	 28

accelerated? Where do the fast electrons deposit their energy?

Figure 3-1 shows the entire flare from I612 until I633 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. 1 show that the

5-6 keV soft X-rays begin to rise at 16I2 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 failing low energy, !30 kev, flux after 1617:30 UT is dominated by

emission from a super-hot component [Lin et al. 19811. 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'104 = • 78)• This new com-

ponent is the radiation from an --30 million degree nearly isothermal electron plasma with an

emission measure over 10" cm - '. 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. [19801. AIso, the spikes peak simultaneously (within .128 sec.)

for all energies below 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 underlying acceleration process:

1. Below I20 keV a single acceleration mechanism is repeated in a succession of `elementary'

bursts We Jager and de Jonge 19781.

2. As an alternative we hypothesize that the hard X-rays are produced from the superposition of

the flux from two non-thermal electron components. The gradual component, important below

F
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50 keV, varies over 10 .20 seconds while the rapid component, important 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 Ramary 1979, Mine- et at 19821. However, our high sensitivity

observations can rule out the low energy (<120 keV) delays expected for this mechanism, 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

The accurate determination of the hard X-ray spectrum is important for the under,:and-

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

through a cold plasma (kT, < < E,), These fast electrons suffer electron-electron Coulomb

collision losses 10'-10' times as great as the radiative losses. For the observed X-ray fluxes

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, DuUveman 19821. Alternatively, in a

thermal model the hard X-rays are produced by thermal bremsstrahlung from a very hot,

108-109*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

1	 F

Jc.h	 sr^.•^	 rata. ^ ,.— .tom a	
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the very hot plasma [Snuth and Lilhequist 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. [19831

show for observed burst rise times of - 100 msee that a thermal model will be more efficient

only for plasma densities in excess of 1.6 x 10 11 cm-1.

The fast electrons of a high density plasma quickly approach a Maxwellian distribution in

a time 7,ot1=3.8 x 10 101n for an average electron energy of 20 keV and electron density n

[Spitzer 19621. Such a plasma at a single temperature produces a characteristic hard X-ray spec.

trum IMdtzler et al. 19781. 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. It is important to note that

these measurements could not exclude a single temperature source for the hard X-rays [Elcan

1978, Matzler et aL 19781. 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-lb.

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. One model is an

ultra-hot single temperature thermal plasma where k7,, ranges from — 10-30 keV and includes a

back-scattered contribution [Mauler et al. 19781. Basically, the photon spectrum is nearly pro-

portional to (11E)xe 1-F1r1 in this model. The other two models are non-thermal: the single

power-law,

. .j
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Table 3-1 Comparison of Spectral Models to Flare Spectra
Comparison or % 2,, for ;Model Spectra

Time 1614:40 1615:00
15:23 UT 1

161513 1616:00 1616:20 1616:50

15:00 UT 16:00 UT 1 16:20 UT ^ 16:50 UT 17:20 UT

Spectrum 1 11 111 IV V Vi

Range 15-290 15-290 15-290 20-290 25-290 29-290

(keV)

Data Pis. 24 21 26 23 22 18

Test for Goodness of Fit

Model xzY

Thermal 19.2

6.2
1.07

39.7

10.5
1.25

39.2

9.2
1.65

9.9

2.3
0.6

8.3

1.5
0.33

7.4

1.4
1.30

Power-Law
Double
Power-Law

44 64 1 44 1	 30 33 IAF Tes	 11

Double Power-Law Parameters

A (106 ) 20 .77 2.0 .30 .93 .28

Et, keV 38d-5 25-±-2 42±5 45:=15 59±23 NA
yl 3.3 3.6 3.7 2.9 3.3 3.1
y2 3.8 4.9 4.6 3.5 3.9 NA

Thick-Target Power

Power 1.0 I.8 4.8	 4.8 5.2 1.9

1028

(ergs/s)

Spectrum lapels (INN correspond to the labels on the spectra in Figure 3-3. Time inter-
vals indicated in Figure 3-lb.

A x E-Y,

and the double power-law,

A x E--'Y I for E C Eb and

(A xEb Y1 ) E-Y' for E>Eb.

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, X2, IBevington 19691, for the

best fits of the free parameters for these model functions. The y , 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, En, yl, and

y2. u, the degrees of freedom, is given by the difference between the number of data points

less the nf,rnher of free parameters. The number of data points for each spectrum is given in
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Figure 3-3..

Examining Table 3-I 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 X', statistic can

be produced from a poor model by using a data set with very large error bars.) The inset in Fig-

ure 3-3II 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 Xzv satisfies the F test [Bevington 19691. 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-Iaw. The change in

slope between yl and y2 ranges from .5 to 1.3, and even spectrum VI, (Figure 3-3VI) shows

some steepening at high energy. The break energy, Eb , is usually between 30 and 40 keV,

although the break energy cannot be constant throughout the whole impulsive phase. (The

intervals quoted for Eb are 90% confidence intervals [Lampton et al. 19761 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 34, exhibit the characteristic soft-hard-soft spectral variation through

each individual burst [Kane et at 19801. Could the double power-law be produced by the

superposition of true single power-Iaw or isothermal spectra? Since the spectra turn down at

high energy we can exclude a sum of single power-taws. However, a sum of thermal spectra

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 impulsive hard X-

ray source is not an evolving single 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 completely stopped. Clearly, if the fast electrons had escaped through a thin target region,

they would have initially contained more energy to produce the satne X-ray flux. We can ade-

quately approximate the injection electron spectra with a double power-law [Kane et A 19831.

The electron spectral indices are given by y1+1 and y2+1 at low and high energy respectively

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 11 electrons ph' t CM-2 at 60 keV for

y2=4) from Hudson et al. [1978I 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 Ieast 5 x 10 31 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. TNA's 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 tha 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 flare 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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Table 3-2 Thick-Target Power for Burst Rise at Flare
Peak
	 ..,

Thick-Target Power Near Flare Peak
UT 16I5:58 1616:02 1616:06

-16:02 -16:06 -16:10
0 15phcm' 2 sec-1 kev-t 130 125 120
,D 5sph cm"2 sec t kev-t 2.5 310 4.4

yI 3.27 3.11 2.74
4.3 3.5 2.7(1 O2I I Ozs P1gI5 )

'P i5 is the x-ray flux at 15 KeV. t'is is the thick-target power tar 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 profiles of Figure 3-lb gyre directly proportional 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 loss 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 electron-electron Coulomb

collision loss rate given by [Trubnikov 19651

dE __ —4.9 x 10-9 n E5 keV s -1
	

(3-1)

for an electron energy E (keV) in a region with a cold electron density n 5o the electron life-

tithe, 7, , will be no longer than

7, C (11E)(dEldt) = 2 x 10 81n sec.	 (3-2)

Any burst profile governed by collisional energy loss (3-2) would harden as the flux decreases.

i
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This variation is in sharp contrast to the softening depicted by the count rate channel ratios of

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.

