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ABSTRACT

, OBSERVATION OF PULSED GAMMA RAYS
J- - ~WITH ENERGIES GREATER THAN 250 keV
"% FROM THE CRAB NEBULA PULSAR NP 0532

by '

LARRY E. ORWIG

Data from a balloon flight experiment usiﬁg an
11 1/2" diameter x 4" thick Nal scintillation spectrometer
have been analyzed to search for gamma ray pulsations from
the pulsar NP 0532. The flight was conducted on June 7,
1970, and the payload was carried to a nominal athSpﬁeric
depth of 3.5 g/cmz; The detector was pointing in the
direction of the Crab Nebula for the entire time at float
.altitude., A superposed epoch analysis was performed on a
12,000 second portion of the data spanning a total time
interval of 16,700 seconds at float altitude. A positive
" pulsed contribution was' observed at the expected apparent
frequency of NP 0532 having the double pulse structure
typical of NP 0532.  The.results indicate a time-averaged
pulsed photon flux of (l.44 X 0.57) x 10-3 photons cm2
sec™’ in the energy’ interval from 250 keV to 2.3 MeV. This
. represents a time-averaged pulsed power of I = (6.49 X 2.57)

X 10-4 keV cm,‘2 1 1

sec "keV ~. The ratio of interpulse to main"
pulse was found to be 2.4 £ 1.9. A further subdivision of

the energy interval was performed to obtain'spectral infor-

mation above 250 keV. Although the data is statistically

“xi
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very marginal, the analysis indicates a positive photon flux
£rom 250 keV to 725 keV of (1.20 * 0.52) x 10-3-ph0tohs

"% or a time-average pulsed power of (1.14 X 0.50)
x‘lO-3 keV cm-zsec-lkev-l

bution was found. Therefore, upper limits at the 95%

-2
cm “sec

. Above 725 keV no pulsed contri- .

confidence level were obtained for two energy bins, one ' °
extending from 725 keV fo.2.3 MeV, and the second an inte-
gral channel above 2.3 MeV. No evidence was found for an
enhancement in the pulsed flux at’ the 0.5 MeV annihilation

line region.
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SECTION I
INTRODUCTION

1.1 Gamma Ray Astronomy

‘ Until the past half decade the field of gamma ray
‘astronomy‘has.been noted for its paucity of positive ob-
. servations, being overshadowed by its companioﬁ field of
X~-ray astronomy. By gaﬁma rays we mean here photons of
energy greater than 100 keV (correspoﬁding to a freqﬁency
of 2.42 x 1019 sec-1 and.a wavelength of 0.124 &), no matter
what their origin. ' There has never been any question as to
the importance of studying cosmic gamma radiation. These
photons are the direct product of fundamental processes
basic to high energy astrophysics and cosmic-ray physics.
Gamma ray measurements can help answer questions about
cosmic rays, interstellar matter, galactic magnetic fields,
stars and the types of interactions occufring in the universe.
A measurement of the Spatial and energy distribution of gamma
rays can give much information about cosmic-ray sources and
their interaction mechanisms. Unlike charged cosmic rays,
gamma rays are unaffected by the cosmic magnetic fields and
hence travel in straight lines. This greatly facilitates an
identification of their origin in time and space.

The difficulty with earth-based measurement of such
| radiation results from the strong attenuation of gamma rays
in the earth's atmosphere. This requires that measurements
" be carried out from instruments on high-altifhde balloons

and artificial satellites. It has only been recently that

{



. detectors have reached the sensitivity needed to detect the
meager extraterrestrial fluxes of gamma radiation. It looks
now as if we are at the threshhold of meaningful discovéries,
and the next decade should see tremendous advances in the
field of gamma ray astronomy,

Only a very few observations of extraterreétriai
gamma radiation presently exist.. For our own sun, positive
measurements of gamma ray bursts during solar flares have
been made up to energies of ~ 500 keV. No quiet time solar
gamma radiation has been seen (LINGENFELTER, 1969). Also,
'no monoenergetic line emission has been observed during a
solar flare. These results exist in spite of theoretical
predictions of measurable gamma ray fluxes from solar flares
" LINGENFELTER and RAMATY, 1967; LINGENFELTER, 1969) which are
within the sensitiviﬁ& of present detectors. A second |
positive result is the measurement.of an interstellar flux
of gamma rays, observed initially'by METZGER et al. (1964)
with detectors aboard the Ranger 3 and Ranger 5 spacecraft. -
VETTE et al. (1969) have extended tﬁese.measurements to 6
MeV. These authors attribute the observed flux to a diffuse
" component of cosﬁic gamma radiation. No information on the
isotropy of this gamma ray flux is available as yet.

In terms of point sources, there are several positive
observations. The first high energy observation was the
measurement of a line source contribution from the galactic
center above 100 MeV seen by CLARK et al. (1968) with’a
detector aboard the 0SO 3 spacecraft. The line source 'has
also been observed'by KNIFFEN and FICHTEL (1970). However,
there is still some disagfeement with this result as one
other group with an equélly sensitive instrument has failed
to.deteét such emission (FRY et al., 1969). FRYE et al.

(1969) have seen evidencé for a point source of high energy



gamma rays above 50 MeV in the Sagittarius region, which
they have denoted as Sgr 7y-1. Recently FRYE and co-
-%orkers have presented evidence for two new point gamma ray
sources (E,>100 MeV) which lie near the galactic plane
(FRYE et al., 1971). These results have not been confirmed
as yet. - " '

The only other known extraterrestrial source of gamma
radiation, and the most ‘intense, is the Crab Nebula which
has been observed to emit steady and pulsed radiation up to
énergies of ~500 keV (HAYMES et al., 1968). Because it is
_such a prolific emitter of radiation, the Crab Nebula has
' pfobably become the most widely studied astrophysical body. .
At the time when data analysis was begun on the.presént ex-
periment, evidence was given by HILLIER et al. (1970) for
pulsed gamma rays from the Crab pulsar from 0.6 to 9 MeV.
In this thesis I shall present the results of a positive
measurement of the pulsed emission from the Crab Nebula in
‘the gamma ray energy region above 250 keV. '

In the remainder of this section we shall consider
the experimental and theoretical aspects of the pulsar
phenomenon with'emphasis on the Crab Nebula and its pulsar,
NP 0532.

1.2 The Pulsar Phenomenon

During 1967 observations of a new type of radio
emitting object were made by a group of radio astronomers
led by Anthony Hewish at the University of Cambridge,
England. They discovered a point-like source giving periodic
bursts of radio noise which fhey reported in February, 1968
(HEWISH et al., 1968). This new object was given the name

"pulsar", because of the pulsing nature of its emission.



This first pulsar was designated PSR 1919+21 (or CP 1919)
(the digits give the position of the source in Right Ascen-
sion; thus CP 1919 means Cambridge Pulsar at 19h19m) . Also
at Cambridge, PILKINGTON et al. (1968) found three pulsars
Ft sites where radio interference had earller been observed.
The Cambrldge observations were quickly verified and many
groups continued the’ search for other such objects with
rapid success. At this time over 100 such periodic radio
sources have been observed, and the search is still continu-
ing, although at a much 1less frenzied pace; .

Early studies indicated the following observational
facts: '

‘1. The burst periods appeared extremel& constant,
being stable to 1 part in 108. However,:later,measurements
showed that the pulsar periods were increasing at a very
slow rate..

2. Pulse-repetition periods of the first four
pulsars discovered (PSR 1919+21, PSR 0834+06, PSR 0950+08
and PSR 1133+16) ranged from 0.253 sec to 1.337 sec.

3. The amplitude and pulse fine structure were
quite complex and varied greatly from pulse to pulse. How-
ever, the envelope obtained from an average over many
R periods remained very constant from one observation to the
next. .

4, Pulsars appeared to be "on" about 3%.of the time.

5. Radio dispersion measurements, with an assumed
average electron density of interstellar space of 0.1 to .01
'electron/cm3, indicated that the pulsars were probably 102
to 103 light years from the earth. We were thus observing
rather local radio sources in ‘our own Galaxy. The angular
distribution of these sources also indicated a galactic

origin.



'~ 6. The sources could not be resolved within the -
one-second-of-arc resolution of the best radid telescopes,
which implied that they are quite small objects. ‘The short
pulse durations of phe observed pulsars (20 to 40 ms) gave
an upper limit to the size of‘the radio emitting object of
~5x 103‘km, due to the"fact that electromagnetic informa-
tion can travel from one point in the source region to
another only at the speed of light (~ 6000 km in 20 ms).

, 7. The radio signals from pulsars were found to be
highly polarized (~ 90%) and usually in a plane. This
polarization could, however, be due to propagation or path
. effects in the interstellar medium, and it was not definite
from the early work whether this was a parameter of the
source itself. Subsequent work has shown that polarization
.is indeed a source characteristic. '

8. The sources were not visible optically.

These observational details provided theorists with
a raﬁher restricted picture of possible pulsar sources. The
small size of these sources eliminated ordinary stars as
candidates. Flares occurring on ordinary stars could
aqéount for pulsed signals, but not such precisely periodic
ones, and an ordinary sunlike star would be visible optic-
ally. Rotating planets were also eliminated as possibilities,
which narrowed down the possible candidates to white-dwarf
stars and neutron stars. White-dwarf stars are well known
high density (104-108 g/cm3) objects with degenerate
electron-gas interiors and are observed as end products in
stellar evolution; while neutron stars were small superdense
(1011_1015

nucleon-gas interiors which were thought to come into. ex-

g/cm3) theoretical objects with degenerate

istence .as the result of supernova -explosions.



- There was also the question of what type of motion
could produce the observed periodicities - vibration,,
orbital motion, or rotation. Orbiting planets were elimi-
nated if it is assumed that they do not exist without an
' bptically wvisible parent sun. Pairs of orbiting white-
dwarf s;ars were excluded because the mlnlmum period for
such a model was 1.7 sec (OSTRIKER 1971), and lower obser-

vational periods already existed. Pairs of orbiting neutron:

stars would yield an increase in the réte of pulsation due
to ‘the emission of gravitational radiation which must occur
- for an accelerated body. This would give‘a'decfeése in the
. pulsar period, just opposite to the observed period in-
creases. A v1brat10na1 type of mechanlsm.was excluded for
both white-~dwarfs and neutron stars. For white-dwarfs a
pulsation period of 0.25 sec or less is difficult to obtain,
and the vibrational period of a stable neutron star is too
small (OSTRIKER, 1971). By elimination, a rotating object
seemed to be required. The list of possible candidates had
therefore been narrowed down to two suspects, a rotating
white-dwarf or a rotating neutron gtar.

Theory predicts a minimum rotation period > 0.25
sec for a white-dwarf (ZELDOVICH and NOVIKOV, 1971). A
rotating neutron star, being 100 tlmes smaller in size and
having a much higher density than a whlte dwarf, could
maintain stable rotation at much higher frequencies. Hence,
the period value of about one second seemed to be a boundary
for choosiﬁg between a white~dwarf or neutron star model,
' An observation of period values much less than this would
strongly favor.the neutron star hypothesis while almost

eliminating the white-dwarf model.

I



*  than that allowed by a white-dwarf model. This was not the

t

The observation which clinched the decision in favor
of a neutron-star hypothesis was made by D. H. Staelin and.
E. C. Reifenstein III at the National Radio Astronomy
Observatory. In November, 1968, they announced the dis-

- covery of two pulsating radio sources in thé vicinity of -
the. Crab Nebula (STAELIN AND RIEFENSTEIN, 1968). Shortly .
thereafter, the group at ﬁhe Arécibo Radio Observatory
revealed periodicity in one of these sources and identified
the source as a pulsar (NP 0532) in the center of the’Crab'
 Nebula (COMELIA et al., 1969). Its 33 ms period has turned

out to be the shortest period found to date and is much less 1

only evidence against a white-dwarf model. A study of in-
dividual pulse shapes of several pulsars by the Arecibo
group uncovered very fast pulsing events, called marching
"subpulses, whose marching speed of 10 ms or less could not
be.explained in a rotating white-dwarf model. Additional
evidence favoring a neutron star hypothesis came from the
fact that the Crab Nebula is the remnant of an observed
supernova explosion, just the proper event needed for the
formation of a neutron star. Since this observation, one
other fast radio pulsar has been found which is directly
associated with the remnant of a supernova. This is the 89
ms period pulsar CP 0833 in the Vela supernova remnant.

At the présént time the observed pulsar periodé
range from a low of 33 ms for the Crab pulsar NP 0532 to
3.75 sec for NP 0527, with the majority of periods being
. around 1 sec. Most pulsars have been observed to be slow-
ing down at various rates, with the two shortest period
pulsars, NP 0532 and CP 0833, having the largest slowdown
rates. Indications are that small bulsar periods go with

large slowdown rates and that both conditions imply young

\\.\.



- celestial objects. On several occasions the period rate-of-
change..of a pulsar has been observed to change sign. The

- first observation of this speedup was in the Vela pulsar
PSR 0833 (REICHLEY and DOWNS, 1969).

