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I. Introduction

Gamma-ray.emission from the Crab Nebula has been
predicted on the basis of several distinct theories.
The primary objective of the research described herein
was to search for these gamma rays and thereby attempt
to test some of the leading theories.

Since the discovery of extraterrestrial x-~rays by
Giacconi gg_gl; (1962) the field of high-energy astronomy
has rapidly expanded both in experimental and theoretical
aspects; to.dape no single pfocess can be identified;with
any of the observed fluxes of hard radiation. Also, gamma
rays (hv > 100 keVv) have never:previously been detectéd
from any discrete source beyond the solar system.

Thié thesis is concerned with adding to our under-
.standihg of both the nature of the supernova phenomenon
and the nature of the x- and gamma radiation emitted by
its remnants. It is for this reason that the Crab Nebula
. "was chosen for study, as it'is widely believed (Mayall,
1962) to be thé_rgmnant of the supernova of 1054 A.D.
recorded by Chinese astronomers. . In addition, the Crab
is one of the brightest discrete radio objects. It is also
one of the first discovered discrete celestial x~ray sources
other than the sun. |

The role of the supernova in astrophysics is perhaps
very important as it is thought to be associated with the
production and abundances of the elements. One current
theory which attempts to deal with the nature of supernovae
on this basis provides a primary motivation for the work
described in this thesis.

A supernova is a star that has undergone a very



violent explosion. The luminosity increases sharply from
normal to greater than lO6 times the luminosity of the
sun; it may in some cases become as bright as an entire
galaxy (109LO). A number of these events have been re-
corded by astronomers over the last ten centﬁries. The
observed supernovae seem to fall into two general class-
ifications, based cn their optical spectra. Supernovae of
Type I are characterized by having light-curves and
spectra which are very similar to one another. After

the initial 20-30 day decline, the light curves show an
approximately exponential decay. Their spectra consigf

of broad features that could represent emission, absorption,
or both processes mixed; as of yet they have defied
interpretation (Minkowski, 1964). Type II supernova light-
curves decline faster than the exponential decay of Type I
events, but the decay is somewhat irregular within the
group. The spectral details of Type II events have been

. identified and have been found to be rich in iron and
other metals. The kinetic energy of the ejected envelope
for a Type II supernova is estimated to be on the order
of'lo52 ergs while that of a Type I is less by approxi-
mately four orders of magnitude (Shklovskii, 1960).

On tthe basis of three supernovae analyzed by Baade;
Burbidge, Hoyle, Burbidge, Christy, and Fowler (1956)
noted that the light curves for Type I events had half
lives of 55 + 1 days. They integrated the energy under
the exponentiél portion of the light curve and found it
to be about 1047 ergs. The exponential decay suggested
to them that the source of the energy might be radio-
activity.

A check of half-lives of radioactive nuclei presented



them with three candidates; Be7, Sr89, and Cf254 all have

half-lives of 55 days. Each decay of Be7 liberates a
mean energy of 57 keV and the mean electron energy re-
-leased by Sr89 is 600 keV. From this they determined
the mass of the two nuclei required to produce the 1047
ergs. Taking a galactic rate of occurrence for Type I
supernovae to be (500 yr.)_l they found that the abundances
of Be and Sr.would be about 100 times their observed values
(Burbidge et al., 1956) . However, Cf254 spontaneously
: undergoeé fission and liberates 200 MeV/decay. This
seemed plausible to them as the source for the supernova
light=-curve energy; only 6 x lO-4 solar masses of Cf254
would be required.
| ' With these preliminaries Burbidge, Burbidge, Fowler,
and Hoyle (1957)l went on to develop a rather complex
theory of thé role of the supernovae in nucleosynthesis.
That a supernova is a likely site for nucleosynthesis
follows;frbm considerations of the high temperatures and
preésures that probably occur in such explosions. This
monumental paper summarized and greatly extended the
knowledge of nuclear astrophysics. The portion dealing
specifically with supernovae is referred to as the
Californium-hypothesis and can be roughly described as
follows.

In a supernova outbﬁrst cons iderable nucleosynthesis
might take place through the r-process. The r-process
is described simply as the rapid additioﬁ of neutrons to
heavy seed nuclei such as iron, building heavier nuclei

until no further neutrons can be bound stably. At this

1. hereafter referred to as B2FH



point in the periodic table the nuclei must make a
charge adjustment throuéh beta decay. Thus this build-
up is governed by the rate at which charge can be adjusted.
However there should be a stopping point for this process
since the beta-decay lifetimes become large as the atomic
number increases. So the authors (BzFH) reasoned that
the r-proceés might terminate at the isotope Cf254'which
is unique among its neighbors in ﬁndérgoing spontaneous
fission and has the required half-life of 55 days.

To lend a little credibility to this theory it must
be noted that in 1952 Cf254

in a thermonuclear test by the instantaneous irradiation

was observed to be prbduced

of Uranium by an intense neutron flux (Fields et al.,
1956). However a critical look at the Californium~hypothesis
reveals a number of shortcomings.

A more recent reviéw (Morrison and Sartori, 1966) of
Type I supernova data shows that the half-lives of the
light curves range from 40-80 days. It is difficult to
assume that each supernova is so individual as to require
different radioactive isotopes to provide the energy.
However Hoyle and Fowler (1960) have suggested that a
mixture of varying proportions of associated isotopes
produced by the r-process could account for the varying
half-lives. Also no efficient mechanisms for converting
the Californium fission energy into visible light were
presented by the authors (BZFH). In addition, if one as-
sumes the galactic rate of supernovae occurrence to be
(300 yr.)_l (Clayton and Craddock, 1965), the abundances
of the associated nuclei produced through the Californium
mechanism are about two orders of magnitude larger than

the values observed in solar-system material. However,



the r-process is regarded as plausible by astrophysicists
and it may still go on in supernovae even if the Californium-
hypothesis is incorrect. | .

Assuming the validity of the Californium-hypothesis
Clayton and Craddock (1965) applied it to the Crab Nebula.
Using the relative abundances predicted by_B%FH, Clayton
and Craddock calculated the many daughter prq@gg;s which
should.bé present in the Crab 910-years after its explosion.
They then made a listing of the gamma-emissions of the
most. abundant daughter products. From the assumed distance
of 3500 light years from the earth to the Crab Nebula
they calculated the fluxes of these gamma rays at the™ '
top of the earth's atmosphere. The majority of the gamma
lines lie in the region of 50-400 keV. The observation
of these lines provides'g crucial test for the Californium-
- hypothesis of supernovae.

Without the knowlédge of the correctness of the
Californiﬁm—hypothesis it is impossible to interpret Type I
supernovae light-curves unambiguously. It is also impos—
sible to locate the site of the r-process which certainly
must play an important role in nucleosynthesis.

Aifewualternate solutions have been proposed. One
by the same authors (Hoyle, Fowler, Burbidge, and Burbidge,
1964) is based only on gravitétional collapse and has
nothing to do with radioactivity. However the authors
state that they cannot decide between the.twd alternatives
on the basis of theory alone and ask that an experiment
be performed. .

Anders (1959) has suggested that the exponential
decline of Type I supernova light-curves is due to 45 day

Fe59 rather than Cf254 and has in turn predicted a completely



different set of radioactive nuclei to be present in the
Crab. However, the Crab may be expectéd to emit gamma
radiation even if no radioactivity is present, by other
mechanisms which have been proposed.

Morrlson and ‘Sartori (1966) have proposed a theory
which attempts to explain all details of the visible A
supernova spectrum. They assume that the light observed
is fluorescence excited by the initial ultra-violet
continuum of the supernova incident upon the surrounding
interstellar gas. As time passes the visible light is
préduéed by gas farther from the supernova. The observed
time variation is merely a reflection of the exponential
attenuation of the ultravidlet as it moves outward in
space. The heated gas also produées x- and gamma—radiation.

Finzi (l965) contends that the radial oscillations
of a neutron star provide the energy for the observed
light and he shows that the maximum vibrational energy
of a neutron star is consistent with the 1047 ergs'ﬁﬁdér
the exponential portion of the light curve.