The fastest burst decay time during this flare is —I second in the 120-235 keV count rate.

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

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

exceeds 2.6x 10 h1 cm-1 (by (3-2)) or by escape through a thin target. Since a 50 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 19741. The thick target interpretation suggests that the

higher energy electrons reach the chromosphere where n > 10 E1 cm3 . Electrons with an energy

E (keV) will be stopped by a column density (nL) > 2x 10 17 x El (cm2) where n is the

ambient electron density averaged over the path length L (cm). So for a reasonable coronal

density of 2x 10 10 cm3 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. Tsvo Component Picture

De Jager and de Jonge (19781 have advanced the idea that flare time profiles are composed

of a serifs of `elementary' impulsive bursts. These bursts appeared to narrow with increasing

energy as t « E- 68»-.05 for the bursts they observed. The complex bursts observed here agrees

well with this picture at energies below 120 keV. The spikes run together at low energy and are

-.-..	 ..	 ... ... ..	 _`«.^N ^. i^Yea.x. a....r.-.....+.. w. ea..+. .M ^r f+..w ..w.-+-...._.^... ...y ... 	 . . :. .^ _.. _.. ..	 •.	 ......^-.	 v.^^^—i.....^.......«.^.^....ri^Sf.ir^^ 	 _..- _.	 _ ^	 _ _ _
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	more clearly separated at higher energies (Figure 3-6a). The narrowing with increasing energy
	 fN

4

(see spike at 1615:28 UT in Figure 3-6a) is exactly equivalent to the soft-hard-soft spectral evo-

lution. This, then, is a fundamental property of the acceleratio^^ mechanism within the thick

target picture. As an example, the 60-120 keV rate in Figure 3-6b is decomposed into a set of

possible `elementary' bursts. Under the `elementary' burst interpretation, the start of a rise to

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

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 below 30 keV and falls off very steeply abr+ve that energy while the rapid

component dominates at higher energy and produces the numerous bursts. Possibly these two

	

components are produced by different acceleration mechanisms with their own spectral and 	 ; I

temporal characteristics. In Figure 3-6c 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

interval might have the closest to a purely gradual component This spectrum is still a double

power-law with a spectral index of 3.7 below 26 keV and 5.2 above, and not a single tempera-

ture thermal. Thus, we conclude that the gradual component is non-thermal. Could the gra-

dual component electrons, which are at lower energy, be a trapped remnant of the rapid com-

ponent electrons? This scenario seems unlikely because the 60-120 keV gradual component

electrons/X-rays appear to decay more rapidly than the 22-33 keV gradual component electrons

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 	 l

i
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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 c; uiponent is more energetically important than the more dramatic rapid component.

Pre-Flare Acceleration

Elliot [1965] proposed that flares could be the result of a sudden precipitation of energetic

ions stored high in the corona where their iifetimo is long. Electrons, too, might be stored in a

low density region where their collision toss rate would be low and then precipitated during the

flare. This scenario allows the acceleration of electrons over a much longer time scale at a

much lower rate. The stored electrons, however, would radiate via bremsstrahfung. Using the

r,
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high sensitivity of these detectors we have set upper limits to the preflare flux from 1600-1610

UT. The three sigma upper limit to the flux at 20 keV is 8.3 x 10' ph cm --' sec— I kev''. This

gives an upper limit to the power-law emission measure [Hudson, Canfield, and Kane 19781

N20 n, < 2.4 x 1011Cm '3 , where N20 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 5Ctn 3 . This would give a 50

hour collisional lifetime for a 20 keV electron. Then up to 2 x 14 35 electrons could have

remained undetected. This is about the number of fast electrons in the small 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.

Posr-Impulsive Phase Acceleration

In Figure 3-1 we see that at - 1617:30 UT the X60 keV X-ray flux falls to <1% of its

intensity at the flare peak. Also, the 22-33 keV rate, mostly 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

time from 1617:30 to past 1630 UT the Post-Impulsive phase. Because other flare hard X-ray

,y observations have been made with detectors of poorer sensitivity [Kane et al. 19801, the discus-

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

found in the usual impulsive phase which for this flare lasts only 3-4 minutes. However, the

post-impulsive phase exhibits impulsive bursts, whici: ".(- a strong signature of electron

acceleration, for an additional 13 minutes. Several questions 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 impulsive phase? Are fast

j
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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-"0-1630:15 UT.

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

Time 1620:16-24 1620:41-45 1620:12-54 UT
Type Spike

85-F 20
19-_* 2
6.212
> 5

Spike

90120
43:L 5
1It4
--4.5

Total Burst

401 IO
20-1 3
6ti
--4.5

Relative Rates
22-30 keV
33-60 keV
60-120 keV

y
-- BURST 2 1623:29 -24:14 UT --

Time 162140-44 1623:57-61 1623:29-24:14 UT
Type Spike

5119
27=-5
7-±-2
---4.3

Spike

5419
31:t5
1313
—4.0

Total Burst

36±3
22± 1.5
6.k 1
—4.2

Relative Rates

22-33 keV
33-60 keV
60-120 keV

y
-- BURST 3 1629:30-30:14 UT --

Time 1628:31-29:29 1629:45-53 1629:30-30:14 UT
Type Pre-Burst

6.51.5
2.41.7
1.51.7
X4.5

Spike

24-3
19-`-2
4.5+2
—3.4

Total Burst

1411.5
10.71.7
3.6-.7
--3.5

Relative Rates

22-33 keV
33-60 keV
60-120 keV

y

Post-Impulsive Phase Bursts lists the properties of the three later bursts. These bursts are simi-

lar to the impulsive phase bursts. 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 y, uncertain due to the large low energy continuum rates, is

11	
f
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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-Iaw index (from the spectrometer data), of Fig-

ure 3-9 does not harden systematically from 1618 through 1621 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

emitting stored remnant. Integrating over this time reveals a net spectrum with a power-law

index y somewhere btawPen 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

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 too poor to discern the soft-hard-soft spectral evolution.