/. . A final comment concerns the luminosity of such ob-
~jects. yAssuming a galactic origin for these sources, the
time-averaged radio luminosities of 10?4 L

o}
.pulsars. This is not an outstandingly bright object. How-

are typical for

evef; during the pulses the peak 1uminosity becomes much
larger, making such pulses some of the most powerful signals
in the radio sky. , o

In the next section we shall discuss the Crab
Nebula (and pulsar NP 0532), which, because of its unique
properties has been studied in gréat detail since its dis-
covery. Following that discuésion, two of the most promising
' thebries~deve10ped to exXplain the pulsar observations- are

presented.

1.3 The Crab Nebula and Pulsar NP 0532

The Crab Nebula is the huge gaseous remnant of a
supernova explosion observed to occur in the year 1054 A, D.
by Chinese Astronomers. The early supernova remnant was
visible as a reddish-white object for 23 days and 635 nights,
and its brilliance exceeded the brighteét starlike objects
in the nighttime sky, the planets Venus and Jupiter. The

~initial Iuminosity rapidly decreased and was replaced by the
- much lower luminosity of the long-lived expanding remnant.
This remnant, which is now over 900 years old, is roughly

iO light-years in diameter and is still expanding at the
rate of ~ 1300 km/sec. The Crab Nebula itself has been

known to emit radiation over a large frequency spectrum — ,



i ' ‘ 9.
..‘ ' '
radio, infrared, optical, and X-ray. The energy. output of
the total nebula was meagured to be roughly 103l watts'(lO38
_ergs/sec), but the sourée of this energy output was- unknown.
The discover& of the radio pulsar NP 0532 in the

vicinity of the Crab Nebula brought renewed interest in this
‘celestial object., Shoftly thereafter optical pulsations |
were discovered with the same ﬁeriod and from the same
location by COCKE et al. (1969)1 This first optical obser-

Vatibn was quickly verified by NATHERlet al. (1969) and by

"‘_numerous experimenters ‘since then, perhaps the most striking

being the photographic observations of MILLER and WAMPLER
_'(1969). These observations pinpointed the radio and Optlcai
pulsar with the 1dcation of the south-preceding’star of the
central double star in the Crab Nebula. 'On March 13, 1969
the rocket astronomy group'at the Naval Research Laboratory
led by Herbert Friedman, detected soft X-ray pulsations (0.5-
10 keV) from the Crab Nebula (FRITZ et al., 1969). The
period of these pulsations matched the radio and optical
period. ' Measurements by a large number of groups have con-
firmed this result and have extended the. spectral observa-
tiéps all the way to the gamma ray energy region.

The Crab pulsar NP 0532 is unique in several aspects:

1. It has the shortest period of any known pulsar S
and also the largest slowdown rate (P = 33.l'ms, dp/dt = 36.5
nsec/day). '

2. It is the only pulsar which has been observed to
emit radiation outside the radio band (it is the only optical,
' X~-ray, and gamma ray pulsar). |
3. It is one of two pulsars which have been ident-

ified with supernova remnants.
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Figure I-1 shows a comparison of selected measure-
ments of the Crab pulsar "light curves" in the radio, optical,
and X-ray energy regions. The curves indicate a similar
double pulse structure in all energy regions. However; as
the frequency of the pulsed radiation 1ncreases, the 1n*c*-
pulse peak becomes more intense relative to the: main peak.
The 1nterpulse peak total intensity roughly equals that of
the main peak in the optical band, and.the~ratio of inter-
pulse peak intensity to main peak intensity continues to
increase throughout the X-ray reclon° The separation between
the mg1n~and interpulse peaks appears to decrease slightly
from a value of ~ 14.5 ms in the radio (COMELLA et al., 1669)
to ~ 13.0 ms in the soft and hard X-ray regions (for example,
RAPPAPCRT et al.; 1971). These parameters are listed in
Table I-1, along with other observed characteristics of NP
0532. o
A second feature to notice from Figuwre I-1 is that
in the radic and 6ptical bznds there is no pulsed contribu-
tion in the region between the peaks. In the soft and hard
X-ray band a non-steady-Crab component does appear in this
region. The results of KURFESS'(1971) indicate that this,/
interpeak emission increases significantly above 100 keV
where it becomes a very appreciable percentage of the total
pulsed £lux. A preliminary sublication on the present work
(ORWIG et al.,, 1971) showed no evidence for this interpeak
contribution. -ﬁdlcatﬂons that a more complex pulse struc-
ture may exist in the X-ray region have not been clarified
as yet.

From Table I-1 we see that the percentage of pulsed
to total Crad emission appears to be contlnually increasing

with cnergy for energies. above ~ 10 keV. At 10 keV there
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Selected pulsar "light curve" measurements for
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aligned with each other to provide a reference

for time comparisons



© TABLE 11

CHARACTERISTICS OF NP 0532

REFEREHNCE

SPECTRAL REGION

MAIN-INTERPULSE

INTERPULSE INTENSITY/

CONELLA er ac. (1969
WARNER 1 aL. (1969)

PAPALIOLIOS gr aL. (1970)
FRITZ g7 aL. (1969 A, B)

_ RAPPAPORT ex L. .(1971)
_DUCROS  gr AL, (1970)

FLOYD Ex aL. (1959)

‘BRINI  gx AL, (1971)

SHATHERS - ET L. (1971)

~ HILLIER g1 aL. (1570)

ORHIG gr aL. (Q971)°
KURFESS (1971)
PRESENT EXPERIMENT

Rabto - 196 HHz

OPTICAL-WHITE LIGHT

OPTICAL-WHITE LIGHT _

S 0.5- 1V .
6.0 - 9 xeV-
1.5 - 10 keV

] 20 xeY
© 25,0 - 100 eV
20,0 - 200 xeV

30.0 - 100 keV

0.6 - 9 MeV

L 0,25 - 2,3 HeV
100,0 - 400 keV

250.0 - 725 keV

SEPARATION (ms) Z PULSED MAIN PULSE IHTENSITY

14,50
13.55
13,38:0.03

13,2 40,3
13.1 10.5
14,0 +1.0

13.0 0.3

12.7 0.4
15,0 £2.0
13,0 42,0
' 13.2 405

13.0 2.0

® EARLIER PUBLICATION'OF PRELIMINARY RESULTS OF PRESENT EXPERIMENT,

—— -
- e onen

1.5:0.5
10,0:2.0

9,0:0,5

16,70

15.045.0

| 23.083.0.
20,0:4.0

31,0:8.0

- 15,047.0

1.02:0.10

1,10:0.06
1.7

2,0540.30
3246
2.4 1.9
2.3 10.2
1.36:1,10

Z1
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seems to be a break in the pulsed fraction spectrum (as can
e seen in Figure I-2), indicating a rapid decrease in
pulsar flux relative to the steady Crab below 10 keV (FRITZ
et al., 1971). There also appears to be a broad peak in the
optical region of the pulsed radiation. These features are
shown in Figure I-2 where the steady and pulsed Crab
emissions are plotted versus energy. The graph is adapted
from that of WOLTJER (1970) with certain recent measurements
added. A more detailed plot of the present spectral measure-
ments of NP 0532 in the X-ray and gamma ray energy regions
is shown in Figure V-8.' It is also interesting that no
line emissions have been seen in any of the enérgy régions
measured to date. This fact places a restriction on the
emission mechanisms operating in the source regions.

' The pulsed radio and 0pticél radiation of NP 0532 is
observed to be highly polarized (GRAHAM et al., 1970; WAMPLER
et al., 1969), with the optical emission being linearly
polarized with a polarization value of 15-20%. The plane of
‘polarization is different for different phase points in the
main and interpulse peaks. No positive X-ray polarization
measurements exist for NP 0532, Also, the steady radiation
from the Crab Nebula itself is observed to be polarizéd in

the radio, optical, and X-ray energy bands.

1.4 Neutron Stars and Pulsar Models

i

'Having covered the wealth of experimental observa-
" tions on the Crab Nebula pulsar NP 0532, we now consider
some attempts at theoretical explanations for these phenomena

and for pulsars in general.
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The astrophysical body which many agree to be the
cause of the pulsar phenomenon is the rotating neutron star.
It was noted as early as the 1930's by BAADE and ZWICKY
(1934) and OPPENHEIMER and VOLKOFF (1939) that such bodies
~could exist and be stable against gravitational attraction
if'they contained rouéhly one solar mass. Their existence
was only postulated, however, until the dlscovery of pulsars.
. Extensive calculatlons of their prOpertles and the associa-
tion of their birth: w1th supernova events, were made by
WHEELER (1966), COLGATE and WHITE'(1966) and A, G. W,
'CAMERON. An excellent study of their properties is found"
in ZELDOVICH and NOVIKOV (1971). o

A description of tﬁe processes leading to neutron
star formation is complex and relies heavily on general
relativity. Only a simple qualitative pictufe is given here.
- Basically, a neutron star can be formed when a conventional
massive star (the mass of which, however, cannot be much |
greater than 1.5 or 2 solar masses) begins to exhaust the
nuclear, fuels in its interior. The outer parts of the star
Begin to collapse rapidly under the strong gravitational
forces. This collapse causes a tremendous pressure on the
stellar interior which strips the electrons from the atoms
in the star!'s core. Under the great pressure of contraction,
this cloud of Fermi-electrons can combine with protons in
the star!s core by the inverse beta-decay process and form
neutrons. At this point the star begins to implode catas-
tr0phiéally. The collapse continues until nearly all'the
" electrons and protoﬁs have formed neutrons (there still re-
mains a small number of protons and other nuclear particles),
which become so closely packed that the nuclear repulsive
forces begin to balance the gravitational collapse of the

.core and bring the collapse to a halt.
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_ At this point the energy of éoliapse is believed to
be converted into a huge shock wave which pr0pagates,oupward,
converting the kinetic energy of collapse into.heat.- This
heating raises the temperature of the stellar surface regions
to-as high as 108 °K, initiating a new phase of nuclear burn-
“ing 1n the star's envelope which in turn generates more heat.
Flnally, ‘'a thermal shock wave forms and explodes the star's
.outer shell away from the core at relativistic speeds (the
supernova explosion). The large thermal energy is converted
into intense radiation which we see in the optical band as
the supernova eXp1051on. ' o

- The remaining star core can, under rather restrlcted
" theoretical conditions, become a stable neutron star. Such
stars are expected to be very small (~10 km in radius),
contain approximately 1 solar mass, rotate rapidly, and con-
tain surface magnetic fields of the order of 1012 gauss.
Magnetic fields of this magnitude can be created when the
parent star (having a typical surface field of ~ 100 gauss)-
collapses such that the field lines become frozen-in. Thus,
a star of radius 106 km can evolve into a neutron star of
radius 10 km and average surface magnetic field B lO12
gauss (OSTRIKER and GUNN, 1969). _

The parent stars of neutron stars (and pulsars) are
thought to be massive bright blue stars, since both these
types of stars and pulsars appear to have the same distribu-
tion in the galactlc plane (OSTRIKER, 1971). Such massive
stars are known to-rotate rapidly with typical periods S 105
. sec., If angular momentum is conserved in the collapse, and
allowing for angular momentum losses due to grevitational
radiation, the resultiné neutron star will rotate with a

period of '\-'10"'2 sec.,

. i




On the assumption that rotating neutron stars are
the cauée of the pulsar phenomenon, several predictions can
be made. (GOLD, 1969) which are independent of the Spec1f1c
:mechanlsm for the pulsed radiation. ' '

. 1. Pulse length and period should show a positive
/COrfelapion. ' R
ﬁgé. Short periods will be associated with young
neutron stars. ‘

3. Supernova sites are 11kely p031t10ns for pulsars.

4. Pulsars should be slowing down due to loss of
rotational energy of the neutron star, '

- Positive evidence of all the above conditions has been ob-

tained from pulsar observations, :

Having established the likelihood that a rotating
neutron star is the seat of the puiéar phenomenon, theorists
were quick to originate a number of models which would ex-
plain the observations. One such model was put forth by
Thomas Gold shortly after the discovery of the first pulsars
(GOLD, 1968 and 1969). The heart of the Gold model is the
rapidly spinning neutron star with a strong surface magnetic
field (~ 1012 gauss) and a co- rotating magnetosphere. The
field is assumed to be axially symmetric. At some distance
from the star the co-rotation of the magnetosphere will
cease to exist. It is expected that this co-rotation-can be
supported out to a distance at which the tangential speed of
the magnetosphere would be close to the speed of light,
r0 = c/w. This surface is referred to as the "veloc1ty of

‘llght cylinder". At this circle the magnetic field strength
would be on the order of 103 - 104 gauss. Plasma ejected

from certain sectors of the surface of the star from flaring
type processes will be constrained to spiral outward around

the co-rotating magnetic field lines and will be accelerated

Fad
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to relativistic speeds. At a point near the velocity of
light cylinder this relativistic,plasma Wiil emit- radiation.
This radiation is strongly peaked in the tan watial direc-
tion, and would act like a search-light beam waich period-

- lcally sweeps past the observer at the rotation rate of the
neutron star. Radiation‘frém a sufficiently relativistic
plasmé can easily provide for the emission observed from
radio to X-ray wavelengths. | |

In this model the rotation of the central neutron
star provides the basic pulsar timing'mechénism. The fine
structure and variations in the intensity of the pulsed
emission are a consequence of the variability aﬁd distribu-
tion of the plasma-emitting.regions on the neutron star.
Gold points out that in order to obtain the observed power
densities of emitted radio radiatiqn, a highly coherent type
of emitting process is required. This could be provided by
non-uniform static distributions of charges in the relativ-
istic region. The model does not consider how such static
distributions can be maintained in this region. Each neutron
star would therefore be quite different from the next with
respect to the detailed fine structure of the emission.
Asymmetries in the radiation pattern could also result from
a non-axially symmetric field or plasma content as well as a
skewed or non-dipole field,

Beyond the velocity of light cylinder the magnetic
field intensity will diminish, and the field lines perhaps
become tangled. Some of the relativistic proton-elecﬁron
blaSma can therefore escape into the region beyond the
velocity of light cylinder, which provides an energy source
of relativistic particlés for an expanding nebular cloud.