In the last few years a large number of x-ray sources
have been discovered in addition to the Crab, but no
satisfactory explanation of their nature has been found.
Some of the models considered most frequently will briefly
be mentioned here.

There are a number of basic processes by which energetic
photons are produced:

1. Bremsstrahlung,

2. Compton scattering (sometimes referred to as
the inverse Compton effect) of low energy thermal photons
by high energy electrons, producing high energy scattered



photons,

3. Synchrotron radiation produced by electrons in
magnetic fields,

4, The decay of m° mesons following the production
of mesons in collisions between cosmic ray particles and -
nuclei,

5. Characteristic x-rays from atomic transitions,
6. Annihilation radiation,
7. Formation of Deuterium via n+p - d+y (2.23 MevV) ,

8. Nuclear gamma rays. ) ‘
The processes most likely to be responsible for the cosmic
x-ray sources are the first three listed (Burbidge, 1966).

In 1962 the first model.suggested was that of a neutron
star but now that appears untenable for several reasons
aside from the possibility that stable neutron configurations
may never be formed. For the Crab, the linear dimensions
of the low-energy x-ray source are known from a lunar-oc-
~cultation experiment to be on the order of 1 light year.
This would require a cluster of neutron stars, since they
are predicted to have radii as small as 10 km. It is dif-
ficult td imagine how such a cluster might be formed. Also,
the high energy x-ray tail of the Crab doesn't fall off
as fast as predicted by black-body radiation. Finally,
the lifetimes of the neutron stars may be too short due
to neutrino cooling (Bahcall and Wolf, 1965).

Synchrotron radiation may be a possible source but
this too has its difficulties. The electron energies
required to produce x- or gamma~ray emission are extremely -
high. 1In mégnetic fields of the strength which are inferred ’



from the optical data to be present in the Crab, their ‘
radiative lifetimes are very short compared to the age

of the Nebula. Also the total electron energy involved
must be comparable to the energy feleased in a supernova
~outburst. However, it is possible to construct models of
X-ray sources on the basis of the synchrotron radiation
hypothesis. 'This has been done in some detail by Tucker
(1967), but the spectral shape depends on the details of
the acceleration, energy Ioss and trapping of the electrons.

An alternate model is one of a thin hot cloud which

'emits X-rays as part of the thermal bremsstrahlung. This"
x~ray production is efficient in a high temperature

(>107
to explain how a plasma is heated up to such a high temper-

oK) and low density gas. Here the difficﬁlty is

ature although radioactive heating (Morrison and Sértbri,
1965) and shock heating (Heiles, 1964) have been suggested,
as well as the postulated ionized atmosphere surrouhding
a neutron star. 1

These models will be considered more carefully in

a later section in regards to our recent measurements.



II. Apparatus

A. Detector

As stated in the introduction the purpose of the
experiment was to search for high energy radiation from
the Crab Nebula; in particular to look for line gamma
emission. Figure 1 reproduces the line spectrum esti-
mated for the Crab by Clayton and Craddock (1965) and
it was this theorétical spectrum that set the design™
criteria for the detector. vVirtually all of the radiation
is predicted to be in the energy range 50 keV to 400 keVv
with a maximum line strength of only lO-4 cm—zsec-l;
photons of these energies canﬂpenetrate‘the earth's
atmosphere to balloon altitudes (~3 - 4 g cm-z) without
;serious attenuation. ’
' For the measurement of such a spectrum a detector
must meet the following requirements:

1) high efficiency for gamma ray detection in the

range 50 kev to 400 kev,

2) sufficient energy resolution for making the
spectral analysis,

3) directional detection capability,

4) rejection of other types of radiationﬁsﬁch as
charged particles.

The solution to this design problem has been detailed by
Craddock (1967) but for the sake of completeness a brief
summary will follow.

%he'detector chosen was a NaI(Tl) scintillation crystal
4 inches in diameter and 2 inches thick viewed by an Rex
8054 photo tube. This thickness provides good detection
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efficiency in the region of interest. The efficiency for
such a crystal as a function of energy is shown in

Figure 2. The measured resolution of the flight crystal
was 8.4% at 660 kev, FWHM.

Initially the spectrum of the background radiation
to be encountered at balloon altituaéé was unknown but as
a design criterion it was estimated from the results of
Arnold.gg_gl. (1962). These data were obtained from a
nearly—omhidirectional phoswich on board the Ranger 3 and
Ranger 5 spacecraft. This spectrum, assumed to be iso-
tropic, Yields a flux of about four orders of magnitude
greater than the line fluxes 2xpected from the Crab, when
integrated over the enerygy range 50 keV to 400 kev. It
is for this reason *thsat a highly directional detector is
desirable. Tight collimation is one way of improving
the signal to noise ratio.

To obtain directionality, the central crystal was
placed inside a NaI(Tl) collimator in the shape of a cylindri-
cal cup. This arrangement is shown in Figure 3. The
guard crystal is 12 inches long with a back thickness of
4 inches and anuouter diameter of 9.5 inches. The two )
crystals are optically decoupled. The directionality is
enhanced, in addition to the shielding, by the use of
anticoincidence techniques. Six photomultipliers view
the guard crystal and are in anticoincidence with the
output of the central photomultiplier. A 1/4 inch thick
plastic scintillator covers the aperture of the detector
to complete the 41 anticoincidence shielding for charged
particles. An event detected in the central crystal is

counted oﬂlyvif it is not accompanied by a pulse from the
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o
_guarg'crystal or plastic scintillator.

_ In the configuration shown in Figure 3 the half-flux
ahgle for a point gamma source is approximately 12°
from the axis. Tighter collimation from the use of more
NaI would lead -to prohibitive expénse. The angular
response of the detector at two representative photon
energies is shown in Figure 4. '

In addition to the gamma ray detector, an automatic
ionization chamber was on board dufing the flight. The
ionization chamber gives a measure of the intensity of
the ionizing radiation. With this it was possible to
independently mdnitqr the stability of this radiation.
Presumably this radiation‘indirectly produces, at least
a portion, of the observed gamma ray "background" spectrum
which is present at balloon altitudes. This instrument
has been described in detail by Neher (1953) and Neher
and ‘Johnson (1956).

B. Pointing System »

A stable platform must be provided for the directional
detector described in the preceding section. The platform
must have tracking capabilities so that a celestial source
may be observed for as long a time as practical at bal-
loon altitudes.-

The detector mount is a modified equatorial system.
The declination axis is fixed so that there are only two
degrees of freedom; the right ascension axis and the azimuth
axis. The usefulness of an equatorial mount, once the
polar axis is set for the latitude of the observer and the
declination axis set for the declination of the source,
is that to track a celestial object the detector must
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just revolve about the right ascension axis at the sidereal
rate. This rotation is provided by a 60 Hz synchronous -
motor and a suitable gear train. A circuit on board the
gondola provides stable 60 Hz power for the motor.

The azimuth drive is provided in order to keep the
right ascension axis parallel to the earth's spiﬁ axis
since the outer gondola is free to rotate with the bal-
loon. It is powered by a 150 watt dc torque motor and
is controlled by a magnetometer servo system. The magneto-
meter measures the horizontal component of the earth's
field and is rigidly attached to the support structure
for the polar axis (referred to as the inner gondola).

Its orientation is fixed such that a stable null is pro-
vided by the torque motor when the right ascension axis
is pointed to true North. The tovrque motor on the inner
gondola turns“against an inertia wheel or outer gondola
(an aluminum framework measuring 9 ft. by 9 ft.). Ad-
ditional inertia is obtained from the semi~rigid coupling
of the outer framework to the balloon. A schematic dia-_
gram is shown in Figure 5.

The inner gondola, in addition to providing the
mount for the detector, also houses all the electrical
systems of the experiment. This includes a pressdrized
box containing the silver-cell battery packs.

Tests in the laboratory and photographs taken of the

position of the sun during various flights have shown the

pointing accuracy to be about 1° in azimuth. This is quite
satisfactory for the type of work done in this experiment.
This can be seen from the following argument.