The low-level emission from 1625-1629:30 UT could be produced by numerous small unresoiv-

able `elementary' bursts. Of course this same soft continuous emission is very suggestive of

the soft gradual component of the two component hypothesis. Finally, assuming that the decay

phase emission above 35 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

...mss ..,^ _ ... .
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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 simultaneous, the delays at high energy are

inconsistent with a simple collisional loss process. A second-step acceleration process [Bai and

Ramary, 1976 and 19791 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

impulsive 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 a 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. 19831

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

L
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were used only for the rates above 120 keV. The cross-correlation function between two rates

R, and R, is

r (R, (n)—R, ) (R, (rr+t+^—R, )

CCF(t), =	 rt"I 	 _	 (3-3)
(R, (it)—R, ) 2	 (Rj (u)—R, )-j'h

n Q !	 min+u

where t = u x .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 Iimit 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 14:48

<.05
.8^.5

15:37
<.05
1.1	 .5
-

15:52
<.20
1.9±.5
-

16:08
<.05
0.4-±,25
1.51-.5

16:38
<.05
0.9±5
-

17702
<.05
.2-±--.25
1.8 ± .5

(22-33,60-120 keV)
(60-120.120-235 keV)
(60-120.> 235 keV)

Delay Expected For Collisional Loss Process
522-33.60-120 keV) 13	 .13 .60 .12 .26 15

r
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between the peak of the X-ray profiles. Alternatively, lower decay rates at high energy produce

a delay from simultaneous 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 (t ) changes with time as

dNW	 1 1 N(t)+q(t)	 (3-4)
dr	 Te

where T, is the particle lifetime and q ( t ) is the injection rate. N (t ) may be roughly approx-

imated by integrating q ( t ) over a single lifetime, r,.

N(t)- 1/2r, q(t- -rr) +q(t)	 (3-5)

To find the time of the peak population set 
dN tt ) - in (3-4) to zero and use N ( t } given by

(3-5) to obtain

q(t) - — q(t — Te)	 (3-6)

For a symmetric injection profile about to, the population peak occurs at a time

t = to +T e /2 since q ( to— T e/2) = q ( to +T p / 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 E l and E,, the

delay decay between the respective X-ray profiles is about '/z T, (E 1 ) — T e (Ed 
I. 

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 wing the cross-correlation function. Additionally, for decay to be the dominant process,

the X-ray rate profIe 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 > 120

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 10 crosec 1) 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 initial and second

accelerations. This blend of simultaneous and delayed injection might account for the apparent

shift in delay 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

F

.1 to greater than 1 MeV has been recognized for many years. Observations showed that for 	 i
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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 et al. 19801. 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. 19801. 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 19591. Since this scattering gives equal velocity boosts to both elec-

trons and protons, 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. 19811.

The best timing signature of the acceleration of the high energy ions is found in the

impulsive 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

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

acceleration minutes after the impulsive phase [Bai and Ramaty 19751. Recent measurements

of gamma-ray flares by the Solar Maximum Mission [Forrest et at 1981, Clttrpp 19821 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 [19831

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

accelerated by a second-step mechanism.

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 G 100 keV hard X-ray profiles of

1
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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 [Bar 19821.

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 wiII be magnetically reflected by the shock's higher field with no change

in energy but with a change in the particle direction of motion. Transforming back to the flux

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

dE = 2vp µ vsW	 (3-8)
C2

where vp is the particle velocity, µ 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 rmc2. 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 (19831 to find the net energy gain from successive collisions. The
	 lt;

time averaged distance, d, between the shocks is the half-length of the flux tube. So the aver-

age time interval between successive collisions is

dt = d (vp </.c> ) Jt	 (3-9)

Combining ((3-8)) and ((3-9)) gives the energy gain rate for vs << v p --- c:

t= 2E <µ z > ((r+1)/r) (d/vs) (3-I0)

The electron kinetic energy E= (r —1) x 7I I keV. For a 100 ke y' electron, with <11 2  > =.5

and (d/ vs) = 2 sec., dE/dt is 92 keV/sec., which is quite substantial. Here we have identified

the shock transit time (d/vs) with the delay time. Typically, one might expect

vs--•-1000 km sec-I so that 2 sec. corresponds to a loop length of 4000 km for the shock propa-
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gation. Since there will be collisional losses, too, 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 _p2)-1 /2 p3 = 3 x 10-13n <t42>-i (d/vs)	 (3-11)

For it = 3 x 10 E0 cm-3 the injection speed is Q —.32 so E,,,, = 26 keV. Then, dEl dt at 100 keV

will be 77 keV sec-1 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-

law although we do not have the counting rate sensitivity to oh^.erve the hardening in detail.

For example, ar, important question is. Does the spectrum harden by increasing Eb 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

important clue to the underlying acceleration mechanism.

We can estimate the evolution of the electron spectrum due to first-order Fermi accelera-
,z

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 (I'+1)/ (r) by 2

(E<200keV) and ignore the change in Cµ-> despite the increasing parallel component of

velocity. The trajectory, E(t), of a single electron initially at E' is determined by integrating

the energy gain (3-10).

E •^'
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E ( t) = E'e"' (3-12)

where a--- 4 <IA 2 > G s/d). The spectral evolution is determined by a continuity equation for

the electrons with no source term:

aN (E,t) +	 EN(E,t) dE l =0 (el kev -1 sec-1 )	 (3-13)
at	 aE	 dt

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

trons will all move to an interval between E and E+dE at a time t, where E is give[. by (3-I2).

Therefore,

N(E',t=0)dE' = N(E,t)dE	 (3-14)

and dE = N(E') e-at. Substituting for E' and dE' in (3-14) yields

N(E,t) = N (E',t) e-w	 (3-15)

For a single power-law at t — 0, N (E') —A E -' , the spectru, at a later time t will be

N(, ,t) = A (E e" )
-y Cut

= A E-yecy-Dal.	 ( 3- 1E)

We can also determine the evolution of an initial double power-law spectrum,

N(E,0) =A E—yl	 ;E< Ebo

[A ^bo	 ] E-yt;E>Eb
o .

The electrons just below the initial break point energy must all follow the trajectory given by

(3-12) and their spectrum must evolve exactly as for a single power-law with a spectral index

yl. Electrons initially below Eh,
 
clearly cannot exceed Ebo ea '. Similarly, the electrons initially

above Ebo will all be abov- Ebo e"' at t with a spectrum given by the single power-law solution

for the high energy index, y2. 'Therefore, the total electron spectrum as a function of t is

given by

N(E,t) —

[

A E-y' elYrrr	 ; ECEbo er r

E.4 Ebo 
—Y!i j E—Y2 e iy2 — I }ur I E? Eboeur	 (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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So this simple model predicts that the high energy electron spectral exponent can never

become smaller than the initial lower energy spectral 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 Iimit to hardening is

just as expected from this simplified model. But we do not have the count rate sensitivity to

determine whether Eb 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 scenario 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 [Brawn 1973,

Lin and Hudson 19761. 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 plastna. Computer simula-

tions [Fisher et al. 19841 indicate that an energy flux greater than 3 x 10 1()ergscm-2 sec- I 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 18 cmZ. Using

	

the larger area as an upper limit to the flux tube WE points, we find a lower limit average 	 }
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energy flux of 1.3x 10' 0 ergs cm- '-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 H radio burst seen at 1620 UT in meter waves which indicates a

shock propagating 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 ---500-1500kmsec '. 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 in situ measurements by spacecraft in the interplanetary medium.