Calculatioﬁs-for the Crab Nebula indicate that the

energy carried away by this relativistic gas could provide
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enough energy in the form of relativistic electrons to ex-
plain the luminosity of the Crzb Nebula. In this regard,
'SHKLOVSKY (1970) has poiated out that the synchrotron
emission from a common source < relativistic particles can
explain both the pulsar and steady Crab spectral emission
features. This is consistent with the Gold model where the
same plasma procduces both radiations, but in different
regions of the nebula. ' . .

A second plausible theory does not treat the origin
of the pulses themselves, but deals with the mechanism of
energy and angular momentum transfer from a highly magnetic
rotating neutron star. The present theory is ‘a fully devel-
oped version by J. Gunn and J. Ostriker (GUNN and OSTRIKER,
1969; OSTRIKER and GUNN, 1969 and 1970) of an idea put forth
by PACINI (1968). This model treats the case where the
magrnecic dipole axis of the rotating neutron star is not
aligned with the rotation axis. The authors point out that
this non-alignment is essential for pulsars, because the
appearance of axially symmetric stars is time independeant
 2nd pulses, would not exist. In their model the closed dinole
field configuration will exist out to the velocity of light
cylinder. Beyond this point the field lines depart from a
dipole configuration and are swept back into a spiral pattern.
Classical electromzgnetic theory predicts that low frequency
magnetic dipole radiation must be emitted by such a rotating
body in a wvacuum. Such mnultipole radiation will consist of
very intense low frequency electromagnetic radiation which .
can extend beyond the co-rotating region. In addition, |
gravitational quadlrupole radiation will be emitted if the
body has a mass quadrupole mcment. According to the theory,
electric dipole radiation is nonexisient beczuse oI symmetry,

37

and the electric quadrupole moment is only 10 as large as
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the gravitational quadrupole moment (OSTRIKER and GUNN, 1969).
Under the assumptions that the mc..ent of inertia of
the body is constant, the body is not de ormed during'the
rotation and that there is no alignment of the rotation. and
dipole axes during rotation, Ostriker cznd Gunn are able to
iderive expressions for the -energy loss for this process and
the age of a body emitting this multipole radiation. When
applied to the Crab pulsar the energy loss in the form of
intense 30 Hz magnetic dipole radiation is ~11038 ergs/sec,
in good agreement with the energy loss needed in the form
of relativistic electrons to obtain the observed lum1n051ty
of the Crab Nebula (HAYMES et al.,.1968). Their age of 1170
yr 1s in error by about 25% from the known 917 yr age of‘
the pulsar. This age discrepency can be removed, however,
. by the emission of large amounts of gravitational radiation
during the early life of the neutron star, as is expected on
theoretical grounds. 'The emission of this multipole radia-
tion will cause the star to lose angular momentum at a
calculable rate, which allows the period decay of the pulsar
to be predicted. Using the measured slowdown rate for the
Crab pulsar, they are able to calculate the surface magnetic
field necessary to get the observed slowdown. They obtain
a value of 2.6 x 10%2 gauss for the surface field which
agrees well with that expected for neutron stars. Finally,
if they assume a decaying magnetic dipole moment of the form
m=nm exp(—t/t ) they find that the period does not become
1ndef1n1tely long, but will stop changing when it reaches a
certain value. On this basis they predict the termination
of radiation from pulsars'éfter ~107 yrs, which is thought
to be the lifetime of typical pulsars. This would explain

the absence of very long period pulsars in the observations.

i
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By con81der1ng the motion of a test particle in this
low frequency radlatlon field, they find that these intense
multipole ficlds are an extremely efficient accelerator of
charged particles. 1In the strong maghetic dipole wave field
charged particles are accelerated in the propagation direc-
/tlon to nearly the velocity of light in a fraction of a
wavelenOth. Hence, .they can ride the electromagnetlc waves
outward at nearly constant phase and slowly gain energy from
the wave (GUNN and OSTRIKER, 1969). For. the Crab Nebula
maximum electron energieé of 5 x 1013 eV can be obtained by
this process, and the energy input to the .electrons is cal-

37 ergs/sec, in excellent agreement

culated to be ~ 8 x 10
with the energy rate needed to replenish the synchrotron
radiation losses of the neﬁula. .

In the Gunn and Ostriker model the rotational energy
- of the neutron star is dissipated as low frequency multlpole
radiation. As in.the Gold model, the rotation of ‘the central
neutron star is assumed to,prov1de the basic pulsar timing
‘mechanism. The mechanism which produces the pulsed radia-
tion is not treated by these authors.

A number of theorists have considered mechanisms to

explain the pulsed radiations. In addition to the very

. descriptive coherent plasma mechanism of GOLD (1968 and 1969),

pulsar emission models have been proposed by LAYZER (1968),
EASTLUND (1968), and MICHEL and TUCKER (1969). The problem
is quite complex, owing to the very uncertain nature of the
plésmas and fields surrounding a neutron étar. The models

are not fully developed enough to provide any concrete pre-

dictions against which observations can be compared.
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‘1.5 Importance'of Gamma Ray Measurements for NP 0532

Before considering the present pdlsar search, it is
important to consider briefly what may be learned from such
gamma ray measurements. The observation of pulsed gamma
rays from NP 0532 would, first -of éll, extend the spectral
emission measurements to énergies higher than have been seen
previously from this unique celestial object. This extension
~of the pulsed Spectrﬁm would prdvide'more information on the
possible mechanisms which are effeétive in producing the
pulsed radiation. As shown in Appendix A, a detailed know-
 ledge of the spectrum shape can be quite crucial in choosing
between different production mechanisms. The intensity of
_such gamma ray emission can provide information about condi-
tions in the soﬁfce regions of the pulsar. For example, if
' the measured pulsed spectrum is observed to cut off or de-
crease sharply at a certain emergy, this may imply an upper
1imit to the energies to which particles can be accelerated
in the source region. Conversely, a hard photon emission
spectrum would imply that the acceleration mechanisms are
very efficient particle accelerators, and that high particle
energies are very likely. Thus, measurements in the low
energy gamma ray energy region could have strong implica-
tions for proposed pulsar models. _ |

An observation of pulsed line emissions from the
pulsar would give direct evidence of specific muclear reac-
tions taking place in the pulsar source regions. Line flux
" intensities will give an indication of the actual densities
of nuclei and reaction rates in the source.. It is interest-
ing to note that no pulsed line emissions have been observed

from the Crab pulsar in any energy band.
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In addition, it has been.suggested by many authors
that pulsars, and the supernova events to which they are
‘intimately associated, could easily account for the origin
of all cosmic rays. In thlS regard it has also been hypothe-
sized that a sufficient distribution of these objects in time
and space could provide the source of the observed diffuse
X-ray and gamma ray background. If these suggestions are
true, gamma ray measurements from one such pulsar would be
extremely important. .

| For the Crab Nebula, the only gamma ray measurements
of NP 0532 were those of HILLIER et al. (1970). Their
results indicated that the pulsed emission had a very hard
spectral shape, and that the pulsed emission could very
likely be the total emission from the entire nebula at
energies from 600 keV to 9 MeV. This, if true, would sup-
- port the idea that the pulsing neutron star is the sole
.energy source for the whole nebula.

Fortunately, during the June 7, 1970 balloon flight
‘of our large gamma ray spectrometer, the Crab Nebula was in
full view of the detector. Motivated by the implications of
Hilliert's results and by the importance of gamma ray measure-
ments of extraterrestrial objects, we initiated an investi-
gation into the possibility of observing pulsed gamma ray
emission from NP 0532 from our data. In the ensuing

sections this investigation is presented.
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'SECTION II

EXPERIMENTAL APPARATUS : i

"% 2.1 Detector Design Limitations

The gamma ray energy region ofiinterest in the
present experiment, extending from 200 keV to ~ 10 MeV is
of particular experimental interest because of the difficul-
ties involved in the detection of gamma‘rayé in this range.
This energy interval is unique in that it is above the
region where standard X-ray detection methods can be em-
ployed (passive collimation) and below the region where no
collimation is required for direéﬁional gamma ray astronomy
measurements (using Cerenkov counters and spark chambers).
Measurements in this region are performed almost exclusively
by scintillation counter techniques. One difficulty arises
because the efficiency for interaction of photons in the
detector material is a minimum in this energy region. Hence,
detection efficiencies are lower in this region than at
lower and higher energiés. This is shown in Figure II-1
where the mass absorption coefficient of NaI(Tl) is plotted
against photon energy. For the same reason collimation is
difficult, requiring very thic¢k shielding to achieve worth-
while attenuation of baékground radiation. ‘

'A second effect which is detrimental to directional
measurements in this region is the large production of
§econdaries in the ﬁétector and any shielding material sur-
rounding the central detector. For this reason, early

attempts at achieving directionality by passive collimation
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failed because the large number of photons which are. locally
produced in the passive shield and subseqnently impinge on
the central detector cancel. the attenuation effect of the
shield material. 1In recent years some progress has been
made with directional detectors in this energy region, using
active collimating shields (see, for example, the unpublished
HEAO proposals of PETERSON et al., 1970 and FROST et al.,
1970). These difficulties combine to make the signal-to-
background level quite low in this energy interval. These
problems exist for any experiment which attempts measurements
in the 1ow energy gamma- ray region, particularly those where
dlrectlonallty is a prime requirement. B

In addition to these general design 11m1tatlons, the
experimental objectives of a given experiment dictate a
-8pecific set of design requirements for the detector system.
At the time when the present detector system was being de-
signed, the proposed experimental objectives were:

1. The primary experimental objective was the search
for solar gamma rays in the energy interval ~ 200 keV to 10
MeV from balloon altitudes. This included measurements
during both quiet and disturbed solar periods. Observed
radiation can be identified as being of solar flare origin
if it occurs in time coincidence with other observed flare
phenomena such as radio and optical bursts and charged
particle fluxes. For quiet time solar measurements, a
typical technique for detectors having omnidirectional re-
sponse is to perform day-night difference measurements.
* Particular emphasis was placed on the search for gamma ray
line contributions at 0.511 MeV (annihilation .line) and 2.23
. MeV (deuteron formation line) as well as any other line

fluxes.-
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2. As a secondary objective, this search would also
extend to any other astrophysical body which is in the detec-
tor field of view during any of the balloon flights.

3. Secondary purposes for the experiment included a
detailed study of the Earth's atmospheric gamma ray spectrum
at balloon altitudes and at various atmospheric depths. This
would possibly include the detailed measurements of the 0.511
MeV line flux as a function of zenith angle, atmospheric
depth, and perhaps latitude to provide insight into the
source of this line radiation in the atmosphere.

-‘These experimental aims suggest a number of design
criteria to be met by the detector system.

1. The detector should have good efficiehcy to eﬁ-
able measurement of low intensity signals in the presence of
the large cosmic~-ray.induced background radiation in the
atmosphere (see Appendix D). In this respect some method
of reducing background radiation would be helpful in in-
creasing the detector signal-to-background ratio. In essence
"what is required is a detector with directional response.

2. To enhance the ability to observe monoenergetic
radiatioﬁs; good detector energy resolution is necessary.

_ The sensitivity of a detector for observing line radiation
improves with improved energy resolution. A high photopeak
efficiency is also desirable in this respect.