The separation angle y, for a source at zenith angle
Z, (see Figure 6) is given by:
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cos Yy = coszz<+ sinzz cos (A8), \ —

where A8 is the error in the azimuth pointing. The

graph in Figure 7 shows the insensitivity of the pointing

accuracy on the azimuth error, A6, as a function of the

zenith angle. Since the experiments are performed for

values of Z < 50° to minimize the effect of atmospheric

absorption, the azimuth error can be quite large and still

keep the source within the 12° half-flux angle of the

detectdr. For example, at a zenith angle of 450, usually .

the maximum zenith angle for our observations, the azimuth

error can be as large as 20° and the detector will still

be pointed within 14° of the source, while at a zenith

angle of 20° the azimuth error can be as large as 42°

for the same angular separation. Thus the greatest source

of tracking error can arise from the initial setting of

the right asc¢ension; this will be discussed in section F.
Figure 7 also gives an insight to the problem of

obtaining background observations at small zenith angles.

For observations around transit it is difficult to obtain

a sufficient separation from the source unless the azimuth

is offset by 180°. Even this is not satisfactory for cases

of celestial objects with declinations between 26° and 38°

when observing at latitudes of 32° (Palestine, Texas) with

a telescope of a 12° half-angle. 1In such cases the max-

imum obtainable source separation during offset at transit

cannot reach the required minimum of 12° and thus no back-

ground observations are obtainable during these times with

the present pointing system. Fortunately the declination

of the Crab is 22° so that the minimum source separation

is about 20° at transit.
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The insensitivity of pointing accuracy on azimuth
error is helpful in ssetting the magnetometers prior to
the flight. In the course of a flight the balloon may
drift up to 700 or 800 miles and thus the local magnetic
declination might changé five or six degrees. For the
most accurate pointing the direction and speed of the
high altitude winds are provided by the U. S. Weather
Bureau before a flight. With this information the
magnetometers can be set for a magnetic declination
corresponding to the estimated midpoint of the trajectory.
In this way the error associated with the magnetic
declination can be reduced to be a maximum of two or
three degrees. With reference to Figure 7 this is seen
to be tolerable even at zenith angles of 400, since the
pointing of the telescope will be withingzo of the source
- (computed for the-Crab Nebula).

Since the angle which the right ascension axis makes
with respect to horizontal, is rigidly fixed and set for
the latitude of Palestine, Texas there is no possibility
of making corrections for latitude drifts during anflight.
This is a minor problem, however, since the majority of
flights conducted by the}National Center for Atmospheric
Research (NCAR) have exhibited trajectories that were
within # 2° of the launch latitude. Since the speed and
direction of the high altitude winds are known pretty
well in advance of flights, a launch can be ruled out if
the wind directions are significantly different from due
East or West.

For this flight there existed command capability for
changing the azimuth pointing by 180° (i.e., to due South)

periodically so that background measurements could be made.
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In addition there were commands to control the speed of
the right ascension drive system.

C. Electronics

The detector-associated electronics consistAbasically
of three types; high voltage supplies, reject circuitry,
and the pulse height'analyzer. The power supplies convert
the nominally 28V dc -gondola supply voltage into stable
high voltages. Great care was taken in the design and
construction of the high volE;gé supplies so that temper-
ature and input voltage variations had a minimal effect
on the output voltage. Three separate power supplies
were used for the photomultipliers on the main crystal,
plastic- scintillator, and the well crystal.

The reject circuitry compared the summation of the
outputs of the phototubes viewing the well crystal and
the plastic scintillator to the output of the central
multiplier. If the two outputs have simulténeous pulses
(within 2 psec.) the analyzer is blocked and the pulse
from the central tube is not analyzed.

If a bona fide pulse is received by the analyzer it
is converted to a segment of 1 MHz oscillations by the
pulse height to time converter; the number of cycles being
proportional to the height of the pulse and in turn to
the energy of the incident photon. An accumulator then
classifies a pulse as being in one of 127 channels or
pulse-height windows and the contents of the accumulator
are serially read out onto the telemetry at a 5 kHz rate.
Pulses exceeding the upper energy limit (approximately
560 keV in this experiment) are all labeled as channel
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‘number 128.

To operate the right ascension synchronous motor an

ac to dc converter is required. It produces power at a
stable frequency ower temperature and input voltage ~
variations. 1In addition the ac-dc converter is required

to change from the normal 60 to 120 Hz upon radio com-

mand for adjustments in the right ascension tracking;

it can also be temporarily stopped for the same purpose.
. The entire gondola was thermally insulated?befofe

the flight and the detector and its associated electronics
were wrapped with heater strips and then insulated with
"Pleogen"foam. These heater strips were thermostatically
operated to keep the detector and electronics at a constant
80 + 1°F during the flight in order that the effect of
temperature changes be minimized.

The power for the majority of the system was supplied
by three Yardney silver-cell battery packs. The main
pack of 70 Amp-hr. batteries was:inominally at 28V, while
the heater pack of 40 Amp-hr: batteries was at approxi-
mately 35V. The command receiver utilized a pack at =-12V.

A block diagram of the entire electrical system is
shown in Figure 8.

D. Telemetry

An eight-channel FM/FM telemetry system was used for
data transmission. The system employed a 2-watt transmit-
ter operating at 253.8 MHz and a spare transmitter on
234 MHz. The command system allowed the telemetry to be
switched onto the spare transmitter in the event of the
failure of the primary transmitter. The eight channels

were provided by voltage controlled oscillators (VCO)
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operating on IRIG subcarrier frequency channels 9 through
15 and H (3.9, 5.4, 7.35, 10.5, 14.5, 22.0, 30.0, and
165 kHz). Table I shows the functions of each channel.

TABLE I
IRIG Channel Center Frequency (kHz) Data =

9 3.9 Commutator A

10 5.4 Torque motor curren
11 7.35 ‘Commutator B

12 10.5 Ri{A,. drive monit.
' + ion chamber
13 ) 14.5 R.A. frequency

14 22. Parallel magneto-

meter
15 30. Reject rate
H 165. ’ PCM

Most of the housekeeping information (battery
voltages, high voltage:smonitors, state of pressurization
indicators and heater status) were commutated on channels
5 and 7. The commutators used had 20 available positions
and completed a cycle every five minutes. Table II gives
the telemetry format for the two commutators..



TABLE II
Commutator A
Position
Number
1. Ground -
2. +2.5 v
3. +5.0 v
4, Perpendicular Magnetometer
5. Perpendicular Magnetometer
6. Battery Temp. Monit.
7. H.V. Monit. (Detector)
8. H.V. Monit. (Guard)
9. H.V. Monit. (Plast.)
10. Volt. Monit. (Main pack)
1l1l. vVolt. Monit. (Heater pack)
12. Volt. Monit. (4.5 v pack)
13. Torque Motor Current
1l4. Perpendicular Mag.
15. Perpendicular Mag.
16. Press. Monitor Batt. Box
17. ?ress. Monitor Elec. Can
18. Press. Monitor Detector
.19. Press. Monitor H.V. supplies
20. Press. Monitor R.A. Drive

18

Commutator B

Position

Number

1. Ground

2. +2.5

3. -2.5

4, R.A. Drive'Freq.
5. R.A. Drive Fredq.
6. R.A. axis Monit.
7. R.A. axis Monit. :
8. Mag. Power Supp:
9. Bearing Thermostat
10. Power amp. Thermostat
11. |
12.

13. thermostats
14.

15.

16. =12v monitor

17.

18.

19. command radio

20.
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The calibration of the telemetry was critical only
for three channels (9, 11, 14),since the other channels
carried digital data or analog data for which a relative
dhange was all that was required to determine the condition
of the system being monitored.

The calibration of channels 9 and 11 was facilitated
by reference voltages provided in the first three positions
of the commutator sequence. These voltages were tapped
from the pulse height analyzer power supply and were
stable to within 0.05 V over input variations from 24
to 34 ¥. The output of the channel 14 discriminator was
calibrated during the setting of the magnetometers prior
to ‘the flight. "

_On playback the output of the channel 14 discriminator
can be recalibrated during the ascent portion of the data.
During that ﬁime the azimuth pointing system is not operat-
ing so that the gondola is free to follow balloon rotations.
Consequently when it passes through due East or due West
(i.e., the maximum output voltage) the output of the
discriminator is adjusted to the previously determined out-
put voltage, if it has drifted.