The June 27, 1980 flare did produce 8 x 10 30 protons (> 10 MeV) in interplanetary space [Bai et

aL 19831 which left the sun within a half hour of the start of the flare.

Energetic protons collisionally excite ions in the solar atmosphere, some of which decay

by positron emission [Ramaty et al. 1982, Ramary et al. 19831. The positrons slow down, and

subsequently annihilate to produce line emission at 511 keV. Our germanium spectrometer is

capable of detecting this line with high spectral resolution (---1.5 keV FWH Y1,I). The spectrum

at 511 keV, Figure 3-13 indicates a flux at the Earth of 3-±-2.7 ph crn j 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 33 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 [Ram my et

al. 1980, Lin and Hudson 19761, 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 2 . 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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A second-step acceleration process thus, in principle, seems most compatible with the

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

environment and the hard X-ray data from this flare.

I :w.



ORIGINAL PAGE 
^3	

52
OF POOR Q

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, X2104 m .78.

Figure 3-3 High resolution spectra with best model fit for six time intervals during the impulsive phase. The
inset in ( 11) 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 -correlated.

Figure 3-6 Hard X -ray bursts (a) decomposed into possible 'elementary' burst profiles (b) and into the gra-
dual and rapid 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 to 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 to 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
transmission. ( b) 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 y.

Figure 3-10 Delayed bursts for photon energies ] 120 keV. ( a)De(ay of 120-235 keV profile with respect to
60-120 keV rate. (b)Delay of X235 keV rate with respect to 60-120 keV rate.

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

I	 Figure 3-12 Five spectra taken from bursts at 1616:08 UT and 1617:02 UT. Spectra show evolution of high
energy component through bursts.
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Figure 3-13 High resolution X-ray spectrum around 511 keV from germanium spectrometer. The —lrr

excess is not statistically significant.
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FOUR

Super-Hot Component

,M

d-A. Introduction

Solar flares produce hot thermal plasmas which are contained in loops [Moore 19801.

Prior to our observations, it was believed that the highest temperatures reached within these

loops was 20-25 x 106*K. With our high resolution measurements of the flare hard X-ray

spectrum, we discovered a super-hot flare plasma component with a peak temperature of close

to 35 x 106 '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 106'x. 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

F To examine the longer term evolution 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

E
	 energy, the bins are wider for increased 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-

C

D!
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gees.

Beginning near the peak of the event at --16I6 UT, a new, very steep component is

observed at low energies, superposed on the power-law. At its steepest, this new component

has a power-law index g-11, where (dJ/dE) a E-y . 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-taw 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, = 2 r ne (rr k T, )-3/1 Ee112 e —Eel kTe

at low energies, and a power-law at high energies. Here n, and Ee refer to the electron number

density and kinetic energy, respectively. The power-law component contributes insignificantly

to the flux below --30 keV. The X-ray spectrum from this distribution was computed for solar

coronal abundances (Z 2 = 1.8) using the differential X-ray flux Is (E,T) in units of

ph cm-2 sec° 1 keV-1

4z a	 g(E,T) exp(-E/T)Is (E, T) = 1.07 x 10- Z EzLl	 E Tilz	 (4-1)

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

is in cm 3 , and the dimensionless Gaunt factor g(E,T) is taken from Mailer et al. [1978].

Figure 4-2 shows the detailed Flt for one of the time intervals. We have estimated the

significance of the isothermal fit to the data below 33.5 keV, using the parameter estimation

technique of Lampton, Margon, and Botiv} per €19761. The 90% confidence ( y 2,, 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 1041 cm-3 .

We call this plasma and its hard X-ray emission the super-hot component (SHQ. Good fits to

I C!

isothermals are obtained throughout the decay phase (> 1618 UT) of the event. Thus, the
l
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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 106'K is reached at —1617:15 UT, and the maximum emission

measure of 5 x 1048 ctn73 is attained at ---1617:30 UT. Although this component is present after

— 1616:20 UT, we exclude the fits prior to 16I6:50 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. 19801, 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

[Donnelly, Grubb, and Cowley 19771 and the calculated X-ray emission as a function of tempera-

ture for an isothermal coronal gas [ Wendt, private communication; Meive 1972; Tucker and

Koren 19711. The maximum temperature reached by the SXR is 19 x 10 6o K, well below that of

the SHC, and maximum emission measure is 4x 1049 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 et al. 19801, 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 10"K. Both the emission measure and

I
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	temperature of the SHC, however, show temporal variations quite different from those of the 	 r

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 106"K to - 13 x 106°K, while over this same time the SHC maintains a temperature very

Close to 30 x 106'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-points 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

obtained 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 poss=ible 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

t
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with the observation. In this isobaric (along the loop 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 Ioops is obtained by matching the model hard X-ray flux to that observed.

We find that only about 20% of the SXR plasma is contained in these SHC loops, with the rest

contained in other loops with lower peak temperature.

4-C. Single Loop Model

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 LIT. The counts in each pixel (coarse field 32"x32" per pixel)

over 23.5 seconds for the 11.5-16 keV and 8-1I.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 overlaps 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 #lux 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 actually estimating the size of the SHC with the 11.5-16 keV data.
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Tattle 4-1 HXIS intensity as a function of T,
and energy.

Flux from Soft X-ray Plasma vs. Super-Hot Component
SXR	 I SHC

Temperature 11.6 x l0 °K 22 x 101°K

LEW 3 x 1041 cm-3 1 x 1047 CM 3

Energy Flux ph cm- 2 sec I keV Flux
8 KeV

11.5 keV
16 keV

64

1.1

1 
.0065

104

93
17

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 —1-4x 10 9 cm.