3. The instrument must have the ability to detect
small enhancements in intensity over short time intervals
(tens of seconds) such as might occur in solar flares. To

‘meet this requirement, the detector. should have a very high
detection efficiency, and the electronics must be capable of
handling high data rates without large deadtime losses. A

high source counting rate is needed to obtain statistically

significant results in a short time period.
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4. To make any type of angular dependence measure-
ment of the atmospheric gamma ray spectrum it is essential
that the detector have some directional sensitivity for in-
coming gamma rays. This means that the detector is moré
ﬁensitivé‘to radiation from certain directions than others.
(Here éénsitivity is defined as the pfoductzof-ﬁhe projected
area and efficiency of the detector for radiation from a
given direction.) There are two approéches to obtaining
directionality, either by using an active or passive collim-
ator, or by utilizing the anisotropic sensitivity .of an un-
shielded detector of special geometrical shépe. These
criteria dictate a detector with a high detection efficiency,
~ good energy resolution, fast time response, and some direc-
tionality. )

Perhaps the most often used flgure of merit for a
gamma ray detector is the upper limit flux which the detec-
tor is capable of observ1ng in a given eXperlment. This
figure is a measure of how sensitive the detector is to
measuring signal contributions above background fluctuations
and is 1mportant because it can be used to compare the
detectlon sen81t1v1ty of different detectors. It expresses
the minimum flux which a source can emit and just be seen by
a detector zbove a certain confidence level. In equation
form it is given by (CHUPP et al., 1968)

1/2
(E,AE) Ry (E,AE) -
F(E,0E) 2 g—%)- S+§ r 2 7 exp [M (E)d],
- "S+B B

* where n is the number of standard deviations above background
fluctuations which are required for a significant contribu-
tion (represents an arbitrarily chosen confidence level),
S(E) is the average detector sensitivity (area-efficiency

_product) to parallel source radiation in the energy interval
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background and background counting rates (counts/sec) res-

(E,AE) and RB(E,AE) are the average source plus

pectively in the energy interval AE centered at E, and

TS+B’
- respectively. The exponential term corrects the limit

TB are the source and background observing times Zsec)

measured at an average atmoéphgric dépth d, to the top of
the atmosphere. A(E) is the absorption.coefficient for a
gamma ray of energy E. o .

If the source contribution_ié‘much.less than the

background, R RB’ and assﬁming that equal time is spent

S+B~

. on and off the source (T we have

s+p*Tp) >
o 1/2 )

F(E,AE) z 3 (E) T - exp [N (E)d] photons

-2 -1
cm ~sec.

S+B

II-1

Note that this flux limitcalculation is based solely on
fluctuations in counting statistics and does not include
other ndn-statistical variations such as counting rate
changes due to altitude drifts, latitude drifts, and gain
shifts, which would yield higher upper limit values.
Equation II-1 shows that for a given balloon flight
duration (TS+B) and étmOSpheric depth, F can be reduced only

l/2/§ smaller. The two approaches

g» or (2)

to increase the avérage sensitivity S. The background

by making the quantity RB

to.achieving this reduction are, (1) to decrease R

counting rate can be reduced by collimated shielding around
a central detector. Increasing S means using a large area,
high efficiency detector. ©Note that if the detector sensi-

tivity is isotropic, then R, & Eﬁocl/(§)l/2, and the only

B

s,
way to reduce F is to increase §.



Using the upper limit flux value as a selection
¢riterion, an extensive investigation into various detector
designs was made. The results of this study indicated that

two basic detector concepts were most useful.

. l. a directionéi gamma ray spectrometer consisting'
of a central 3" x 3" NaIl(T1) crystal surrounded by an active
cup-shaped collimating shield of thickness equivalent to 2"
of NaI(Tl),

2. a large area (diameter‘ZVS“) large volﬁme'(thick-
'ngsé Z 2") unshielded NaI(Ti) gamma ray spectrometer which

has directicnal prOperties due to its physical shape.

A low limiting flux value is obtained in the first case by
minimizing RB’ and in the latter by trying to maximize S.

A comparison of the two de51cns shows that the
active collimating shield (which could be CsI(T1l), CsI(Na),
NaI(T1l), thick plastic scintillator, or possibly a lead-
glass scintillator) gives appreciable background reduction
only for incident gamma rays of energies 31 MeV or 2 15 Mev.
From 1 to 15 MeV a reasonable size active collimator sur-
rbunding a small central detector represents only slight
improvement over the large area disk-shaped spectrometer for
directional response. In fact, the directional properties
of the disk spectrometer afe“surprisingly good in this energ
region (see Appendix B). Shields of sufficient thickness to
give significant background reduction for the present experi-
ment were extremelyiexpen51ve and quite massive. For example,
a plastic scintillator shield which is four interaction
lengths thick at E, = 0.51 MeV would weigh ~ 1000 1bs.
Equivalent thickness shields of inorganic scintillators

would weigh nearly 200 1lbs. Although directional response
is obtainable with active shielding, it was felt that the
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marginal improvément in directionality of reasonable size
,active shields over a disk-shaped unshielded detector did.
not justify the expense and problems expected in building:

a balloon payload with such shields. 4 .

’ This decision was also strengthened by the results

" of the upper limit flux calculations for each scheme, which
showed that the unshielded large area spectrometer is capable
of 6bserving just as low an upper limit flux as the shielded
detector. Limiting flux calculations‘were_mgde to determine
the sensitivity for observing line contributions at 0.511
‘and 2.23 MeV. The background counting rate under each line
region was estimated from an extrapolation.of the measured
atmospheric gamma ray spectrum at a balloon altitude of 3.5
g/cm? (PETERSON et al., 1966). The results obtained for a
disk-shaped spectrometer 11 1/2" in diameter x 4" thick (3
545 cm? at 0.51 MeV and S =~ 286 cm? at 2.23 MeV), for.paral-
lel source radiation‘impinging on the flat surface of the

4

detector and for an observing time T = 10 sec, are

F(0.51 MeV) 2 7.3 x 10"4 photons/cm2 sec

F(2.23 MeV) R 2.3 x 10-4 photons/cm2 sec

These limits are based only on counting statistics. Essen-
tially the same value at 0.51 MeV was obtained by FISHMAN
et al. (1969b) for a 4" x 2" central spectrometer surrounded
by a 2" thick NaI(Tl) cup. The limit at 2.23 MeV is sig-
nificantly below the present solar flux limit at this energ
(CHUPP et al., 1968).

Finally, the shielded detector has a poor response
to short bursts of radiation due to the lower éensitivity
in the "look" direction. A high sensitivity means a large

number of source counts (and good statistics) from burst



events. The large spectrometer has the best time resolution
of any detector scheme considered in the study. 1In fact,
the time resolution for the chosen spectrometer was limited

by electronics and not the detector itself. ;

2.2 Description of Detector

For the reasons described in section 2.1, a large
volume disk-shaped NaI(Tl) spectrometer was chosen as the
gamma ray detector. The final detector was an 11 1/2"
diameter x 4" thick NaI(T1l) scintillation crystal, viewed
.by'seven 3" diameter RCA 8054 phototubes. (A standard
Matched Window Line assembly from Harshaw Chemical Co.). The
tubes were operated in a gain-balanced mode with the anode
pulses summed at a common point prior to preamplification.
The crystal was housed in a low background stainless steel
container, and in addition to individual netic-conetic
magnetic shields around each phototube, low background.stain-
less steel and teflon photomultiplier base assemblies were
used. These low background precautions are very necessary
with this large crystal since any intrinsic background line
radiations from radiocactive contaminants will produce a
measurable effect in a short time due to the high photon
interaction efficiency and large interaction volume.

This central crystal spectrometer was contained with-
in a totally-enclosing active charged particle anti-cpinci—
dence shield. The shield was comprised of two overlapping
cups of plastic scintillator (herniceforth called CPSA and-
CPSB) as shown in Figure II-2. Each cup consisted of a2 1
cm thick disk optically bonded to a hollow tube of 1 cm wall
thickness.  This overlapping cup design was chosen because it

permitted an access path for the sturdy crystal mounting
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frame while providing complete 4» charged particle coverage.
All surfaces (exceét-at phototube locations) were covered
with tightly wrapped aluminum foil for good light collection,
and the whole assembly was covered with black plastic and
tape making a light-tight unit. Cups CPSA and CPSB were
viewed by five and three. 1. 1/2" diameter RCA 6199'§hototubes
respectively at the locations indicated in Figure II-2. All
phoﬁotubes for a given cup wére wired in parallel, providing
a single summed anode signal. Consequently, there were two
such CPS signals since each cup was operated separately from
the other, as shown in Figure II-3.

‘ The 1 cm scintillator thickness was chosen as a com-
ﬁfomise between two considerations, (1) assurance of suf-
ficient light output to obtain a high efficiency for wvetoing
charged cosmic ray particles, and (2) minimization of the |
‘mass in the shield which could lead to production of mono-
energetic deuteron formation gamma rays by thermalization
and capture of atmosPheric'neutroﬁs by the hydrogen in the
scintillator. Due to the highly variable light travel paths
between phototubes and different points of the cup, the
light collection properties varied widely with position in
each cup. Laboratory measurements showed that the rejection
-efficiency of each cup was > 99%. This figure applies to
the worst case operation of each cup since the measurements
were made with a up-meson telescope at the worst position
for light collection. This is the position where a minimum
ionizing through particle gives the smallest output signal.
For the anti-coincidence shield as a whole, the rejection' ,
efficiency is much higher than the 99% figure. An extremely
‘high rejection efficiency is not so crucial in this experi-

ment because of the high counting rate from neutral events.
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A small leakage'of undetected.charged particles represents a
much smaller percentage of total counts in a high counting
rate experiment than it would in a low counting rate gamma
ray experiment. . )
[ Two commercial DC-DC converters were used to supply
phototube high voltages. One converter supplied positive
high voitage (+1000v) to the seven phq;otdbes viewing the
crystal, while the second converter supplied negative high
voltage (-lOOOv) for the eight CPS phototubes and the one
calibration source phototube. | .

The NaI spectrometer, CPS cups, and certain elec-
tronics (see Figure II-3) were housed in a spherical fiber
glass pressure container of wall thickness = 0.2 g/cm?. In
- addition, the preamplifier for the Nal éignals? the CPS dis-
criminators and shapers, and the calibration source beta
event discriminator and shaper were contained in this sphere.
As seen in Figure'II-Z,'Ehe mounting plate'which supports
the spectrometer and CPS.cups was thermally isolated from
the main support plate via rubber shock mounts, which also
provided mechanical shock isolation for the Nal crystal.
Strip heaters mounted on the detector mounting plate pro-
vided 28 watts of heating in the vicinity of the CPS cups.

A thermistor-controlled astable oscillator housed inside

the pressure sphere measured the free air temperature between
the sphere and the detector. This temperature information
was telemetered to ‘ground and provided continuous information

on the temperature of the detector environment.



2.3 The Detector Electronics

Effort was made to optimize certain design parameters
in the instrument to remove problems experienced with earlier
detectors flown by this group. In terms of electronics de-
'sigﬁ, Optimization'in.two areas was of prime consideration.

An atﬁempt was made to reduce the loss .in spectrometer
| energy resolution in the electronics. For this reason high
quality NIM standard modular amplifier and analog pulse
hahdling electronics was used. Secondiy, efforts wéfe made
‘to eliminate gain changes during the flight. A closed-loop
digital gain stabilization system was incofpérafed into the
"flight electronics to help.eliminate gain drift problems.

'~ Figures II-3 and II-4 give complete block diagrams
of the fiight electronics. Those circuits shown in Figure
II-3 were housed in the detector pfessure sphere while those
in Figure II-4, with the exception of VCO's and transmitters,
were housed in a separate electronics pressure can. The
summed CPS anode signal for each cup was amplified, and
those signals exceeding a lower discriminator threshhold
were shaped into standard width logic signals. The same was
true of the anode signal from the phototube viewing the cal-
ibration source. The linear Nal signal was preamplified
before leaving the detector sphere.. The preamplified Nal
signals were fed to a Gaussian-shaping linear amplifier and
delay, which provided prompt bipolar and delayed unipolar
" signals. All unipolar signals to be converted in the pulse
- height analyzer (PHA) were fed thrgugh the gain stabilization
amplifier. The bipolar signals were used to generate timing
pulses for use in the PHA  and the gating logic section.

The coincidence and anti-coincidence gating logic section

contained the master decision-making circuitry for detector
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events. Those events occurring in the Nal detector and not
éccompanied by a simultancous CPSA or CPSB signal ("neutral
Events") were steered to the 256 channel PHA for coﬂversion.
If a CPSA or CPSB pulse was simultaneously present, the

event was vetoed. "“‘ ' .

' ‘ Those puisés,repregenting.neutral events were divided
into two contiguous energy ranges, the LER (low energy range)
and HER (high energy‘range). .Unipolar pulses whose ampli-
tudes were insufficient to trigger a volfage threshold
(HER SELECT DISC) were fed directly to the PHA. Pulses

.ﬁhich triggered this thfeshoid were attenuated before enter-
ing the PHA and becéme HER events. This signal steering was
performed by the DUAL LINEAR GATE in Figure II-4. To dis-
tinguish between LER and HER events, a HER,tag bit was gener-
ated whenever the HER SELECT DISC was triggered. This bit
was then added to the parallel digital word which was
éentered into the buffer. This scheme enabled us to oﬁtaiﬁ
up to 256 channels of pulse height information on each of
the ranges and perhitted us to use one PHA to cover a large

- energy range with good energy/channel resolution.

_ The parallel 9-bit digital pulse height information
was then entered into a storage buffer. This derandomizing
buffer was constructed from the design of PHILOKYPROU and
ZACHARACOPOULOS (1968). The buffer accepted a random input
rate, stored up to four events before becoming full, and was
interrogated for readout at a periodic 3.57 kHz rate. This
derandomization process greatly reduces deadtime losses
which result from high input data rates and low telemetry
trénsmission rates (see Appendix B)., A full buffer caused
the electronics to veto acceptance of further data by the
PHA until a readout creates an empty buffer location. Those

events that occur when either the PHA is busy or the buffer
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is full are not accepted. This counting rate (called LOST
DATA) is monitored during the flight. In the PCM encoder;
the parallel digital information from the buffer is -con-
verted to a 12-bit serial PCM ccded word and transmitted to
~0round at a 3.37 kHz word rate (50 ‘kilz bit wate).