E. Data Acquisition and Recording

The FM telemetry system used is limited to line-of-
sight reception. In practice this is between 400-450 miles
at kalloon altitudes. Consequently, for long duration
flights two receiving stations are necessary if the high
altitude wind speeds are in excess of 40 knots. These
are provided by NCAR in the form of a launch site and
telemetry station at Palestine, Texas and a mobile trailer
which is located downwind according to the direction and
speed of the high altitude winds. |



20

A block diagram of the réceiving station is shown in
Figure 9. All the data plus a WWV time signal are recorded
on four tracks of magnetic tape.

To provide live~time display and data reduction, a
commercial pulse height analyzer (Nuclear Data) is used.
The decoder bypasses the analog to digital converter (ADC)
in this machine and utilizes only its storage and display.
The decoder also differentiates the output of the channel
H discriminator for tape recording and on the play-back
it reconstructs the spectrum. .

During a flight many telemetry items are monitored
continuously. These include the magnetometer output, the
commutators and the ion chamber; they are presented on
strip chart recorders. The pulse code modulation (PCM)
data is monitored on an oscilloscope display so that cor-
rections can be made for any signal drop-out, and a digital
counter continuously monitors the level of the reject rate.

F. Flight Preparations )

The primary tasks involved in preparing the detector
for flighf are: 1) energy calibration, 2) determination
of the gamma ray axis, 3) magnetometer positioning, and
4) setting of the initial hour angle.

The energy calibration was easily made by the use of

nll3, Bal33, and Na22.

These provided seven gamma-ray lines of known energies
between 30 keV and 511 keV. The energy calibrations were
made with the heaters onm and through the telemetry system.
The calibration curve for the flight described in this
work is shown in Figure 10.

the four radioactive sources: Se75, S

The determination of the gamma ray axis is a necessary
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part of setting the magnetometers and the hour angle.

- To do this the telescope was placed in an approximately
horizontal position and at a distance of about 15 ft.

a grid of 2° squares was laid off in the general field of
view of the detector. The counting rate for a single
line gamma source was determined at the intersections of
the grid. By successive approximations it was possible
to locate the gamma ray axis to within 1/2 degree.

When this point (the intersection of the y-axis
with the grid) had been found, a small sighting telescope
mounted on the side of .the detector, was adjusted so that
its optical axis was pafailel to the gamma Iray axis.

With tne sighting telescope so oriented it was a simple
matter to adjust the detector to a true horizontal position
by the use of a surveyor's transit and rod.

At a latitude of 32° the Crab (8= 220) crosses the
horizon (Crabrise) at an angle of 25° North of true East.
This fact was used in setting the magnetometers. First
an area free of magnetic anomalies was chosen in a field
far from any surrounding metallic buildings. This was
verified by sighting Polaris with the transit during one
of its meridian passages and then measuring the magnetic
~ declination (~8o East) which agreed with that given in
the current U.S.C.G.S. Aeronautical Chart for the Palestine
area. '

Once true North was found it was an easy.matter to
survey a series of angular displacements from a starting
point at a heading of 65° East. These were marked with
stakes in 10° increments extending +90° from the starting
point -and at a distance of approximately 100 feet.

After these preparations the apparatus was brought
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out into the field and placed in the center of this
surveyed semi-circle and placed in a level attitude.
The servo magnetometer was then rotated on its mounting
bracket until it produced a stable null such that the
starting-point stake was visible in the sighting telescope.
Sincetthe angles in the construction of the gondola were
fixed for oﬁservation of the Crab at latitude 32° then
at this point the right ascension axis wés parallel to
the earth's spin axis. With the servo magnetomefer
permanently oriented on its mount, the inner gondola was
rotated about the azimuth axis to the various surveyed
positions and the readings of the two monitor magnetometers
were noted. A typical calibration for these is shown in
Figure 1ll. The two monitor magnetometers were placed in
the hordzontal plane perpendicular to one another to elim-
inate the ambiguity that results when only one is used.

The above description is for the case of no change -
in magnetic declination being taken into account. How-
ever, if the balloon were expected to drift through six
degrees of magnetic declination, then the whole surveyed
semi~-circle would have been rotated by three degrees to
minimize the pointing error during the flight. As pre-
viously noted, the precise amount of the rotation depends
on a trajectory forecast.

The final arrangement is that of setting the tele-
scope on the right ascension axis. From the American
Ephemeris and Nautical Almanac (1967), the transit or

zenith crossing of any celestial object over Palestine,
Texas can be computed for any given day. Since the time
from the horizontal position to transit for the Crab is

7h05m, the telescope was usually left in the horizontal
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position for the laﬁnch. Since a typical daytime ascent
to 130 thousand\feet takes three hours, the telescope
is ‘then about four hours from transit upon reaching
altitude for this configuration. For zenith angles -
greater than this (~45°), the atmospheric absorption
becomes too large for usable data. The exact time of the
turn-on of this motor varied and depended on the day of
the launch.

Since the hour angle is computed for the léngitude
of Palestine, if any drift in longitude occurs then this
setting is no longer valud. For this reason we had com-
mand capability to double the hour angle drive speed or
to completely stop the drive. For a westward drift the
drive was stopped four minutes for each degree of longitude
crossed and for eastward drifts its drive rate was doubled
for four minutes. Information on the position of the bal-
loon was provided initially by radar and an automatically
tracking receiver at the Palestine base, but for distances

greater than 200 miles the tracking aircraft relayed the
positions.



24

IITI. Results
- A, 'Experiment

The balloon was launched from Palestine, Texas at
0615 cDT, 4 June 1967, and reached ceiling at approxi-
mately 0900 CDT. The pressure altitude, as indicated
by a photobarograph, varied between 3.65 mb. and 3.35
mb. during the 7-3/4 hours that the balloon floated
at ceiling. Termination occurred by radio command at
1634 CDT. | "

The method of the experiment was to drive the
detector about the polar axis continuously at the sidereal
rate, so that it would track the Crab in hour angle.

In addition the polar axis was offset in azimuth by

180° every 10.5 minutes, after the servo system was

turned on by radio command at 0913. The detector thus
élternated between Crab and background measurements.

Such a large offset angle was necessary for observing
times near Crab transit. As mentioned previously, the
Crab makes a transit at only 10° from the zenith at a
latitude of 32°N, so that a large azimuth variation is
required to keep the nebula well beyond the 12° half-

flux angle of the telescope during the background measure-
ments. During the background observationé, no known
discrete x-ray sources were in the field of view. 1In
Figure 12 is shown the region of the sky scanned during
the background observations. The offset pbinting positions
are marked in half-hour intervals measured from transit.

The ten minute observation technique assures us of
having reliable background segments for each source
observation period. It reduces the possibility of obtain-
ing ambiguous data if the background flux suffers sudden,
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short term variation as well as comﬁensating for slow
changes in the background, such as those caused by
changes in the zenith angle and in the latitude.

At approximately 1400 CDT, six minutes prior to
Cpnab transit, the azimuth pointing system failed. After
this time, there was no control over the azimuth of the
detector; it was free to follow balloon rotations.

B. Solar Gamma-Rays

On the day of the flight the separation between the
Crab and the sun was only 11—1/20. Consequently during
the Crab observation periods the sun was somewhat in the
field of view. Since the sun is known to be an emitter
‘of soft x~rays this factor must be considered in eval-
uating the data. It must first be noted that no x-rays
in excess of 10 keV have, to date, been detected from the
quié%'sun. There have been, however, several reports -
(Peterson and Winkler, 1959; Chubb, Friedman, and Kreplin,
1960) of high energy radiation (20 keV to 500 keVv) ac-
companying an Importapce\?+ or Importance 3 solar flare.

The weekly summary issued by the ESSA Space Disturb-
ance Forecast Center (SDFC) at Boulder, Colorado on 9 June
showed only a small magnetic storm on 5 June and a small
flux of low energy solar protons on 6 June as the two
active events for the week 2-~9 June. This is also in ac-
cord with the observation (CRPL, 1967) that no unusual
geomagnetic or solar activity occurred on 4 June. The
planetary magnetic index, Kp, varied between 1- and 4-
during the flight.