Physics of Hot Coronat 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. 19801, 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 Spitzer [19621 formula

Ft. = —10-6 T51 -' dT/ds (ergs cm sec-1 )	 (4-2)

Here s is the coordinate which runs along the magnetic field and runs from s=0 at the base to

s=L12 at T,,,,,x for our symmetric loop. Note that Ft, is independent of the plasma density. F,

is derived from classical diffusion where the mean free path, t, of the energy carrying electrons

is much smaller 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 the energy flux at

VW
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s scales with the difference in average energy of the carriers at the site of their last collision,
.,i

s-1 and s+1. Later we show that our loop probably has a density high enough that I is

sufficiently small, compared to the temperature gradient scale, for this diffusion approach to be

valid.	 9

Our model also requires that the pressure, p, be nearly ttniform throughout the loop. The

hydrostatic pressure gradient is not important because the temperature scale height is so large

(H> 1011 cm for Te = 3 x 106°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 fails by ---4

within ---270 seconds. Since we believe that the volume of the SHC remains nearly constant

through the decay, n must drop by 2 so that there must be a flow which covers

11 2 (LsHC1 2)	 in	 -4 270	 seconds.	 From	 the	 HXIS	 data	 we	 compute

LsHc - 36"x7.28 x 10'=2.6 x 101cm. Thus, for the velocity at the SHC-SXR boundary we

obtain vsxc-25 km sec 1 which is well below the ion sound speed (---500 kmsec 1 ). We

determine the loop gas pressure p from

p = 2 np k (T,+Te )	 (4-3)

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

Te9	 (101n) T311

= 165 sec for n=10 10 cm-' and Te=30 x 1060K.

The HXIS image also gives us a crude upper limit to the loop cross-sectional area A C z x ( 6"

x 7.28 x 10 7 cm) z which yields A<6 x 10 17 cm-, From the SHC emission measure,EMsHC , at

1618 UT of 3.9 x 1048 cm-3 we obtain n Z 5 x 10 10 cm-3 . Therefore, Teq must be less than 30

seconds whitih is short compared to the time scale of the decay. So we take T,=T, 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 scale 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 7.. For this model to be self-consistent, the cooler

portion of the loop, designated EUV for extreme 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 F, leaving the SHC. Crudely dTJds is given at 25 x 10 6°K by

dTl ds	
(30 x 106oIC-25 x 106°K)	 (4-4)

(LsMc12 )

which is — 3.8 x 10-3 cm 1 for LsHc---2.6 x 109cm.	 Thus by Equation (4-2),

F, --- 1.2x 10 10erg cm- 2 sec-1 which should be accurate to within a factor of ---2. For

A== 6x 10 17 cm2 , the conductive energy flow from the SHC is 2F, A -- 1.5 x 10 28 erg sec-1.

The power radiated from the SXR is

PscR = it n R (Te ) dV = EMsxR RshR

Rst.R is the emissivity averaged over R (T) assuming a flat differential emission treasure with

T. Based on the GOES response functions, 5 x 10 6°K < TsxR c 25 x 10"K. We estimate

R.S,rR --- 3 x 10- 23 erg cm3 sec 1, so that at 1618 UT, when EMs,rR = 4 x 1049 cm`3,

PseR --- 1.2x 10-7ergsec 1.

We see that the total downward heat flux, 2F, A -- 1.5 x 10 28 erg sec 1 , is hardly reduced

by a radiative loss of PsrR --- I.2 x 10 27 erg sec 1 . 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 106°K) = F, (25 x I060K) — PsrR12A --- l.I x 10 14 erg ern-'sec 1

At 1618 UT we infer the pressure from the SHC volume and emission measure to be

,,
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p ^ (EWslcc-I (Lsfcr AW" 2k T,ax = 400dycm-2

The radiated power, per unit crass-section, is computed by integrating R (T) over n 2ds. Using

(4-2) gives us dsldt and replacing n with pl (2kT) we obtain

apex	 T— S x I06%
1'EUV = f n2 R(T) ds =	 f	 —p2 10-6 R(T) TE/ 'l (Ft.(T) 4k 2 ) dT	 (4-5)
2A	 base	 T— To

Here we clearly see that the larger F, is, the smaller the radiated power. In fact, 
Pet; t (4-5)

2A

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

Using an approximation of Rosner et al. [19781 for this intQgral over T,

P Av --fR (T- )IF. (T ` } for T` = 5 x 106°K	 (4-6)

where fR ( T ) is given by

fR (T) = 4.16 x 106 p2 T for T > 126,000°K	 (4-7)

Thus,	
PEVV 

-^ 3 x 108 ergs cm— ' seC t	 which is much less than the incident
2A

F,--:.1 x 10 10ergscm--seC 1 . Clearly, the EUV loop cannot radiate this heat flux at this pres-

sure. In fact for a consistent loop model, the pressure of the Ioop may be found by equating
k

A2 and F, incident on the EUV in (4-6). Thus, for a consistent loop model,
2A

iA	
VR (T=5 x 1060 K)) 1/2	 (4-8)

A

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 additional energy. This

phenomenon is called coronal `condensation'. (The reverse process, indicated by a rising EM

at high temperature, is termed chromospheric `evaporation'.) The additional convective energy

	

flux is comprised of the material transport of plasma energy and pdV work done by the gas.	 ij

This is given by the enthalpy flux

Fe =5/2 p v
	

(4-9)

t
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Thus, this model is not self-consistent. The EUV density is too low to radiate the incom-

ing heat flux. To make this loop model consistent, either F must be lower or the plasma must

be dense enough to radiate the high heat flux.

Du#venran (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, 1, is compar-

able to the temperature gradient scale length, S=T(ds/dT). Dudveman (1983] expects a minor

reduction (factor of -2) from the classical conductivity for 11S>.01 and serious limitation of F

for 1/S — .1. If we take ds/dT — 300 cm as constant throughout the loop we may estimate

I/S by

1/S — (3.9 x 10 5 T'12  91 n T-31')/ 300 T

--3x10" V 	 (4-10)

For T = 30 x 10'*K and p = 400dy cm '-, we find that I/S C .007 everwhere which means

that the classical conductive flux is valid for the SHC. Also, for any smaller Vsqc, the classical

formula for the conductive flux is valid for the SHC plasma 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 Ioops 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 F. plus the enthalpy flux

F,=512 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

EUV are radiating their own energy loss, dE/dr <0, too. In short, the radiative loss must equal

s

.y4
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the energy input within the SHC and EUV portion of the loop,

P,5UV + Pst'R = 2A V,+Fe ) + dEldt.	 (4-11)

All of the terms in (4-11) may be expressed as either constant, linear, or quadratic in ,/A

at 1618 UT. Since LsxR >> LRUy, dEl dt---1.5ALsXR d pl 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 - 10/212.5. Thus, L.sXR is '15LsHC . Computationally, it turns out that dEldt--3AFp . In

cgs units, the other terms are

F,-1.2 x 10 10, Fe ---p1.3x 10 1, PsXR---1.2x 1027, and PEuv---2AVR (T*))ttx

p is given by

p= (EMsHC/LsXCA) 2k T-3.2x10 11 /,/A	 (4-12)

Salving for A we obtain

A = 1.3 x 10 1 6 cm2 and p = 2850 dy CM-2.