In addition to the’ pulse height a1a1y51s electronics,
a complete monltorlno system was used to nanale housekeeping
data. This system consisted of two 8—cbannel digital multi-
plexers which sequentially sampled. various pertinent data.
The sanple rate was 1 channel/10 seconds, so that each
‘data channel was samplec at least 10 seconds out of every
80 seconds. Figure II-4 shows the housekeépiné data that
was monitored on the secon& balloon flight, Inputs to the
multiplexers were suitsbly scaled counting rates. The in-

dividual scaiing factors, s. were chosen so that the error

(V]

5
obtained in interpolating the ultlnLehed data is less

than the error due to statistical fluctuations in the un-
scaled input counting rates. Interpolation of scaled data

is pointless when (EVANS, 1955) ui:>(si-l)2/5zsi, where Sy

is the scaling factor for the itR channel, N; is the total
number of unsczled counts in a sample interval, 8 is the
number of standard deviations in Ni’ and us is the humber of
scaled counts obtained in the sample interval. This relation
was used to select scaling fzctors for the housekeeping data.
Each multiplexer output was fed directly to a subcarrier
oscillator for transmission to ground using a second trans-
mitter.

A1l flight electxonics housed in the electronics
pressure vessel were placed in a2 standard NIM bin. The well-
regulatad voitages for the electronics were obtained Irom
riven DC-LC converte Primary electrical power

~C S,
was supplied by two stacks of Yardney Silvercel batteries,
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the first a +9v, 40 ampere—honr stack for operating the 5v

logic circuits, ana the second a +30v, 40 ampere-hour stack

to supply the NIM voltages. This type of battery was

chosen because of its good power-to-welght ratio,. )

/. -+ The batteries, DC-DC converters and NIM bin were
contalned inside a 24" x 26" x 14" aluminum pressure vessel.
All components were mounted on an alumlnum base plate with
rubber standoffs to’ provide thermal and\mechanlcal shock
isolation from the out51de A 1" thick polystyrene foam
liner 1n51de the can, in addition to white paint on the
outside surface of the can, provided thermal control of the

. electronics. No heaters were needed in the'pressure can '
since sufficient heat was dissipated by.the electronics and
batteries to maintain the temperature between +18°C and +35°C
during the balloon flights. The electronics temperature was
monitored'by a thermistor-controlled oscillator (ELEC TEMP
0SC) positioned directly above the NIM bin. Also, a clock~
driven temperature recorder mounted inside the can recorded

the free ailr temperature in the electronics pressure vessel.

2.4 Gain Stabilization Svstem

To optimize the energy resolution of the detector
system, very good gain stability must be maintained. Gain
stabilization was achieved by electronically "locking on" a
reference peak in the gamma ray spectrum and forcing this

peak to remain in the same PHA channel at all times. I£

" gain changes caused the peak to drift, the drift was sensed
and a gain correction appiied. The heart of the system was
é commercial digital stabilizer which uses the digital PHA

outputs to control a variable gain amplifier. The amplifier
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correction was applied via a stepping-motor driven potentio-
meter. The in-flight calibrator source made use of the @--

- coincidence source method (CHUPP eﬁ al. 1968; FORREST et al.
,1971) with Co60 as the radiocactive source. The Co60 provides
two distinct gamma ray calibration,lines. For a detailed
discusggdﬁ of the method the reader is referred to CHUPP

et al;ﬁ?(l968), and FORREST et al. (1971). Briefly, a
phototube viewiﬁg a Co60-d0ped plastic scintillator disk-
detected the beta particle emitted beférg the prompt coin-
cident cascade gamma rays of energy 1.17 MeV and 1,33 MeV,
The amplified phototube signal was fed to a discriminator
(see Figure II-3) whose output was shaped to a standard width
logic pulse. ' These pulses, which represent beta events in
the source disk, were placed in coincidénce with the neutral
event signals from the Nal spectrometer., Those neutral
events selected by this f-7 coincidence requirement were
tagged as calibration events (CAL EV). The coincidence

" signal prevented entry of each CAL EV into the buffer. This
means that no artificial calibration lines should appear in
the transmitted data. (This is only true of course if the
coincidence efficiency is 100%). The stabilization circuits
were activated only by g-7 calibration events, making cer-
tain that gain corrections were controlled solely by cali-
bration source signals., The stabilizer was adjusted to lcck
the 1.33 MeV 0060 reference peak in channel 113 of the LER
spectrum for fliéht 558P.

Since the system Opefated~from the digital outputs

" of the PHA, it corrected for all types of system drift up to
and including the pulse height analyzer. For exampie, it
‘¢orrected for photofube gain changes due to high voltage
drift, amplifier gain changes due to thermal and high count-

ing rate effects, and analog to digital conversion variations.
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The only effect which the system was unable to compensate
for was a zero level threshhold shift in the amplifiers or =
the PHA.  Preflight laboratory tests of the stabilizatibn'
system showed satisfactory berformance under simulated flight
conditions. o '

L '"ug?he Co60 calibration source-phétotubé combination -
used in the present system had a source strength of 0.02
microcurie and a rejection efficiency éf ~ 75% - 78%, so
that oniy 22-25% of the calibration gamma rays could produce
events which appear in the output spectrum. The choice of
calibratidn source-to-crystal distance assured thét the leak-
age rate of calibration source events was a small part of

the total spectrum.

2.5 The Gondola and Orientation System

The entire flight detector system was mounted inside
an aluminum gondola frame as shown in Figure II-5, where the
positions of all major detector éomponents can be seen. The
large mass of electronics and its pressure vessel was placed
as far away from the detector as possible to minimize neutron -
and gamma ray production effects. The gondola frame was de-
signed to provide a sturdy but lightweight framework for
mounting all system components.

‘Provisions were made to point the detector sphere
using an orientation syétem designed and constructed‘Spec-
ifically for these balloon flights. A detailed description
'of this syétem is giﬁen by ORWIG et al. -(1970). Basically,
the gondola frame is stabilized to a north-south magnetic
field reference by meaﬁs of a magnetometer-controlled servo
system; This provides a stabilized platform. From this

reference plétform the detector sphere could be positioned



[

Figure II-5

Photograph of the UNH spectrometer payload and aluminum
gondola. The detector is shown without the top pressure
sphere cover. The can on the bottom of the frame houses
‘the majority of the flight electronics. Also visible
are the magnetometer at the end of the boom and the
drive motors for the pointing system.
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at any desired azimuth and elevation to an accuracy of +3°
on each axis by means of a fully digital, ground-commanded
orientation system.

Movements about each of the two axes was achleved
by controlling the number of steps taken by stepping motors.
Movemepgs in azlmuth and elevation could be made in.1°, 10°,
or 90°'§£eps at an angular rate of 1°/sec. The entire
gondola was rotationally decoupled fro@ the balloon flight
train via a swivel coupling. Movements gbout the azimuthal
axis were made by rotating against a 1argé dumbgll—shaped
ineftia reaction boom. .By decoupling from the bailoon, un-
lnecessary rotational perturbations induced by the slow '
balloon rotation (~ 1 revolution per 5 to 15 min at float
altitude) are eliminated. o |

The complete orientation system package also included
provisions for the-transmission of position inférmation to
ground and receptibn'and verification of ground commands.
The transmission of this infofmatibn required two VCO tele-
metfy channels. A complete ground station decoder provided
visual display of the pointing angies and system commands
during the flight. .The ﬁagnetometer boom, orientation elec-
tronics box, and mopbr drives are Qisible in Figure II-5.

In the following section the ground support systems
used. for receiving, decoding, and recording the data ére

discussed.

2.6 Ground Support Systems

Figure II-6 shows a complete block diagram of the
ground support systems used in the telemetry receiving
station during the balloon £light. The PCl decoder-pulse

height analysis section consisted of one VHF receiver, the
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PCM decoder, a commercial 256 channel pulse. height analyzer.
with printer readout, and cne chanriel of an analog tape re-
corder. With this equipment real-time spectra were obtained
during the balloon flight. 1In addition, the PCM pulse height
information was recorded dlrectly on one channel of the tape '
recorder for further use.

All housekeeping multlplexer data and orientation . .
sysfem data were received on a second VHF receiver, whose .
‘video output was recorded on a second channel of the tape-
recorder. 1In addition an array of FM/FM subcarrier discrim-
inators were used to decode certain‘telemetered data for
. presentation to monitoring and recording deﬁiceé, such as
" chart recorders and visual iamp displays. Chart recorders
were used to give a quick look at the flight system opera-
tion and provide a hard copy of tﬁg data as well. The
separate orientation system ground station had provisions
for decoding and display of all pertinent pointing informa-
tion.

All flight data was stored on magnetic tape. In
addition, the timing signals from station WWV, Fort Collins,
Colorado were received at the Palestine, Texas receiving
station and simultaneously recorded on a separaﬁe track of
the magnetic tape. This provided accurate timing for the
recorded data. All results considered here were obtained
from an. analysis of the pulse height data which was stored
on these magnetic tapes.

An extensive series of pre-flight and post-flight
calibrations were carried out on the flight instrument. The
interested reader is referred to Appendix B where the re- '
sults of these instrument calibrations are presented in

detail.



Two balloon flights‘were made with the-flight in-
strument described above. These flights are discusscd in

the next section.

'



SECTION III
BALLOON FLIGHTS

"3,1 'Flight 517P

The detector system previously described was success-
fully flown on two balloon fllghts from the NCAR launch
facility at Palestine, Texas. The first flight, designated
as 517P, took place on November 26, 1969 and .the second,

. designated as 558P, on June 7, 1970. The first flight, in
addition to the primary objective of observing the Sun, was
also intended as an engineering flight to check operation of
all flight systems, including the initial test of the proto-
type model of the payload orientation system. Of particular
interest were the questions of (1) how well the NIM modular
electronics would operate under adverse temperature condi-
tions, (2) how good was the temperature control of the in-
strument, (3) how well the large Nal crystal would stand up
to actual flight conditions, and (4) how well the gain
stablllzatlon and payload orientation systems would operate.

The first flight was launched at 1350 UT (0750 CST)
on November 26, 1969, reached float at a nominal atmospheric
depth of 4.5 g/cm2 at 1600 UT and remained approximately at
that depth until cutdown at 1805 UT. The payload landed
near Vernon, Alabama at 1841 UT. Due to high winds at float
altitude, the maximum telemetry range was reached early
causing float duration to be oniy two hours. Throughout the
flight a predetermined series of pointing operations was

ﬁerformed which enabled a complete check of the orientation
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system. At float altitude a number of alternate “"on-sun, 90°
away-from-sun'" movements were successfully completed to ob-
tain source plus background and background data for the Sun.

The data from this flight indicated the following
results. | .

_ 1. There was a befmanent loss 6f'housekeeping‘data'
at an altitude of 15.3 km.and a loss of HER pulse .height in-
formation at an altitude of 17.9 kn.

2. There was a temporary loss of LER pulse height
information between 12.1 and 17.2 km. This temporary mal-
function appeared to be caused by the loss and subsequent
reaquisition of the calibration peak by the gain stabiliza-
" tion system. In recovering'the peak, large gain corrections
were made by the system, which rendered the data unreliable
during this period. . '

| 3. The detector and its pfessure vessel as well
as the electronics operated colder than expecteq.

4. The orientation system did not achieve the point-
ing accuraCy'for which it was designed. The'payload was
only stabilized to-an accuracy of + 10° in the azimuthal
direction. Since the large spectrometer has a "field of
view" of ~ 120° FWHM, this 10° uncertainty presented no real
limitation to the success of the experiment.

Based on the results of flight 517P, changes and im-
provements were made to the entire system to remove the
difficulties experighced in the first flight. Minor elec-
‘tronics changes weré made to assure more reliable operation.
.A new servo drive syétem'incorporated into the orientation
system improved the azimuthal pointing accuracy to + 3°,
removing the earlier problem. More work was done on the
thermal control of the detector and electronics. Helé in

this area was given by Karl Stefan at NCAR, Boulder, Colorado.
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Given our flight configuration, his group performed a thermal -
gnalysis of our-system, which led to recommendations for
better thermal control of the payload. The necessary changes
were made prior to the second flight. '
Finally, an on-board chart recorder used to record
-housekeeping data in the first flight was replaced by the -
two 8-channel electronic multiplexers described in section
2.3. This change was made because of a failure éf the on-

board chart recorder in the first flight.

3.2 -Flicht 558P

The data which form the basis of this thesis were
obtained from the second balloon flight of the instrument,
NCAR flight 558P, launched on June 7, 1970. - The complete
UNH'scientific payload, including gondola, weighed ~ 575 1bs
and was flown on a 0.7 mil Winzen 10.6 x lO6 £e3 balloon.

The total weight of the payload, including 250 1lbs of
ballast, NCAR supqut electronics, and telemetry equipment
was ~ 955 lbs at launch. Figure III-1 shows a diagram of
the balloon flight train.