In addition, the ionizing radiation background was
‘independently monitored in flight by an ionization chamber
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kiﬁdiy loaned to us by Prof. H. V. Neher of the California
Institute of Technology. The rate of ionization is shown
in Figure 13. The ionization rate observed corresponds
quite closely to data taken by Neher (1967) in the 1965
period of the Quiet sun at these magnetic latitudes.

We conclude that this result taken albng with the CRPL

and SDFC data, indicates that the observation took place
during an und&sturbed time.

The most recent and comprehensive search for quiet-
time solar gamma rays has been made by Peterson, Schwartz,
Pelling, and McKenzie (1966), in the energy range of 20 keV
to 10 Mev. These data are plotted in Figure 1l4. It
should be noted that this curve represents an upper limit.
The flux expected (Peterson et al: 1966) from the solar
albedo, presumably caused by cosmic rays, 1is also shown
and lies several orders of magnitude below this experi-
mental upper limit, in the energy range of our measure-
ments. The dotted 1iné represents the flux contribution
that would have been detected by our instrument if indeed
the sun were steadily emitting at a rate equal to this
upper limit. Since this curve lies at least an order of
magnitude below our measurement for the Crab, we conclude
that any solar flux is negligible, compared to the flux
which we have detected from the Crab.

C. Gamma Ray Spectrum of the Crab Nebula

Figure 15 shows a time-history of the flight. 1In
the various energy-intervals, the segments of data dﬁe
to &he Crab and due to the background observations are
apparent from the changes in counting rate. The flux

is considerably enhanced each time the detector swings
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around to view the Crab. At 1320 an increase is observed

to commence in the background that is not correlated with

any reported solar or geomagnetié‘aétivity. We have

observed similar variations on other flights. The explanation
for the variations is unknown, although Gregory and Kreplin
(1967) havekrecently reported brief sporadic solar

emissions of 1-10 keV x-radiation even when the sun is
otherwise quiet; the background variations may be con-

nected with this phenomenon.

An inspection of the ionization rate (Figure 13)
shows no sudden increase at this time although it is in
a period of general increase. This increase apparently
is not connected with the gamma ray background jump
since it can easily be explained as a latitude effect.
The data of Neher (1967) show that at a constant altitude,
in the region of 40° geomagnetic latitude, thecionization -
rate increases by approximately 6 ion pairs/sec—cm3-atm.
of STP air for each degree increase in latitude. Begin-
ning about 1130 CDT the balloon began a Northward drift
‘which resulted in a one degree change of latitude by
1430 CDT. The increased rate of ionization which was
observed during this time is very consistent with this
change.

From Figure 15 the general relation between back-
ground counting rate and altitude can be seen, but to
account for such an increase, an altitude drop of ap-
proximately five thousand feet would be required in the
space of five minutes. The altitude record shows no such
violent altitude fluctuation.

Data from an earlier flight had been analyzed by
Haymes and Craddock (1966) using the assumption that the
background radiation was time-independent. Figure 15
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shows that this assumption is invalid. Finally, the
increase‘observed at about 1510 is due to a balloon
rotation that caused the Crab and sun to pass once '
agaf; into the field of view.

Figure 1l5a shows in more detail the portions of
data used for determining the Crab Nebula's spectrum.

Thé radiation due to the Crab was found by averaging

the background segments which were adjacent in time

to a Crab observation period, and then subtracting this
average from the data obtained while the Crab was in the
field of view. Thus a residual was formed for each Crab
observation period. These residuals were then corrected
for atmospheric absorption and for absorption due to the
central photomultiplier, plastic scintillator and mount- .
ing hardware; this latter absorption correction was
experimentally determined in the laboratory. It is shown
in Figure 16. The curve was obtained by using various
radioactive sources. The absorption is quite large (ap-
proximately a factor of four at 60 keV) at the lower
energies and is even as large as 15% at 511 kevV. Another
model of the detector has been built that has a consider-
ably smaller absorption factor. ‘

The post-flight energy calibrations agree with those
obtained prior to the flight; there is no evidence for
any changes in the system during the flight. All portions
of the data that contained any noise were discarded.

The Crab spectrum obtained by carrying out this
procedure is shown in Figure 17. ©No portions of data
were used beyond 1220, so that the spectrum is based upon
87 minutes of Crab observation and 94 minutes of background
data. Radiation is observed at all energies within the
range of the experiment, so that it is clear that gamma
radiation has been detected from the Crab. The spectrum
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appears to be fit well by a power law. A least-squares
fit to the data yields an expression of the form dN/4E =

: -2.19 +..08 -1 -1 -
(7.1 = 2.8)E kev ~. Therefore,
- the spectral index of the differential energy flux is

-2
counts om “sec

1.19 £ .08 over this range. The broad energy range covered
in this experiment results in a very small standafd
deviation of the slope of the curve. The ' standard
deviation is computed solely from the Eounting statistics;
systematic error could introduce a larger uncertainty.

In the least-squares analysis, each data point was

weighted in proportion to 1/02, where 02 is the variance
l of the point in question. If the data are not weighted,
a spectral index of 1.37 results; this curve is shown as
a dotted line inrFigure 17. Subtraction of the upper
limits for the sun found by Peterson et al. (1966) from
our measurement also yields a power law, but with an
index of approximately -1.4.

The above mentioned spectra can only be labeled as
counting rate and not flux unless efficiency corrections
are included in the data analysis. For NaI there are
two effects to take into account. At the low energies
(<200 keV) K-escape can occur. In thiis region of energies
gammé rays are detected almost entirely by the photo-
electric process. The ejection of a photoelectron from
the K shell of an atom is followed by the emission of
characteristic X-rays. if the interaction occurs near
the surface of the crystal, Iodine K x=rays (28 keV) may
escape without further interaction. In an ordinary
scintillation crystal without anticoincidence circuitry
this just produces another peak in the spectrum at 28 kev
less than the photopeak, so that the photopeak efficiency
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is lowered. However the escape of the K X=-rays 1is
followed by almost certain detection in the well cfystal
which then blocks the analyzer from registering the |
pulse from the central crystal, thus constituting a loss
in the number of photons detected. )

At higher energies (>200 keV) the cross sectibn for -
absorption decreases, especially for the photoelectric
interaction. Thus the peak efficiency begins to decline
at these energies. This has been investigated for a
3 inch by 3 inch crystal by Neiler and Bell (1965).

Figure 18 shows the correction factor to transform
our méasured counting rate into absolute flux. The data
for the K x;ray escape correction are given by Axel (1954).
When these corrections are applied to the measured spectrum
of the Crab the spectral slope is reduced by approximately
0.1. Thus we conclude that the corrections are relatively
unimportant. This appears to be contrary td the conclusion
of Stein and Lewin (1967) who expect that reanalysié of
their data, taking escape corrections into account, might
lead to considerably different conclusion as to the form
of the incident spectrum. Those investigations, however,
considered only low-energy spectra; our data are taken
over a much broader range of energies.

Shown also in Figure 17 are the results of Peterson
et al. (1967) which match our fluxes reasonably well in
the region of overlap, although the spectrum we have found
for the x- and gamma radiation from the Crab is steeper
than the spectrum that best fits the data points obtained
by those investigators for the hard x-radiation alone. The
dependence on energy found here seems to be in somewhat
better agreement with the index of 1.3 + 0.2 obtained by
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Grader et al. (1966) for the soft x-ray spectrum; it also
f£its more smoothly to an extrapolation of the optical
spectrum. ’

The pulse height analyzer was arranged so that all
photons with energies in excess of 560 keV were included
in one integral channel. The. upper limit on. this "over-
flow" counting rate is 2.4 x 1073 em 2sec™t, with a 95%
confidence. No statistically significant deviations from
this power law fit to the continuum spectrum were observed.

Since only a continuum was apparent, upper limits
can be placed at the energies of the three strongest line
emissions that were predicted for the Crab by Clayton and
Craddock (1965), on the basis of the Californium hypothésis.
In addition to these we have also placed an upper limit on
the 511 keV llne that might be expected from positron an-
nlhllatlon. These results, at the 95% confidence level,
are shown in Table III where we have assumed the absolute
efficiency of the central crystal to be like that of a
3 inch by 3 inch detector‘(Neiler and Bell, 1965).