The energy loss from the SHC ; 2A( Fr + Fe ) + PsHC — .88 x 1027 erg sec 1 while

Estrc. ---- 1.5 x 10 29 erg at 1618 UT. "1`O cooling time for the SHC is given by

t, = 1.5 x 1029 / .88 x 1027 sec --- 170 sec. But the SHC lasts with T,,,, — 30 x 101  for --30 0

sec and T,,,,,X >25 x 106°K for ---600 sec. Because the SHC persists beyond t,, there must be an

additional heat input of the order of 5 x 10 26 erg sec 1.

In the previous chapter we lean ,̂ -d 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 1026ergsec 1 over 1618-1622 UT and even less power after-

wards. We now that the energy in the electron spectrum increases by about 10 for every 50%

drop in the low energy cutoff. Another possibility is that there could be some other mode of

energy input to the SHC. But observatianally, 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, the ,-e are a set of loops with a distribution of

's!1
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maximum temperatures. The loops are modeled by a static model, where v and F,.--O. This

is consistent with the change 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 [ 19781

for steady-state coronal loops but we substitute the local energy loss for the heat input in their

energy balance equation. In this model we are explicitly ignoring the fluid equations of motion

and assurning that changes take place slowly between a series of quasi-static states. Since this

model is best for small Fet we match the model to the data at 1622-1623:30 UT when the SHC

emission measure is barely changing (implying 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-sectinn A of the SHC loops by matching

the observed hard X-ray flux. Using nis 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, (&E/at) ds, the change in the

conductive flux, dF, and the local radiative loss, rt = R (T) ds,

dF, _ —n'— R (T) ds — (arz/at) ds.	 (4-13)

We integrate (4-13) over T to find the conductive flux by replacing ds with ds dT/ds using (4-

2) and replacing n with pl MT). Thus,

F2 (T) = fR (T) — fm (T)	 (4.14)

because F, is negligible at the low temperature boundary. .fH (T) is given by

TR Tmax

fm M= f 2x 10-5 (—aE/at)T 'SIZd7"	 (4-15)
r- ra

During the decay, --as/at is always greater tha i zero. To obtain s(T) we integrate (4-2) over T

using (4-14),

r— Tmax

s(T) = 10-6 f dT'T'511 VR (T') ^.fff(T'))-vZ	 (4-16)
T- To

The denominator in the integral in (4-16) vanishes only at the loop apex, s,,,. Also, pressure

s
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balance should make &L-/6t constant over the loop so (4-16) is readily solved. The total loop

length is

L/2 --• 1/p x (Tmax11400)3 for T> 10 x 1060 K	 (4-17)

We show the loop structure in Figure 4-5 where we display F,.(T)/F,•^x and s(T)/(L/2) vs.

T/ Tmax• Normalized this way, these curves are valid for all L and T>10 x I06°K. The

differential emission measure within the loop is given by

DEM(T) = 
p2 4 k26F

1/2	
(4-18)

C

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

4 x 101cm (Later we show that this is consistent with Ls Hc---2.6 x I01cm.). Using this L and

Tmax=24.3 x 106-K, then p=4500dycm z 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 whici, is differential in

T.

Tmax

I (E, Tmax) EMsHc — 2 A f DEM (T') 1(E, T') dT'
To

Thus, .8x 10 15 C A C 1.4 x IO" cm 2 . A— 1.2 x 10 15 cm' is a representative value. From p,

A, and EMsHc, we compute LsHc =2.7 x 109cm and locate LsHc/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

TIT,,., = .83 for Tmxx --30 x 106o K. As promised the filaments are dense. For a total loop

cross-section of 1.2 x 10 15 cm2 , the density peaks at `10 12 cm-3

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

.5-4 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.

11
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Enerk, Budget of Frlamentan v Loops

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

energy balance

0=E+PsHC+2A(Fi.+F,, ) --H

t is the time rate of change of EsHC , the total energy of the SHC. For the SHC where

T,-30 x 106oK, R ( T) --2 x 10 -23 erg cm3 see-'. H is the total heat input into the SHC. Note

that for the largest EMsxC of 5 x 1048 cm-3, PSHC _ 10
26 erg sec- t which is well below

PsxR > 1027ergsee- '. Table 4-2 Iists these energy loss/gain rates from 1616:50-1626:48 UT for

L--4 x 109 cm and A =1.2 x 10 15 cm2 . During the decay phase, Table 4-2 shows that the heat

input rate to the SHC should be ---5 x 10 25 erg sec t to account for the E 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 IS 1ceV (as it does during the impulsive phase).

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

TI., remains nearly 30 x 10 6°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 Fr,°rgy Balance

Time 16:50 17:00 17:12 17:24 17:36 18:00 1910 20:00 22;00 23:30
I

24:20
IAfter 1600 Jrr

I
2646

EAJSUC 2 3.5 3.2 5 4.1 3.9 2.5 i.6 1.0
td48 Cnt-3

T 3.13 3.10 3.36 3.21 3.25 3.03 3.01 3.00 2.93 2.78 2.55
107°K

EsxC 2.9

I

3.8 4.0 4.7 4.3 4.0 3.1 2.5 1.9 1.8 1.6

IO28er s i

E 9.1 1.7 5.8 -3.3 -1.3 -1.5 -1.0 -1.0 -0.I -0.4
1026ergssec t

PsHrC 0.4 0.7	 j .64 1.0 .82 .78 .5 .32 0.2 0.2 .17
1026er s sec 1 {
2Fe A 7.8 -2.2 ' 6.8 -2.2 I	 -1.1 -.9 -.8 -.65 0. -.23
1026eres sec 1
2Fc A -.5

I

-.5 -.65 -.55 I	 -.6 -.45 -.45 -.45 -.40 -.33 -.24
1026er	 sec 1 I i

H 1.5 5.0 .55 .3 1.0 .35 .57 .25 .43 .24
1026erCssec-1

P,. 15 280 220 120 130 5.2 .9 .9 1.4 .3 2. .1
1026er ssec't

terms invoivmg uerivanves +re , c, anU rtt are cvmputCU uy tatting ine unierenct; autween two values anti
dividing by the time.

i;

}
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Since the SHC plasma must expand as it pushes some of the hot plasma downward, the tem-

perature would fall without some additional heating. It may be that all of this heat is deposited

in a small region which would be somewhat hotter than the Tmnx indicated by the fit to the

emission from the single 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, I-sHC -'- 2LsxR within the SHC Ioops.