Approximately 380 1lbs of this weight was taken up by
the standard balloon flight control package provided by NCAR.
Most of this package was located at the bottom of the gondola
as far away from the detector as possible (see Figure III-1).

In addition to 250 1lbs of ballast, this package contairned:

1. A barotransmitter which provided coded pressure
(altitude) data from launch until cutdown.

2. A Rosemount Model 830-A pressure transducer
gauge used for accurate pressure readings at atmospheric

depths £ 10 mb. This gauge is calibrated by NCAR and has a
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Figure III-1. Complete balloon flight train for flight 558P
~showing both the UNH and NCAR payloads.
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measured pressure accuracy of + 0.1 mb at float altitudes of
1-7 mb.

3. A receiver and decoder for the NCAR PCM command
system (utilized for ground control of the pointing system).

4. A receiver and decoder for NCAR ballast and cut-
down’ commands. L '

5. A Rawinsonde package which provided external
temperature readings from a thermistor sénsor and indirect

balloon position readings until - -float altitude was reached.

_ After a smooth launch at 1153 UT (0653 CDT) and
normal ascent, the balloon reached float at,an.atmosPheric

_ depth of 3.5 gm/cm? at 1415  UT and remained at an atmospheric
depth of 3.2 to 3.9 g/cm® for approximately 7 1/2 hrs until
flight termination by NCAR ground command at 2145 UT.
Foilowing a 40 minute pérachute descent, the package landed
seven miles WNW of Monahans, Texas at 2234 UT, Due to high
surface winds in the deséent area after landing, the pay-
load was dragged by the ‘open parachute nearly 1/2 mile on
the ground before coming to rest. Considerable external
damage occurred to the aluminum gondola frame, including
some of the gears and shafts of the orientation system. The
four detector mounting posts (those posts which held the Nal
detector, CPS A, and CPS B to the main mounting plate; see
Figure I1I-2) were sheared off. This allowed the detector to
float freely inside the upper half of the pressure sphere.
Also, the detector -pressure sphere was ruptured by broken
aluminum frame supports. Post-flight tests showed no damage
to the Nal spectrometer or plastic CPS cups. Howe&er, two
RCA 6199 phototubes viewing the bottom of CPS A were broken,
presumably when the detector mounts were bréken. Except for
a ' number of severed electrical cablés, no damage occurred to

the electronics and its pressure vessel,
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'

3.3 Performance of Flicht Instruments

All balloon flight systems operated quite well with
one minor exception discussed at the end of this section. -
The electronics pressure can temperature sensors indicated
that the temperature inside ‘the can remained between +18°C
and +35°C throughout the entire flight. These temperatures
are well within the acceptable range of operation for the
NIM modules and integrated circuits used in the electronics.

‘The temperature sensor mounted in the detector sphere in-
=" dicated that the inside airitemperature was between -6°C &nd
+17°C during the flight. Starting at +17°C at launch, this
temperature dropped to a minimum of -6°C at 1315 UT (~ 24 km)
and gradually rose to +8°C where it levelled off for the re-
mainder of the flight. Although this temperature was below
0°C for ~ 1 hr 15 min, no malfunctions occurred which could
Be'attributed to the <0°C tempefatures. Note, however,
that this measured ailr temperature may not be a true indi-
cation of the temperature in the immediate Nal crystal en-
vironmeﬁt. The crystal and phototubes were completely
surrounded by the CPS cups, and any heat released by the
phototube bleeder chains was probably retained in this small
confined space, keebing the detector warmer than the air
temperature outside fhe C?S cups. In addition, the flighc
orientation system worked extremely well throughout the
flight. A continuous readout of the azimuth aspect showed
that the modified azimuth servo system maintained the point-
. ing.direction to within the desired +3° acéuracy. The
system responded well to all pointing commands transmitted
from the zround. On this basis we can say with confidence
" that the look direction was known to within +3° in either

azimuth, or elevation for the float part of the flight. '
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At approximately 1930 UT (after 5 hr 15 min at float
altitude) an intermittent loss of the pulse height data was
experienced, Coincident with this was a malfunction of the
pointing system as indicated by visual ground readouts. All
real time readouts during the flight (as well as a post flight
review of the pertinent reéords) indicate that one of the two
battery stacks had prematurely reached the limit of its
capacity'and consequently failed to provide electrical power
to a number of circuits. At this point we were still able-
to stow the detector in its 1anding<pbéitidn; and main power
" was cut at 1949 UT. Data received after the first indication
of this.battery failure was not used in the present analysis.

Only one malfunction occurred which affected some of
the data being telemetered to ground. This was a temporary
loss of LER pulse height data on ascent from 1245 UT to 1400
uT (105 g/cmz to 4.5 g/cm?), just brior to reaching float
altitude. The problem appears to have been a loss of the
gating signal which opens the LER channel to the DUAL LINEAR
GATE. Since this signal alschontrols operation of the
digital stabilizer, the gain stabilization system was in-
operative during this timeé. With this system off the system
gain could drift with temperature changes in the detector
sphere and the electronics can. When the LER data returned
at 1400 UT, the spectrum indicated that a gain shift had
occurred, This was due to the gain stabilization circuits
searching and finding a new calibration peak to lock on.
Unfortunately the new peak was the 1.17 MeV Co60 peak rather
than the 1.33 MeV Co60
of this temporary malfunction, apart from the loss of LER

peak initially used, The net result

data, was the creation of a fixed step function gain shift.
At float, the stabilization circuits worked well at the new

gain value. The effect of this gain shift on the detector
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energy calibration was easily determined by a new post-

flight calibration (see Appendix B).

3.4 Background Counting Rates

A measurement of the dependence of the various inte=.
gral counting rates with atmospheric depth is important for

several reasons.,

1. This data indicates ﬁhether the instrument
worked properly throughout the flight.

2. These rates provide a good comparison of the
_ results obtained from both flighES‘of the instrument.

3. An agreement in the slope of the atmospheric
growth curve with previous results gives confidence that one

is measuring the neutral electromagnetic component.

)

The counting rates (both neutral and charged particle)
observed in flight 558P show the typical atmospheric depth
dependence. After an initial decrease in counting rate after
launch, the rates increase until a maximum is attained at
~ 100-120 g/cm?. After this maximum, the rates decrease
with smaller depths, but appear to approach a non-zero value
when extrapolated to zero g/cm?. Figures III-2 through
I1I-4 show the.dependence of the various integral counting
rates on atmospheric depth as obtained on flight 558P. 1In
these plots the depth is expressed in g/cm? (1 g/cm2 =0.97
mb). The chargéd particle shield rates (CPS A, CPS B, and
CPS A+B) represent 9;0 second averages obtained every 80
‘seconds, while the LER and HER integral counting rates are
20 second averages obtained every 60 seconds. Any error
bars (+lc ) shown in these figures were calculated solely

1/2/t.

from sample counting statistics, + (N) Where no error
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Atmospheric dependence of charged particle
shield counting rates. CPS A and CPS B are
the individual rates; A¢B is the coincidence
rate between cups A and B. Data points rep-
. resent 9 sec averages obtained eyery 80 sec.
Data was lost between ~ 700 c/cm:- and ~ 350
g/em? due to a telemetry dropout.
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Atmospheric depth dependence of integral HER
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channels of HER and is corrected for buffer
deadtime losses. Errors are smaller than the
plotted points except where noted by error
bars. '
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]
bars are indicated, the errors are smaller than the plotted
points.' Note that the CPS A-B ratc is a coincidence rate
beﬁween CPS A and CPS B." Because of the geometry of these
cups, this counting rate should be a good indicator of the
through-particle rate in the central detector (the rate of
fhose charged particles which traverse both shields and
peneﬁrate the central crystal). ’

The absence of CPS counting rate data from ~ 750
g/cmg to ~ 450 g/cm? resulted from an intermittent telemetry
dropout problem due to a misalignment of the antenna on re-
ceiver no. 2. The multlplexed CPS counting rates were there-

© fore unrellaole during this period and have not been included

- here. The results for the LER and HER are counting rates ob-

tained from the telemetered pulse height data which were not
affected by the telemetry dropout problem. They have been
corrected only for buffer deadﬁime'losses. The loss of the
LER data at an atmospheric depth of ~ 105 g/cm? was due to
the temporary electronics failure described in Section 3.3.
‘This data returned at a depth of ~ 4,5 g/cmg. The results
of FigurésIII-z through IIT-4 indicate that the system was
operating as expected and that normal qualitative results
were obtained throughout the flight.

The float portion of the flight is of major interest
here, since it was during this time that source observations
were made. It is important to note that the normal non-
source-associated fluctuations in counting rates usually
observed at float altitude due to altitude changes, changes
.in geomagnetic latitude, and changes due to gain drifts do
not present a serious drawback to the pulsar search method
used on the data. This method is inherently inéensit;ve to
fluctuations of the described type unless, by chance, these

fluctuations are periodic with the same period (or harmonic
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of same) as the signal being searched for,

To get some indication of the typical gamma ray back-
ground spectrum observed at float altitude, Figure III-5
shows the combined LER and HER pulse height spectrums ob-
tained by adding together all of the pulse height data
obtained at float altitude (from 1447 UT to 1924 UT). These.
results have been corrected for deadtime losses and attenua-

tion in the surrounding CPS cups and pressure sphere material.

' Assuming that the observed flux is isotropic and using an

average detector geometry factor, G, = 570 cm?, we obtdin

the differential pulse height Spectgum of Figure III-S5.
This spectrum is valid for an atmospheric depth -~ 3.5 g/cm2
and geomagnetic latitude of 40°N. 1In the LER,'the 0.5 MeV
" annihilation line is the oniy~prominent atmospheric back-
ground feature observed. The three peaks from 1.1 to 1.5

MeV are due to the two leakage lines from the 0060 calibra-

tion source and the RAO line contribution at 1.47 MeV, which
is an intrinsic background feature of the large spectrometer.
In the HER there are strong indications for several possible
line contributions. These results, although quite interest-
ing, are not discussed further here since they are not
central to the thesis topic.

From about 1430 UT until the battery malfunction the
pointing system was used to keep the Sun within the FWili
aperture of the detector. Calculaﬁions for the day of the
flight indicated that the Crab-Nebula lags the Sun in
meridian transit by only 33 minutes ( ~ 8°). Also, the
maximum difference between the declination of the Sun and
the Crab Nebula from 1430 UT to 2000 UT is only 42', or ~ 0.7
degree. Since the instrument was pointed to an accuracy of

+3° about the Solar direction, we can say with confidence

that the Crab Nebula was in full view of the detector from
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1430 UT on.
In the next section, several techniques used to
- search for pulsar signals are discﬁssed. The method used

in the present analysis is then described in detail.
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SECTION IV
PULSAR SEARCH TECHNIQUE

4.1 Description of Analvsis Methods

Basically there are three widely used techniques of
time domain analysis used in pulsar searching, (1) the
autocorrelation-power spectrum technique, (2) the cross-
correlation method, and (3) the superposed epoch method
of analysis. 1In this section I wish to describe each of -
these methods briefly, giving their advantages and disad-
vantages as pulsar search techniques. The details of the
.method used in the present work are then given.

The autocorrelation-power épectrum technique 1is
widely used when looking for periodic signals in a set of
data. Mathematically this technique is well covered in the
literature (see, for example, BLACKMAN and TUKEY, 1958, and
BENDAT and PIERSOL, 1956). I shall describe here the
standard Blackman-Tukey method of power spectral density
(Psb) calculations. The method has become quite useful
since the advent of large high-speed digital computers, and
standard digital computational methods have been developed
to handle the many computations required in the method (for
example, the fast Fourier transform technique).

In this technique,‘a‘waveform (which could be a
smoothly varying function, or a séries of discretely occur-
ring events) is multiplied by a time shifted version of it-
self over the duration of the waveform. The multiplication

is done ordinate by ordinate and the sum of all these
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products is taken. This process is repeated for many differ-
ent time shifts (or "lag times", 7). If the normalized
product at each shift is plotted .versus the lag time, the
,resultlno function is called the "autocorrelation function®,
Rxx’ of the waveform or series of discrete events. The
autocorreiation function of a ‘continuous waveform x(t) is

defined mathematically as

T

@ =g [ xexte-na
0

XX
where x(t-T) is the shifted waveform, T is tHe lag time, and
T is the length of the data record. |

For use in digital computation systems, the continuous
averaging process implied by the above equation is replaced -
by a procedure of sampling the signal every At seconds and
sumning a finite number, N, of the sample products. In

this case

N
'Rxx(T) = %- Eg; x(kAt)x(kAt-T) Iv-1

In the absence of a periodic signal in the data, R ( ) is
flat (within statistical fluctuations) except at zero lag
time (7 = 0) where there is always a peak. The presence of
periodic signals is evidenced by peaks appearing in Rxx(r)

at values of 7 corresponding to the periods of the components
ﬁresent. In a pulsar search, this calculation.is performed
on a set of data for a large range of T values. In this way
the data can be tested for periodicities over a large fre-

quency range.
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The power spectral density Functlon G (f), is

found by taking the Fourier transform of RXX(T),

«©

G, (£) =2 f Rxx(-c)e'lz"',ffdw, £>0.