TABLE IITI
Energy (keV) Clayton and Craddoik Upper leit
Estimate (cm™ 2sec (cm™ 2sec
60 5.7 x 107° 3.9 x 1073
180 1.0 x 10 1.5 x 10
390 9.7 x 107° 9.5 x 107%

3 A —— 8.4 x 1074
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- These upper limits are considerably below the fluxes
calculated earlier by Savedoff (1959), who assumed that
lO—ZMO of Cf254 were formed during the explosion.

No time variations greater than about 46% in the
flux with characteristic times of 1-1/2 year are apparent,
at least up to energies of the order of 120 keV. This
is the highest energy radiation previously detected from
the Crab (Peterson et al., 1967) and is therefore' the
highest energy data with which;we may eompere our results.

In Figure 22 we present a summary of data on the
spectrum of the electromagnetic radiation from the Crab
Nebula. It appears that the éamma—ray spectrum matches
well with the results of rocket-borne experiments of
others (Grader et al., 1966), that have explored the soft
X~ray spectrum down to energies of about 2 keV. Thus the
whole x-and gamma-ray region may be characterized by the

same spectral index.
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IV. Discussion
A, Detectability of Gamma-ray Line Emission
' from the Crab B

In the paper by Clayton and Craddock (1965). the
possibility of observing gammé rays from the Crab Nebula
was discussed in connection with estimates of background
to e expected at balloon altitudes. 1In light of our new
measurements the situation must be reviewed.

Figure 19 shows the spectrum calculated by Clayton
and Craddock as "seen" by our detector. To produce the
line shapes the resolution was taken to be 8.9% as measured
at 662 keV in the laboratory and with the analyzer gain
set to be 4.25 keV/channel. The detected lines were taken
to be purely of Gaussian shape with no Compton "shelf"
taken into account' this latter effect would make the
peaks somewhat harder to see. The line shape is then of
the form '

' 2
N(x) = Nj exp(- (x-x])"/b)) ,
where N(x) is the counting rate in channel number x, X5
is the photopeak position, and the resolution (FWHM), r,
is given by

r = ZJIogez JE;' .

X
@]

Since the resolution varies as the inverse square
root of the incident photon energy, for a normalized line
' flux the number of counts in the peak channel varies with
the energy of the incident flux. In Figure 2Q the ratio
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- of therpeak channel counting rate to the total line flux
- is plotted versus the energy of the incident flux for
the resolution of our detector.

In Figuré 21 our measurement of the Crab's spectrum
is presented with the histograms representing the additional
predicted flux from the Crab superimposed on this. continuum.
This demonstrates the difficulty'oﬁ detecting a small flux.
‘It is not just the atmospheric background problem (since
. this has already been subtracted out) but the real problem
lies with the natural-background]or continuum associated
with the Crab. This continuum is so bright that it
swamps any expected line contribution.

At 180 kev the ratio of line flux to continuum is
15% and at 390 keV the ratio is 40% at the peak positions.
With the present detector system this is not detectable
since the standard deviations at these channel numbers
were 20% and 90% respectively, of the total counts detected.
At least an excess of two or three standard deviations
is required for positive identification.

This matter can be improved in a number of ways.
Obviously nothing can be done to remove the continuum of
the Crab; this type of "background" is unavoidable. How-
ever, by increasing the resolution significantly (by means
of an efficient solid-state detector) the peak counting
rates willi:be more easily identifiable.

Other improvements can deal with reducing the size
of the relative standard deviations of the data. This
can be done in several different ways.

The first is to increase the total number of counts.

This can be done either by increasing the size of the
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detector area or increasing the observation time. If
the area of the detector is increased the shielding

requirements also increase and become economically

"unfeasible when dealing with a NaI collimator. To increase

. the observation time in a balloon experiment is very dif-

ficult. 1If the object is tracked for *3 hours from
transit one 6nly’obtains three hours of observation

time because half of the six hours must be spent in
obtaining background data. Increasing the observation

to times where the zenith angle is greater than 45°

is fruitless becdause of the increasing path length
through the residual atmosphere. Consequently to gain a
factor of ten or so in the observing time, a balloon
experiment is not feasible. The advent of precisely ori-

ented satellites may provide the optimum vehicle from

' which to perform this experiment.

Another way of improving the statistics is to de-
crease the background rate. This can be done perhaps,

with increased shielding and narrowing down the solid

‘angle of observation, and by preventing neutron acti-

vation in the NaI detector. A new detector system is

presently being designed that will take these shielding

requirements into the design criteria.

B. Luminosity of the Crab

In Figure 22 a summary of data on the spectrum of
the Crab Nebula is presented. The data on the radio
region are compiled in Howard and Maran (1965) and the
infrared data are from Morroz (1964); Kleinman (1967),
and Becklin (1967). The observations in the visible
have been made by 0'Dell (1962). There is, however,
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some ‘uncertainty over the size of Fhe correction for
interstellar absorption to be used. The shaded block
represents the possibilities of the spectral shape if
the absorption is between l?l and 3?2, the former having
been considered_the most reasonable by 0'Dell. It could,
however; be‘aé small as 077 (Morroz, 1964): Three
measurements in addition to the present exberiment have
been presented for comparison in the k—ray region.

It appears that the power radiated in the x~ and
gamma ray radlatlon is a power law varying as l/E 2
This type of: spectrum appears to join smoothly with
- 0'Dell's optical measurements when corrected for AV = 1%6.
From the many observations of the Crab over the

’specgrum from 10° to 1019 Hz it is possible to construct

an idealized spectrum with a break occurring at ~l014 Hz.
In this case the spectral index is 0.3 between lO8 and

10 14 Hz, and 1.2 for frequencies between lO14 and lO19 Hz.
The general form of the spectrum can be written as

J = Av ¢,

where a, is the spectral index and the constant of
proportionallity can be determined from two points lylng
on the two different portions of the spectrum.

For a spectrum of this type a lum1nos1ty can be
defined by ' '

I = 4mR2 [ VAv'“dv

2 _A

l-a)
4mR -T:a(v

erg/sec,

where R is the distance to the source.
Using a distance of 1030 pc to the Crab, the



37

luminosity is found to be 1.3 x lQ37

erg/sec and if

the distance is 1700 pc as suggested by Shklovskii
(L966), and Scargle (1967) the luminosity becomes
approximately 3.5 x 103'7 erg/sec. This is an order
of magnitude larger than previously calculated (Burbidge,
- 1966) . ‘

The radioactive input was estimated to be only
1.2 x 1036 erg/sec (Clayton and Craddock, 1965) and from
our measurements of the upper limits on the radioactive
level the energy input by this means certainly cannot
be much larger than a factor of ten times this figure.
The predicted radioactivity energy input to the present-
day energy balance cannot be more than about 4% of the
total required!

As Shklovskii (1966) has pointed out, the distance
to the Crab is most likely 1700 pc as opposed to the
earlier value of 1030 pc. Since the increase in the
distance to the Crab requires an increase in the amount
of interstellar absorption Shklovskii estimates this to
be>A\)"= 176 and then quotes the optical spectral index
to be 0.80. However from the tables listed in O'Dell
- {1962), it can be determined that the slope or spectral
index is more nearly 1.2. '

An extrapolation of our gamma-ray measurement into
the optical region gives good agreement with a correction
of 1M6. 1In addition if one extends this extrapolation
to radio frequencies and uses the somewhat curious
measurements of Tolbert (1965) in the millimeter range,
a.?zximum is caused to occur in the spectrum at about
‘10

consequence of continuous injection of relativistic

Hz. This maximum could be expected as a natural

electrons into the Crab. That relativistic electrons are
continuously being injected into the Crab is almost
certain as pointed out by Tucker (1967). From this some-
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what uncertain maximum Shklovskii was able to determine
that the average magnetic fieldhqhould be approximately
7 x 1072 gauss.

C. Gamma-~Ray Emission Mechanisms

.Observations and theoretical arguments have led
to two generally accepted source mechanisms for the
plasmas in discrete x-:;and gamma ray sources. The two
most feasible are bremsstrahlung and synchrotron
radiation from a high temperature low density gas. _
Neutron stars are no longer considered as a source because
of their rapid cooling rates and the lack of observational
evidence of a black body spectrum.