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

EMS.rRIEMSHC 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

Eiom! =31 2pmax Vroral

At 1617:24, Emra! 8 x 1028 ergs. We estimate the energy content of the SXR filaments by

taking their radiative loss rate, PS rR' 10 17 ergsec` f , multiplying by 2-3 for the EUV power, and

integrating over a decay time of 500-1500 seconds giving a total thermal energy of -I-

5x 103O ergsec` 1 . 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 i2 cm-3 ) of the SHC

plasma for the origin of the SHC plasma. (The plasma pressure of `10 adycm-2 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

I'm
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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 at 19841.
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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 to 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 Example of the isothermal fit. The power -law fit at high energies and the emission from the flare
plasma at low energies ar also shown. The % 2 , 9G% 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-
nett private communication).

Figure 4-5 Structure of a static loop. The curves are normalized by their maximum value within the loop.
For L= 4x 109cm and T,,,ax =30 x 106°K, F^ nx =3 .4x 101 '^ergscm-2sec t.

m
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HXIS Data 27 June 1980 E
I631:27 UT Accumulation Time 23.5 s
Coarse FOV 32" x 32" FWHM/ pixel	 N
Band 3 0 0 0 0 0 0 0 0
8.5-1I keV 0 0 0 0 0 0 0 0

0 0 0 0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0 0 0 1

(a) 0 0 0 0 0 0 0 0 1• 0 0 I
0 0 0 0 0 0 I 48 41 a 0 0
0 0 0 0 0 0 0 7 9 3 3 1
0 0 0 0 0 0 0 0 1 3 5 0

0 0 0 0 0 0 0 1
1 0 0 0 0 0 0 0

Band 4 0 0 0 0 0 0 0 0
I1-16 keV 0 0 0 1 0 0 0 0

0 0 0 0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0 0 0 0

(b) 0 0 0 0 0 0 0 1 0 1 0 0
0 0 0 0 0 0 0 13 13 I 2 0
0 0 0 0 0 0 0 2 b 3 1 0
0 0 0 0 0 0 0 0 0 0 1 0

0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 1

Figure 4--4
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FIVE

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 197I and 1973, Kane et aL

19801. In fact, the first hard X-ray imaging detector, on board the Solar Maximum Mission

spacecraft, has observed simultaneous hard X-ray brightenings at widely separated locations

which spatially coincide with the bright Ha patches [Dttjveman et al. 19821. This observation

greatly supports the concept that it is these fast electrons which are the initial carrier of a large

fraction of the impulsive flare energy.

During the June 27, 1980 flare, 1038 electrons are rapidly accelerated to energies from

`15 to greater than 100 keV, Over the whole flare, -5 x 10 30ergs may be carried by these elec-

trons. We also know that thermal plasmas are created in this flare with densities as high as

L:
--1012 cm-3 and temperatures in up to 35 x 10 6°K. In addition to r':a soft and hard X-

radiation, there is a wide range of accompanying electromagnetic and particle emissions during

the flare.

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

Svestka 1976, Van Haven et al. Kahler cat at 19801. For a volume of 1027_ 1018 CM3 we require
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that 82 V/(8a)>5x 1030ergs 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

[Affivbn and Carlgvist 1967, Kane and Anderson 1970, Carlgvist 1972, Spicer 1977a and b].

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

slowly 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 Alfven waves across the flare site.

The spectral evolution of an individual burst reveals 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 at 19801. Conditions which maintain a large drop might also occur in the turbulent

conditions of the flare plasma [Gold and Hoyle 1966, A heir and Carlgvist 1967, Spicer 1977a and

b, Colgate 19781. The number of higher energy (60-100 keV) electrons should depend strongly

on the total potential drop along 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 Fester [1972]

and Anderson and Mahonev [19741 show that if the coronal magnetic field is rapidly dissipated,

then there would be an inductive potential drop orders of magnitude higher than the 100-1000

kV one might infer from the fast electron population.

L
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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 19741.

Higher energy electrons will produce the intense 10.6 GHZ microwaves seen during this flare

[Takakura and Kai 1966, Ramary 1969, Ramaty and Petrosian 19721. 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 [Canfield et at 19801. Some of the electrons stri',e the chro-

mosphere where they produce impulsive radiation in H,, [Canfield et al. 19801 and the EUV

[Donnelly and Kane 19781 from the collisional excitation of the protons and ions. After the

flare plasma is heated, however, additional EUV and H a appear as gradual emissions with a

time profile similar to that of the soft X-rays [Moore et al. 19801.

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 similar 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 10 ergs cm 2 3-1. Such an intense and penetrating energy flux would blow off

the upper layer of the chromosphere [L own 1973, Lin and Hudson 19761. This explosion will

drive some mass up the field lines and send shock waves outward through the solar atmosphere

[Fisher et al. 19841. These shock waves may provide the moving mirrors for the delayed

second-step acceleration of electrons to several hundred keV energies [Bai and Ranrary 19791.

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 et at 1954, Wild er al.

19631 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 -+3ical of

a	 Oki
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the soft X-ray flare plasma (c20 x 10"O K) and and other filaments contain the much hotter

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-

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-

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-thermal kinetic energy? Are the electrons accelerated within a small region or all

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

proto ,.as 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 exists.



Figure Captions

Figure S-I 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 super-hot
component filaments, and the soft X ray plasma. The left hand side shows the impulsive phase phenomena

and the right shows the thermal phenomena, but the actual loop will be nearly symmetric around the apex.
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six

Search for the 73 keV Line from the Crab
Nebula

6-A. Introduction

The Crab Nebula has remained one of the most interesting and observed objects in

astronomy. It was the first cosmic X-ray source to be identified with either a visible or a radio

object (Bowyer et al. 19641. 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 Seivard 1974, Dolan et al. 1977, Knight 19511. 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 object 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 unpulsed 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

Zoe
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within a volume near the pulsar.

Previous tfard X-ray Observations

The majority of previous observations are consistent with the view of the Crab as the

standard candle of hard X-ray astronomy. Toor and Seward [19741 reviewed all of the previous

X-ray observations and concluded that any observed variations 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 et al. 19771,

HEA0-1 [Pravdo and Serlimitsos 1981, knight 1982, Gruber et al. 19801, and [Mahoney et al.

19841, have not shown any temporal variation in this hard X-ray flux.

First Observation of Hard X-ray ,Line Emission

Ling et al. [19791 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 -±-.9 x 10 -3 ph cm- sec-1 in the total pulsed and unpulsed

Crab spectrum. They estimate that no more than 25% Go-) of the line flux could be pulsed

[Mahoney et al. 19841.

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 [Rycktnan et al. 19771. In

an observation using a heavily shielded GeLi detector, Leventhal et al. 119771 reported a possi-

ble gamma-ray line at 400 keV with an intensity of 2.24:i-.65 x 10 -3 and a FWHM < 3keV.