-

This integral must be evaluated numerically because of the
finite data record. If T is the maximum value of 7 chosen
in the analysis, we obtain a truncated sample power spectral

density function,

T
m

Gxx(f) =4 J[ Rxx(T) cos 2w frdrT. o Iv-2

o

(The integral of equation IV-2 is equivalent to that of the
previous equatlon because of the evenness of R (T) and the
odd imaginary part of the exponentlal)

x(f) is a measure of the power existing in differ-
ent frequencies in the data. A plot of G, (f) vs. £ (or
1/7) will exhibit peaks at the contrlbutlno frequencies, or
will be flat (within statistical varlatlons) if no periodic
components exist. The peak areas in this PSD curve provide
a measure of the relative contribution of different fre-
quencies in the data. Because of the adaptibility of these
calculations to digital computers, the combined autocorrela-
tion-PSD technique is quite powerful and has been used
successfully for pulsar searches (see, for example, FRITZ
et al., 1969).

The main advantage of this technique for pulsar
"searching is that it requires no knowledge or assumptions
about specific pulsar emission parameters. It is a true
search method. One disadvantage is that the method provides

no phase or absolute timing information for a detected
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periodic signal,which may be of importance in certain situa-
tions. Another disadvantage is the large amount of computer
time required to make the calculations. This time is often
of the order of the observation time for data taking, which,
for balloon flight experiments, can be qulte long (up to
éens of. hours) '

In another version of the correlatlon process, the
- cross-correlation technique, the shifted data waveform
x(t-7) is multiplied, ordinate by ordiﬁéte, by a selected
periodic “template" waveform y(t), and the products summed.

Mathematically this is represented by

. T . .
lim .
ny('r) = 300 f x(t-’r)y(t)di;, Iv-3

0
or in the sampling case by

Z =

N
ny(T) EE: x(kAt-1)y (KAL) . V-4
k=1 .

This technique tests the similarity between the data and a
selected waveform. Usﬁally, the géneration of y(t) requires
certain preconceptions about the pulsar emission process
(BURNS and CLARK, 1969). Certain parameters.in the generated
waveform are adjustable, such as period, pulse width, and
phase (t). Correlation is performed for many combinations
of these parameters, each being varied over its range of
interest. If periodicities exist in x(t), a peak will occur
in ny(T) for the proper choice of the various parameters.
This procedure can provide some information about
.pulse shape as well as absolute phase information, which

cannot be obtained from the PSD approach. However, this
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technique also has the requirement that a reference data -
train must be generated, which implies some assumptions about
the pulsed emission (e.g. the approximate period, pulse
width and shape to be expected). Also, a large amount of

. computer time is needed in cross-correlation calculations.
For this reason the method.does not appear to be as usefﬁl ‘
for the detection of unknown signals, although it is used by
a number of research groups (BURNS and CLARK, 1969) as a
pulsar search technique in the radio region of the spectrum.

The third technique, the sﬁpefposed epoch method, is
-a method of synchronous signal averaging. In this method-
the data is superposed or overlayed in phase at a chosen
frequency. If a periodic signal exists in the data with

requency equal to the frequency of superposition, a rein-
forcement will occur, giving an enhancement above statiétical
fluctuations. If no periodic signal is present, or if the
signal periodicities are not equal to the superposition
frequency, no reinforcement. occurs, and the resulting phase
plot will be statistically flat. Hence, a periodic signal

is detected only when the frequency of overlap is precisely
equal to the signal frequency. Note that the phase plot
resulting f£rom this method of analysis is the time-averaged’
phase profile of the periodic signal.

In a search for an unknown signal, this superposition
process must be repeated many times using a different overlap
frequency for each search. The analysis time for this method
can therefore become quite long depending on the range of
_periods desired in the search process. However, the analysis
method is easily adaptable to non-computer techniques, which
is important if access to digitalncomputing facilities is
limited or if the amount cI data is large and computer

analysis would be costly and time consuming. As in cross-
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correlation, this technique requires some pre-knowledge of-
the pulsar emission parameters. Specifically, the pulsar
frequency and rate of change of fréquency must be assumed in
this method.  The advantage of the method, however, is the
ablllty to obtain absolute phase timing information and in-
formatlon on the time-averaged pulse proflles of the emitted
radlatlon.\

The advantages and disadvantages given for each
method above were considered in choosihg~a search technique.
The superposed epoch method was chosen fbr two reasons.
First, it was concluded that absolute phase and pulse pro-.
file information were necessary in the present analysis.
This is based on the fact that positive observations made
with a non-directional instrument, suchwas the one flown,
cannot be identified with a unique emitting source. Other
information is required to pinpoint the origin of the em-
mission. Absolute timing information and phase profile in-
formation provide this additional evidence. Observation of
peaks which occur in phase with, and have the same pulse
profile as the.pulsed emission for NP 0532 gives strong
support to the premise that the pulsed radiation is indeed
coming from the Crab pulsar. The fact that the data must
have a known pulse shape and that pulses must arrive at
known times provides a sensitive test on the Crab origin of
the emission. .

The precise apparent period value and slowdown rate
' required'in the superposed epoch analysis represents no
" problem in the case of the Crab pulsar, NP 0532. The bary-
centric period and period slowdown rate for the Crab Nebula
pulszaxr NP 0532 are well meésured, and nearly continuous ob-
servation of the optical emission by astronomy groups pro- |

vides new information for updating these values. In addition,
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the period value and pulse arrival times do not appear to be
~a function of the energy of the emitted radiation, which
allows us to adopt.parameters wmeasured in the optical and
X-ray regions for the present gamma ray region. A number of
aimultaneeus observations in different energy regions
/(COYRLI\ et al., 1969; BRADT et al., 1969) verify this
energy 1ndependence of the important pulsar timing para-
meters (at least from the radio to X-ray bands). These
parameters are thus accurately known and readily available.
The knowledge of these quantities for NP 0532 eliminates

the need for sweeping through a 1arce frequency range in

the search process, thereby simplifying the analysis.

The second consideration was a purely instrumental
one. As discussed previously, the true "search methods
require a great deal of anaiysis time and must, in all
practicality, be performed on a digital computer. At the
time when our attempts at data reduction were begun, no |
provision existed for transferring our data into a form
compatible for complete computer analysis. A good deal of
electronics interface hardware would have had to be con-
structed to perform this task. On the other hand the super-
posed epoch analysis lends itself more easily to a non-
computer approach using readily available laboratory |
eqﬁipment (plus construction of relatively simple interface
equipment).

| Based on these two considerations, (1) the necessity
for cbtaining absolute timing and pulse prbfile informacion,
.and (2) the availability and simplicity of instrumentation
required for data analysis, the superposed epoch analysis
fechnique was the obvious choice for the pulsar search

method.’
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4.2 Instrumentation for Pulsar Search .-

, . The instrumentation for the present analysis was very
similar to that used by NATHER et al. (1969), BOYNTION et al.
(1969), and DUTHIE and MURDIN (1971). A block diagram of’
. this electronics instrumentation is shown in Figure IV-l;
The electfonics is needed to generate an overlap frequency
which is synchronized to the WWV signals recorded on the
‘magnetic tape. This fre@uency and signals derived from it
are used to control the superposition'of the data. The WWV
'signal thus becomes the basic time.standard for the analysis.
To use the long-term timing accuracy of the WWV
signal, and obtain a clean‘timing'signal to drive the fre-
quency synthesizer, an 80 kHz signal was recorded on one
channel of the magnetic tape in synchronism with the WWV
timing markers. This was done in the laboratory after the
flight and was accomplished by forcing 80,000 cycles of a
timing oscillator to fit between each 1 Hz marker on the
tape. Synchronism between the oscillator and the markers
was obtained by dividing the 80 KHz signal by 80,000 and
maintaining the resulting 1 Hz signal at a constant phase
with respect to the 1 Hz WWV markers. The maximum synchron-
ization error experienced in this process was +1 ms. Note
that this is a non-accumulative error. The majority of the
time this error was held below +0.5 ms. Sections of the
tape where this error was greater than 1 ms-were not used
in the analysis. This clean 80 kiz signal was used to drive
a phase-locked-loop (PLL) which generated two signals, a
duplicate 80 kHz signel and a 10 MHz signal. The 10 MHz
signal became the base firequency for use in the frequgncy
" synthesizer. The cperation of the .PLL assured that the syn-
thesizer was synchronized to the WWV signal and therefore

has good long-term time stability.
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| The digital frequency synthesizer (designed and
built at UNH) could be adjusted over the period range from
0.0001 ms to 99.9999 ms in increments of 0.0001 ms (100 ns).
The synthesized frequency was adjusted to most closely match
the predicted dpparent period of the pulsar, aﬁd controlled
the recycling oseration of a muitichannel analyzer operating
in the multiscaler mode. The synthesizer also generated a
signal to advance channels on the analyzer at a 1 ms/channel
sweep raﬁe. The recycling process was repeated every perilod;
thus one 34-channel analyzer scan corresponded to one pulsar
cycle. | _
' The electronics included.proyisions for synchronizing
the start of a multiscaler scan to a chosen seéond of time.
This could be done to an uncertainty of.j; ms maximum. This
provided knowledge of the absoluté arrival times for the re-
sulting superposition phase plots. This was achieved by
phase-aligning (with the PHASE ADJUSTER circuit of Figure
IV-1) a synthesized 1 Hz signal to the WWV markers as they
were played back off the tape. The start of a run was |
aligned to be 3 ms before a given WWV marker, and this con-
stant phase offset was maintained for all the runms.

For reasomns discussed in the next section, the
analysis was subdivided into 32 runs, the shortest being 100
sec long and the longest, 800 sec iong. A typical run would
proceed as follows; Fifst, the synthesized 1 Hz signal was
brought into a fixed -3.0 ms phase offset with reSpect'to
the WWV signal from the magnetic tape. This could be done
to an error of +0.2 ms (see Appendix F). This phase align-
ment was monitored during each run. The next step was to
start the run at a precisely known absolute time. This was
done by arming the synthesizer just prior to the second

marker chosen to be the starting time of the run. The next
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1 Hz triggcr.pulse then initiated the run, thus synchron-
izing the start of the multiscaler sweep process to a known
absolute time. The run was electronically timed by counting
the number of 1 Hz trigger pulses occurring after the start
of the run. When a preset count was reached the synthesizer
was automatically disabled and the run ended.

The contents of the multichannel analyzef was, read
~out on punched paper tape and redundantly printed out on
paper tape for a quick visual check of the data. The data
on the punched paper tapé'were then converted to computer
cards as input to the computer program which performed the

finel data analysis.

4.3 Subdivision of Data and Final Phase Alienment

The superposed epoch method of analysis requires
very precise synchronizatioﬁ between the artificial synthe-
sizer period and the pulsar signal., Since the multiscaler
-channel advance rate is l'ms/channel for the present case,
this precision.must be good enough to méintain any accummla-
tive phase drift to a value less than 1 ms during a data run.
-When this condition is met, no observable time drifting of
the data signals occurs. If the phase drift exceeds 1 ms,
data smearing will occur in the final phase diagrams.  This
effect, if large enough, could reduce peak signals to a
value below background fluctuations.

This precise synchronization presented a problem in
the present analysis because the synthesizer could not be
adjusted in small enough period increments to permit contin-
uous tracking of the pulsar period throughout the data
integration time, In Appendix F 1t is shown that for the

16,739 sec data interval of the present analysis, the period



synchronization must be maintained to an accuracy of S 2
ns/period in one long run to keep the phase drift S 1 ms,
However, the frequency syntheéizer could only increment the-
periods in steps of 100 ns. Thus, the exact apparent pulsar
period at a given time could not be synthesized. In additioa,
the expected apparent pulsar perioc for NP 0532 varies |
throughout the data interval (see Appendix E). Calculations
for the interval used here showed that the apparent period
for NP 0532 varied from 33.112301 ms at 14" 32™ 01° UT to
33.112338 ms at 197 11™ 00° UT on June 7, 1970 ( a change
of 37 ns). It was impossible to ‘track these period changes
as'would be required in one long run of the data. ‘
The problem was eliminated by subdividing the data
into 32 runs, each of short integration time (5800 s each).
The same synthesized period value was used for all runs,
Psyn = 33.112300 + 0,000005 ms. This was the closest value
to the true expected period that could be generzted in the
synthesizer. XNote that tbé difference between the generated
"and expected period varies from +1 ns.to +38 ns over the
data interval. At no time was the period error largér than
38 ns. Using equation F-1 of Appendix F with € = 38 ns
and P = 33.112300 ms, we find that in order to keep the
phase drift $1 ms in any run, the integration time of the
run must be 3950 s. By keeping the accumulation time of
each run < 800 s, we were assured that the results obtained

for each run were the same as would have been obtained if

the data had been superposed at the exact expected pulsar
period.

The data from the multiscaler analysis therefore
consisted of 32 phase cdiagrams which had to be superposed in
phase to obtain the final composite phase diagram. It is

in this final synchronization process that the overall



timing accuracy is rccovered.  From a knowledge of the ex-
‘pected apparent period versus time and the starting times of
each-run, it was possible to calculate and assign a pulsar
phase'to the start of each run. This calculation was made
to the nearest multiscaler channel (1 ms). This knowledge
df the,poSition in pulsar phase of each channel of each run
enabledf%he runs to be phase-aligned and added to each other.
A computer program was written to perform this superpositiocn
of the 32 runs. The apparent pulsar period drift was in-

- cluded in the caleculation of the starting time phases.