It should be pointed out that the determination of
the source mechanism from the spectral shape is a dif-
ficult task and in past review articles this fact has
not been emphasized. In actuality neither of the two
proposed source mechanisms gives rise to a unigque spectral
shape. A synchrotron source has a power-law spectrum only
if the distribution of the relativistic electrons follows
a power—-law. Thermal ﬁremsstrahlung gives rise to a
simple exponential only if the entire plasma is at one
temperature. Thus if there are any temperature gradients
a variety of shapes can exist as has been pointed out by
~ Sartori and ﬁéréison (1967). Maniey (1966) has shown
that & sharp cut-off in:a flat electron spectrum will
result in a synchrotron spectrum of an approximately
exponential shape. e

1. Thermal Bremsstrahlung

A hot, optically thin plasma of temperature T is
efficient for the production of kevV type x~rays. In this
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case the spectrum has a unique shape and is given by:
J(E)dE = Const. exp(-E/kT)dE ,

where J(E)dE is the energy flux of x-rays between E and
E+dE. Consequently the number spectrum is given by:

N(E)dE = 1/E Const. exp(-E/dT)dE .

On the basis of their recent measurements of the
Crab, Clark et al. (1967) are unalile to decide on the
spectral shape. Their measurement between 11 kev and
70 kev fits an exponential and power. law equally well.
For this experimental curve, the values of kT between
40 and 80 keV are consistent while the power law exponent
ranges from -1.8 to -1.4. Peterson et al. (1967) state
that their previous fit (Peterson, Jacobsen, and Pelling,
1966) of E -1

their more recent data.

is still an -adequate representation of

The wide énergy range of our measurement, on the
other hand, provides a very good determination of the
spectral shape and we have found it to be of the form
of a power law. A single exponential definitely is not
consistent with our measuremenﬁs. ‘

Still the "hot-gas" model for x-ray sources is pop-
ular. Sartori and Morrison (1967) have argued that a hot
gas 1is produced any time electrons are accelerated. They
ascribe the x-ray spectrum of the Crab to a bremsstrahlung
source with important contributions from plasmas at two
distinct temperatures; kT near 2 keV and near 40 kev.

Such a distribution produces the spectrum shown in
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Figure 23. It is indeed similar to a power—law over a
limited range and fits Peterson's data and the rocket-
‘based data well. However beyond 100 keV it drops off
Bharply and is not consistent with the rest of the spectrum
that we have measured.
| No reason was given for expecting two temperature
dlstrlbutlons but it seems apparent that one can construct
a power-law spectrum out of a large number of thermal
sources. Whether it is reasonable to do so may be
questionable.

As a possible explanation of x-ray sources it might
be worthwhile to consider what type of spectrum is pro-
duced by a plasma possessing a continuous temperature
distribution rather than to expect it to be of a uniform
temperature. To expect an object of the dimensions of
the Crab to have a uniform temperature distribution seems
unreasonable. _ A

To derive the temperature distribution which pro?

duces a power-law photon spectrum we require

T n(T) 1 exp(-E/KT) = AE ' ,

T VKT
where n(T) is the number of electrons at a given tempera-
ture. The above equation was required to be valid for '
photon energies between 30 and 500 keV.

The easiest approach to this problem was the formation
of N-simultaneous equations of the above form for N values
of E between the specified limits. Various values of
temperature T, were chosen up to as many as 50 in a given
set. The resulting array of simultaneous equations was

solved by a computer. The surprising result was that
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for all cases considered the function n(T) was not smooth
or continuous and usually half of its computed - values
were negative. This is clearly non-physical. Thus it

is concluded that no physical temperature distribution
is capablexof producing the power-law spectrum as measured
for the Crab via thermal bremsstrahlung in this energy
| range.

2. Synchrotron Radiation ’
.For some years now the radiation from the Crab

Nebula in the optical and radio region has been known
to be due to the synchrotron process. This hypothesis
was first confirmed by Oort and Walraven (1956) with the
measurement of polarized light from the Crab.

Because the radio observations obey a power-law .
distribution one can deduce from the theory of synchrotron
emission that a power-law distribution of électrons is |
required to account for this radiation. . However the
. synchrotron hypothesis predicts a continuous distribution
of flux over all energies with the same spectral index.

As can be seen there is an apparent break in the spectrum

at approximately lO14 Hz. This can be explained in a

simple way on the basis of the synchrotron hypothesis.

If the initial electron distribution in the Crab was power-
law, then due to synchrotron radiative losses, the higher
energy electrons are transformed in time to lower energy
electrons and the whole distribution function translates

to lower energies. 1In addition to this translation there

is an additional break which develops in the spectrum

of electrons because of the critical dependence of radiative
lifetime on electron energy. Thus the break in the

synchrotron spectrum is a reflection of the break which

-
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develops in the electron spectrum. If one assumes no
injection of relativistic electrons from the synchrotron
loss formula it is possible to predict the ratio of

the spectral indices of the two portions of the spectrum.

This is found to be %-%%%%%T (Kardashev, 1962),‘where vy

is the exponent appearing in the.electron distribution.
From the radio measurements y is found to be 1.6 so
the slope of the x~ray region should be 1.4, but the
measurements show the index to be about 1l.2.

' This discrepancy could have been anticipated on the
basis of a lifetime argument (Gould and Burbidge, 1965),
which predicts no energetic electrons of sufficient energy
to produce gamma rays to be present some 900 years after
the initial explosion. However there is the possibility
that there was injection of relativistic electrons up until
a few years ago. N ‘

Another view which might be taken of the Crab is
that the radio—optical branch might be unrelated to the
X—- and gamma ray portion of the spectrum. Thus the.
radio portion can be adequately explained on the basis
of synchrotron emission of an initial spectrum of electrons
injected 900 years ago. Then the explanation of the x-~ and
gamma ray branch is open to discussion. However one is
led back to considering the suggestion of Sartori and
Morrison (1967) which predicts a radio spectrum produced
by relativistic electrons and the secondary production
of a hot gas which then can account for the X-ray emission.
As a possible mechanism for providing relativistic
electrons it might be worthwhile to revaluate the so-called
"light-ripples" which have been observed in the Crab.
These are .thought to be hydro-magnetic waves and supposedly
can'contain up to lO44 ergs (Woltjer, 1957).
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If the electron spectrum is integrated out to
2 x 1014 eV the total electron energy injected into the
Crab in the form of rdlativistic electrons is about
5 x lO49 ergs or about 30 times greater than previously
estimated (Gould and Burbidge, 1965).
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v. Conclusion

It is clear that the Crab Nebula does indeed emit
gamma rays. A continuum spectrum has been observed.
The most likely explanation for this radiétion is the
synchrotron process. Temperature of the order of
5 x lO9 °k would be required to produce the observed

500 keV-radiation by means of thermal,bremsstrahluné.

A. ©Line Gamma Emission _

The emission of gamma-rays by the Crab Nebula due
to radioactivity cannot be ruled out on the basis of
this measurement. But the amount of radioactivity
predicted has now been shown to be a minor contribution
to themnpresent-day energy balance. On the basis of
the Californium-hypothesis, radioactivity can account
for only ‘about 4% of the integrated luminosity.

Moreover this measurement contradigts the proposal
of Morrison and Sartori (1965) which attributes the Crab
X-ray source to thermal bremsstrahlung from a hot plasma’
of a high-Z material requiring continuous heating by
unspecified radioactive isotopes. The measured power-
‘law spectrum precludes this thermal model.

B. The Continuous Spectrum

As a result of this experiment the continuum is now
known to extend to at least 560 keV. From this measurement,
the x—ray and gamma-ray portion of the Crab Nebula's spectrum
appears to be part of a unified synchrotron spectrum for
this object. The observed 560 keV radiation implies that
electrons with energies up to 2 x lO14 eV are present,



if the Crab's magnetic field is 2 x 1074 gauss. This
field strength is estimated from the observed break in
the optical region of the electromagnetic spectrum.

The gyro radius of such an electron is 3 X lomscm,

some 5 times the mean radius of Pluto's orbit about the
sun.