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

There were subsequent balloon observations which tried to 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 spectrometer. 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 pulsed 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, Hanieury et al. [1983] set a 30- upper limit of

6x I0-4 ph cm-2 sec-1 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 balloon flight from Sicily [Manchanda et aL 19821 using a 900 cm2 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:E 1.5 x 10 -3 ph cm`2 sec-E 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 et aL [1979] observed the Crab

on balloon flight from Palestine, Texas on May 1I, 1976 using a 765 cm` scintillator. The spec-

trum, time averaged over their whole observation, was consistent with no line emission near 73

kf,v. 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

4.1-j 1.2x 10-3 ph CM-2 sec- ' at 76.6±2.5 keV with an 8-±-1$ keV FWHM [Strickman et al.

19821. Note that both observations are consistent with 73 keV line emission which I believe

lends considerable confidence to all three reported positive observations.

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

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

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

represented by a given data set [Cherry et al. 1980, Dolan 19821. The confidence level, C, of a

^	 j
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particular line observation is the probabilit y 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- 11 . 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 example,

for the June I0, 1974 observation of line emission at 73.3 keV [Ling et al. 19791, Cherry et al.

[19801 have suggested that M should be 8192, the number of detector PHA channels. The

reported line strength of 3.8 x 10-' 3 ph cm-2 sec t with a one a deviation of .9 x 10-3 is an

t uuiurmalized 4.2 or's greater than a null result. This corresponds to a confidence level

=.999867 which gives a I—C = 1.33 x 10` 1 probability that the excess is just due to chance

fluctuation. However if the confidence level is adjusted by choosing M=8192 we find that

I—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 detector 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 et al. 19791 as presumed in the case of the confirmed line emis-

sion from Her-X1 [Trumper et al. 19781. 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 p%^,ence of a strong magnetic field, 10"-10°3

gauss, is a necessary condition for hard X-ray cyclotron emission. In the simplest picture of

cyclotron radiation

by = 73 keV = 
eB

li 
nar, c

which yields a B of about 6.3 x 10 12 gausss. Field values are not likely to be more than a few

E31Q	 gauss, so cyclotron lines should be found at energies below about 200 keV. Also the

^3
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C,

it

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 I —C' = 9.3 x 10 -4 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 et al.

119791. 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 733 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 n Wrnti in the spectrum (Strickman et al. 19791.

Our 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.

Tge 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 pulsed

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 refatb a 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 compute a value of the Chi-

square statistic. The timing parameters were varied to maximize Chi-square to obtain the final

light curves in Figure b-I which agree very well with other observations.

De:a Reduction

We analyzed the spectra for each flight separately, but using nearly the same procedure.

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 Chapter

2). However, we constructed the background rate differently for each flight.

1^
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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 et al. [19791, Therefore, to minimize this effect,

the background for each on-source interval was constructed from a time average of the adjacent

background intervals. 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

also included, as background for the Crab, times when we are pointing on the Sun and there is

no solar activity above the smaller `micraflares' [Litt 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 obtain the total Crab flux.

Each on source time interval is an independent observation of the Crab spectrum. To

find the best average spectrum [Bevington 19691 (based on the Maximum Likelihood 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 chance between the indenendent on

source intervals.

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

for each on-source interval. The pulsed region is defined here to be from 135 to 360 phase in

'^ E
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the pulsar fight 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-1 keV-1 sec-1 ) 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 pulsar phase.

Then one defines the Crab nebular spectrum as the remaining unpulsed component; this is

obtained 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 [19691. 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-Iaw 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 acceptable

value of X2, 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. [19791. Strickman et

al. [19791 claim that there is a spectral break at 80 keV in the nebular emission with the

power-Iaw 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. [19761 for a modGi with four

Table 6-1 Spectral Fits to Crab Data
Best-Fit Spectral Models

Single Power-Law: 4) = A E- 1

Dou ble Power-Law: 4} - A E-Yt far E<Eb
- (A Eb-rt) E-y2 jbr ESE,

Total Crab	 Nebular Emission
6/27/80	 11	 6/27/8010/18/79

Single Power-Low Single Power-Law	 Single Power-Law Double Power-Late
Interval 35-150 keV 20-150 keV 20-150 keV 20-150 keV
A	

I
12.7 4.86 4.26 3.54

Eb NA NA NA 64 keV
yl 2.2=.1 2-±-.05 2±.05 1.95
y2 NA NA NA 2.32

) 2^ X211 =1.36 x214=I.I1 X214=1.13 X212-1.11

r
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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 value is not large enough (by the F-test in Bevinrgton

[19691) to mandate the additional two parameters of the double power-law. Thus, we find that

our observation is consistent with that of Strickman et aL [19791, 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 C 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 a upper limits for these four spectra. We also looked

unsuccessfully for evidence of the sort of line `flare' seen by Strickman et aL [19821.

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

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

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 I0, 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. 19791, the Sun could not be excluded as a possible source of the line emission even

Table 6-2 Limits to Line Emission from the Crab 	 {
Three a- tipper Limit to Narrow Line Emission

(71 - 75 Rev)

Total Crab	 Pulsar
Oct. 18. 1979 11 1.9 x 10 -3 ph cm-2 keV- 1 sec t	2.7x 10`3 ph cm keV-1 sec t
June 27, 1980 11 1.4x l0' 3 ph cm-2 keV- 1 sec t	1.8x 10-3 ph cm -2 keV-1 sect

Pulsar limit is Ior (lux averaged over the pulse phase region. 	 l^

t
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though there is no record of any solar activity during the observation. Our 1980 flight ob i;ofed

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 a• upper limit to a solar line at 73

keV of 1.5 x 10-3 ph cm-2 sec-1 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 level,

the evidence of Ling et aL [19791, Manchanda et al. [19821, and Strickman et ?l. [19821 is

strong. These three independent positive reports of an emission feature are extremely difficult

to 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. [19821 reported

that the line emission was pulsed and in phase with the continuum pulsed emission. Also, if

	

the effect were systematic, one would expect to have reports of line emission near 73 keV from 	 ist.

other sources. Unfortunately, the three observations made with the best energy resolution (the

two reported here and IHamettry et al. (19831) 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 Strickman et al. [1982] showed that the pulsar 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 dB/B 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 Pulsar light curves from balloon flights of October, 1979 and dune 1980 obtained from the scintil.
lator data. The pulse phase region consists of two peaks and an interpeak region from 135 to 360 degrees.

The off-pulse region extends from 0 to 135 degrees.

Figure 6-2 Total Crab Spectrum for dune 27, 1980.
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