The magnitude and- slope of the gamma—ray spectrum
allow it to be joined smoothly with optical data cor-—:
rected to an absorption of A; = 176 which now appears
to be a reasonable interstellar correction (Shklovskii,

1 1966) . |

A further verification that the x-~ray and gamma-ray
portion of the Crab's spectrum is due to synchrotron
radiation could be made by a polarization measurement
which has been suggested by Dolan (1966). In his report
the degree of polarization is expected to be about 50%
at 3 A. However by the method he proposes, a 100 cm2
detector would require approximately 14 hours observing
time to determine the degree of polarization of the Crab.

An additional investigation should be made of" the
apparent change in sign .of the spectral index of the
radio data at 10ll Hz. Also, if a maximum does indeed

14 Hz a better determination of the average

exist around 10
magnetic field in.the Crab can be made and the continuous
injection of relativistic electrons will be confirmed.
Finally, the discovery of gamma radiation from a
celestial source, as described in this thesis, has created
more problems than it has solved in our understanding of
high~energy cosmic events. It is to be hoped, however,
that additional observations in this wavelength region will

bring some order to the present rather chaotic situation.
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APPENDIX I.

Data Analysis-Curve Fitting

Nuclear gamma rays occur as random events and
therefore follow the Poisson statistical distribution.
However, the Gauss distribution is often used because
it describes the distribution of random errors in many
kindé of measurements (Young, 1962). It is more practical
to accept the Gauss distribution whenever the number of
events is large; this distribution is frequently called
the "normal distribution".

Consider'ﬁhe probability of occurrence of the set
of measuremgnﬁs Y whgre the measurements are normally
distributed according to the Gauss distribution. The

" s probability of obtaining a measurement within dy of Yy

e

is given by ) ' ’ L

2 2
= 1 -(y=y.) /20,
Pi =52 © o i dy,
where o; is the standard deviation of Y- The probability

of obtaining the whole set of N measurements is the
product of the separate probabilities:

)
il

P.P,. . . P

172 N

N2, 2 o )2
- (olzn e (Y-y)7/20, %5y | "ﬁi? e (Y-yy) /20

N N
= (555 exn(y; (v-yi)%/20,%) .

The principle of least squares has its foundation in the

above equation. To maximize the probability, P, one must
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minimize the sum S

2
N [y-y(X;,ay)]
M=.Z -
i=l 2 !
0.
1

where EX are parameters upon which the data depends.
This is done by solving the simultaneous equations

3M/Bax = 0. A= 1-v.

To find the standard deviation of the parameters,

ax, the error matrix HXu must be:calculated. Its elements

are given by HXu = 39 M/aa aau. The standard deviations
of the parameters are. glven by the square roots of the
diagonal elements of the inverse matrix H l, so that

o_ = ,J(H-I)aa etc. (Melissinos, 1966) .

As a special appllcatlon of the method of least
squares we have worked out the detalls for the general
fitting of a curve to a power law where the standard
deviation, Oy is known for each-data point. There is
not much published literature thatexplicitly portrays
the least-squares analysis for anything more complicated
than a linear relationship. In general most methods
assume ci's to all be equal but in our case this was
not true. We incorporated the variation of ¢ into the
determination of the best fit.

In this case the set of N measurements is the count-
ing rate Ci; these are related to the energy E, by the
theoretical relationship c, =A Ei_Y, where A and y are
positive constants.
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Consequently the sum to minimize is;

N (c, - A Ei‘Y)2
M=y 2 ~ W

g.
1

The conditions for a minimum are;

3

3M/3A = 0 = -2 N'l/ciz(ci -a g Vg, (2)
am/ay = 0 = 2 2 1/0,%(c; - a B, V)a B, VanE, (3)

From eq. 2 we find

z l/o'.zc.E._Y
A=+ 21 (4)
z 2 -y

N /0;°E;

and this is substituted into eq. 3 to yield

b2 2 -y
l/0.°C.E.

N L ii w1/, %(E. "% mE, = 0

b> 2_ =2y i i i
1/0.7E.

N i 71

h 2 -y _
y 1/0;7(c.Ey ”?Ei)
(5)

Since this equation is nonlinear and since we are’
dealing with the case of N = 127 the problem is best
handled by a computer. A program. (see Table IV) was
written to solve eq. 5 by successive approximation; this
program is for use with the IBM 1620 digital computer.
The value of y was varied until the expression in eqg. 5
was very nearly (~ * 10_8) equal to zero. Then using
the appropriate value of y, A was found from eq. 4 and
thus they represented the best values of parameters to
minimize the sum in eqg. 1.
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- - t-PUNCH3 » STGA s SIGB .- — T
‘ PUNCH 26
--26--FORMAT(52HENERGY -~ FIT CURVE - RESIDUALS- -DEVIATION IN SIG!
D027 I=1N '
— care e e —._..C.UR :A/ E_( I ) * *GAM U o S S S et T ]
RES=C(I1)—-CUR
i e e - ST GEVERES/SQRT(SIGSOU T ) - o e e e
27 PUNCH28, F(I)s(U?;RESoSIGFV
- . 28 FORMAT (4F8e17 - e e e e
STOP
.- ~FEND .. i e e e e et e et e e m
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To find the standard deviation of the value of A
and the error matrix Hij must be computed, where

H = .
H, H
YA vy

The elements were found to be;

_ ' _ -2y, 2 i
HAA’ =1/2 32M/32A = T E; /ci | ‘ | |
HAY : HYA 1/2 d2M/dAdY o l/ci (C E; logEi 2A E, LogE,
_ . 2 _ 2 =Y, N2 2 =2y 2
HYY 1/2 azm/zy = z 1/40:.L (ci A E, (J&nEi) 2A"E; (ani)

and these are evaluated for the least-squares obtained -
values of A and vy.

The two standard deviations are formally given by;:

Op = VH ap ¢

C. = JH .
Y YY

The inverse matrix is found from:

-1 _ _o1yJ + 1 Det(ji minor of H)
(B )4 = (1) Dot H '

so in this case

H
- /vy ' " AA
° det H and GY det H !

A

where Det H = H H - (H
an Hyy = (Fpy
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APPENDIX II.

Data Reduction ’

The data reduction first involved a play-back of
the tape-recorded PCM data. The decoder reconstructed
éhe digital signal from the recorded waveforms; the
digital data were stored in the memory of the Nuclear
Data analyzer. All PCM data was monitored continuously
for spurious noise which sometimes is introduced through
RF pickup of such things as ignition noise of vehicles
or RF signal drop-out. Any portion of data which
contained noise was discarded. The magnetometer chan-
nel was monitored on a strip chart recorder to indicate
the times at which the azimuth pointing system was
switched between North and South.

In this manner blocks of data were recovered and
separated into Crab or background observations. These
blocks were then separately put onto punched tape by the
Nuclear Data and later converted to IBM cards. Each
segment of data had associated with it a control card
that indicated the time limits of the segment, the alti-
tude and an identification number which identified it
as being a Crab or background observation.

To handle the large amount of data which is ac-
cumulated during a flight a computer program was written
to deal with the most important part of the experiment,
the extraction of the spectrum of the Crab Nebula. Some
of the general features of the program will be listed
below.

From the segments of data previously described the

program selects a Crab segment and determines the time
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from transit and the zenith angle for the middle of the
ten minute observation. Also stored in the program is
a list of atmospheric absorption lengths (1l/e depths in
,g/cmz) compiled for the energy of each of the 127 chan-
nels. From the altitude and zenith angle of a particular
observation time an atmospheric correction factor for
each channel was determined for the slant depth.
| The program then selects the two background observation
periods adjacent in time to the Crab observaﬁion period
and averages the two and normalizes it to a time period
equal to that of the Crab period under consideration.
This averaged background was then subtracted from the
Crab obser&ation and a residual was formed. These residuals
were then corrected with the previously determined
atmospheric absorption factor. The standard deviations
for the residuals in each channel were also computed.
This prdcess is carried out for all segments of
Crab observation periods. As a final result the total
of the residuals for all_the observations is multiplied
by the experimentally determined detector absorption
factors; the corrected total is printed out along with
their standard deviations for each of the channels.
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