This technique successfully recovered the tracking:accuracy
needed in‘superposing the data. .

‘Since timing accuracy and precise synchroniéation
are of great importance in the superposition method, it is
important to consider the errors involved in these quantities
for the present analysis. Appendix F is devoted to this
- task. In addition, Appendix E contains the calculations of
the expected period changes for the day of the flight with
comments on the errors in this quantity. These period
changes were used in the final phase aligning procedure
performed on the data by the computer program. |

In the next section the results of using the super-
position analysis to search for gamma ray pulsations from

NP 0532 are presented.
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SECTION V
RESULTS OF PULSAR ANALYSIS

5.1 LER (250 keV - 2.3 MeV)

W
O

An initial analysis using the superposed epoch
technique was performed on one integral energy band extend-
ing from‘250 keV to 2,3 MeV. One 1arge ‘band was chosen for
the flrst look at the data to obtain a large number of
counts, which would give good counting statistics and in-
crease our ability to detect small signals zbove the expected
large background., Data from the float portion of flight
558P was chosen for the analysis. Out of this total time
interval, 1.2 x.104 se

sec from 14h 32™ 01° to 197 11™ OOS, was analyzed for a

¢ of usable data, spanning 1.67 X 104

pulsed contribution from NP 0532.

The analysis was repeatedly performed on the same
set of data, each time using a new period in the computer
program. The f£inal set of phase diagrams were then scanned
to look for any significant peaks. The final results for
the LER data at two selected overlap frequencies are shown
in Figure V-1. Figure V-la shows the phase plot obtained
when the data was superposed at the exPected apparent pulsar
period. As discussed in Appendlx F, 2 ms wide phase bins
- were chosen for the final plots due to the +1 ms time-of-
arrival uncertainty. In Figure V-1b the data was superposed
at = period 80 ns higher than that expected for NP 0532 for
the day of the flight. The dashed line is the aversage

nurber of counts per bin, 634,011 + 199 counts, calculated
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using the contribution from all the bins. The error bars
shown (*lc ) are based solely on counting statistics (as are
all the error bars given in the figures of this scctlon).
Two pronounced peaks (3.3¢ and 2.3¢ above background re-
/SpectivelY) separated by 20 + 2 ms appear in.the data. The
error bars on each peak indicate the countlng érror ( ¢ =
(ave) /2

Also indicated in the graph are the expected absolute main

= 796 counts/bin) for a single bin of the data.

and interpulse arrival times for the optical radiation from
NP 0532, provided by Dr. C. Papaliolios (Harvard University).
The arrival times of the two peaks agree quite well with the
expected arrival times for emission from NP 0532. On this
basis, the first peagk has been identified with the interpulse
and the second with the main pulse. These identifications
are also aided by the peak shapes. The first peak is the
wider and more intense of the two. The narrowness of the
'second peak (=2 mé) helped to identify it as the main pulse.
These qualitative features are similar to those observed by
HILLIER et ail. (1970) in the energy region from 600 keV to
9 MeV, and to the pulse profiles observed in the soft and .
hard X-rey regions of the pulsed spectrum of NP 0532 (see,
for example, BRADT et al., 1969, and SMATHERS et al., 1971).
‘The particular choice of starting -time for the
present analjsis caused the interpulse peak to appear first
in the phase diagram, although it is customary to see the
main pulse leading in most phase profile diagrams. The
_pulse separation is defined as the time between the peak‘
intensities of the pulses when the main pulse. leads in the
phase cilagrax Hence, the observed peak separation of 20 *
2 ms in the present'plot implies a 13 + 2 ms peak separa-
tion, in good agreement with the results obtaired for the

optical (LYNDS et al., 1969) and X-ray emission from NP 0532
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i
(for example, RAPPAPORT et al., 1971, and BRINI et al.,
1971).
- Since the observed effect is quite small, statisti-
cal tests were performed on the data to test our confidence
that a pulsed contribution had been seen.- A chi-square (xz).
“'statistical analysis (EVANS, p. 777) was carried out to test
whether the fluctuations observed in the data could be ex-
plained by purely statisiical variations. The data was
tested against a model in which there was a constant number
of counts in each bin equal #o the average (in other words,
.no pulsed contribution, but merely a constant background
counting rate). This x2 test was performed on-each of the
final phase plots resulting in a graph of x2 versus overlap
period. This ‘method has been used by a number of groups to
search for the precise pulsation period of NP 0532 (notably
BOLDT et al., 1969 and DEERENBERG 'and BLEEKER, 1971).
Results for the presenﬁ experiment were obtained

over a range of test periods which included the expected
apparent period for NP 0532 and are given in Figure V-2. In
the absence of a pulsed contribution in the data, or if the
overlap period is not equal to the actual period of puléation,
the resulting x° vs. period distribution should be flat
(structureless). Large values of xz, corresponding to & bad
fit of the data, indicate some sort of non-random component
in the data. The distribution for the present experiment
shows a peak in a narrow period range which includes the
period value expected for NP 0532 for the epoch of observa~
33.112312 ms) is

greater than thoseobtained in Z 987 of distributions gener-

tion. The worst 22~value (30.7 at P

ated randomly for 15 degrees of freedom. This can be inter-
preted to mean that we are % 98% confident that a non-random

effect has been observed in the data. In no other region of
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test periods do we 'sece a pealk in the xz of this type. This
XZ distribution gives further support to the existence of a
positive pulsed contribution in the data. This result, by
itself, is not conclusive proof of the pulsation from NP 0532
but only substantiates the evidence seen in the profile
.phase plots. .

Although the peak x2 value occurs at a period value
not precisely coincident with the expected apparent pulsar
period, the difference is within the error in our knowledge
of - that period (indicated by the error bars in Figure V-2).
An inspection of the phase plots for any of the synthesizer
period values within the peak region shows only minor. differ-
ences in the resulting peak amplitudes and pulse shzpes. As
the synthesizer period gets further away from the expected
pulsar period, the double peak profile characteristic of NP
0532 begins to disappear and eventually is masked by statis-
tical Background fluctuaticns,

We have checked to make sure that the peaks were not
accidentally produced by some electronics anomaly ox by the
method of superposing the 32 runs. To do this, the enfire
analysis was repeated at a test period of P = 33.113300 ms.
This included repeating each of the 32 multiscaler runs at
this period. This period value was chosen because it was
sufficiently different fr&m the expected pulsar period to
make the test and was a value thaf could be set in the fre-

.

quency synthesizer. The finzl phase diazram for this
analysis showed no peaks which coincided with the pulse
arrival times for NP 0532 or which deviated by more than

+ 2¢ from the average value per bin. Zowever, the x? dis~
trifbution obtainec by repeating the final phase alignment
at a number of test period values showed -2 slight increase

in the region around the period 33.113300 ms. Hdwever, the
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effect was not nearly as large an effect as was observed at
the expected pulsar period. The results of this test
showed that no electroni&s anomaly existed which could
produce the double peak in the phase plot or as large a
’peak asﬁséen in the x2 distribution for the actual pulsar
:searqhﬂdata. It thus appecars that the pcak'inuthe_xz dis-
tribuﬁion for the actual pulsar search runs is a real effect
and not an anomély produced by the electronics or the
analysis method. In any case, we have used the fl distri-
bution only as supporting evidence for, not proof of, a
non-random pulsed contribution in the data. o

To calculate the pulsed contribution it was assumed
that the pulse shapes do not change drastically from those
observed in the hard X-ray region (see:'for example, SMATHERS
et al,, 1971). Under this assumption, phase bins 5 to 13
were chosen as the non-pulsed background region, yielding
a value of 633,670 + 265 counts per bin as the average non-
pulsed background. Similarly, bins 1 to 4 inclusive were
designated as the interpulse peak region and bin 14 as the
main peak region. On this basis the interpulse peak contains
4494 + 2251 counts and the main peak contains 1845 + 1126
counts, which implies a total pulsed count (main + inter-
pulse) of 6339 *+ 2517 counts and a ratio of. interpulse in-
tensity to main pulse intensity of 2.4 ill.9.

This measured nuﬁber of counts must be corrected to
the top of the atmosphere, which required the following
corrections to the data:

(1) Corrections were made for electronics deadtime
losses. Tnese included buffer losses iﬁ the'flight elec~
‘tronics as well as multiscaler deadtime losses obtained in

the pulsar anzlysis.
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(2) Corrections were made for the attenuation of

" material sumround:mfr the central spectrometer; namely, the
1 g/cm? thick charged particle shield, the pressure sphere
(~0.2 g/cmg thick), and the foam-insulation surrounding the
pressure sphere,

. (3) A correctioh was made for atmospheric attenua-
tion.. In calculating the third correction, the counts at a
depth of 3.5 g/cm2 weré corrected to zero g/cm2 atmospheric
depth assuming that the detector was positioned at an average

zenith angle (from the vertical).of ~30° ‘throughout the data

l\)

‘interval. (This angle actually varied from about 45° to 1

V)

during the interval). The atmospheric thickness between N

Hh

0532 and the detector was obtained from the calcuiaulons o
PRESSLY (1953) for an atmospheric depth of 3.5 o/cm (rv 3
km) and zenith angle £ = 30°. This thickness, ~ 4 g/cm ,

o

.2

was then used in the gamma ray attenuation calculation. The
atmospheric attenuation was calculated for a photon energy
of ~ 620 KeV, which is the weighted mean energy of the LER
region using an E7~2 weighting function. |
'The time-averaged pulsed photon flux was obtained

from the equation:

\ £ ‘
F(LER) ObS__corr photons cm_zsec-l, . V-1
P_AT
1
where Nobs = the sum of the observed main and 1nternulse
counts,
£ oy~ factor which corrects data to zero g/cm2
© atmospheric depth (1.60),
§l = average weighted detection efficiency for
photons in the LER (see Appendix C),
A = effective spectrometer area presented to NP
0532 during data interval (~670 cm?Z),
and T = total data accurmulation time used in pulsar

analysis (12,000 sec).
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Using equaﬁion V-1 the time-averaged pulsed flux -
from 250 keV to 2,3 MeV was found to be '

F(LER) = (1.44 + 0.57)x10f3 photons em™2 sec™l.

~ .For cOmpafison with other measurements of NP 0532 it is
convenient to convert this photon flux into an energy flux, I(E)
'(keV/cm?sec keV) valid in this energy interval, At this .

time no spectral information had been obtained from the data,
No spectral shabe was assumed .in making this'calcuiétion.

Instead, an average pulsed power, I which would give the

. AVE’
observed integral pulsed photon flux in the LER energy

"region, was calculated. The average energy flux is defined

by

£y o B
F(LER) =U/- (I(E)/E)AE = I,.o \/r dE/E,
£ )

where E, and E, are the lower and upper threshold energies

1 2
respectively for the LER.

Thus,

_ F(ER) | )
Ipyg (LER) = In(E,/E,)" ~ v-2

From equation V-2 we obtained
Ly (UER) = (6.49 & 2.57)x10"% keV cm 2 sec™t kev T,
These results, valid in the energy region 250 keV -

2.3 MeV were published by the author and co-workers (ORWIG
et al., 1971).
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5.2 Snectral Results for Energies > 250 keV

‘ Following this initial success with the measurement
of a positive contribution in one energy window, it was de-
cided to subdivide this energy interval in an attempt to
obtain spec:tral information. Also, the search was extended
toyenéf@ies > 2.3 MeV using the HER pulse height data ob-
tained oh the same flight. The LER was therefore subdividea
into two separate energy bins, LER A (250 keV - 725 keV)
and LER B (725 keV - 2.3 MeV). The division was made at an
énergy of 725 keV for two reasons: (1) subdivision at this
energy would yield approximately equal counting rates for
LER A and LER B, resulting in similar statistical accuracy
for each energy bin, and (2) subdivisioh at this energy was
easy to accomplish instrumentally with the pulse height ce-
coding electronics. LER A thus represented channels 0 to 63
inclusive of the LER.pulse height spectrum, while LER B
consisted of channels 64 to 250. The HER pulse height in-
formation was treated as an integral rate above 2.3 MeV.
With this subdivision, three spectral points coculd be ob-
tained in the region above 250 keV. In addition to these
energy intervals, a small window about the 511 keV annihil-
ation line region was also chosen to search for an erhanced
" pulsed contribution due to annihilation radiation. This
window extended from 450 keV to 550 keV (the full width at
one-tenth maximum points of the photopeak response curve for
511 keV radiation.) o

A complete superposition analysis, exactly similar
to that described above for‘the LER search, was repeated for
each of the Zour separate energy intervals. Figures V-3
through V-& sh:ow the phase diagrams obtained at a synthesized

period of 33.112312 ms and at an off-period value for each
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energy bin., Figure V-7 contains the x2 vs. test pericd
distribution obtained for each of the four energy intervals.
To provide a consistent approzch to the analysis of these
energy intervals, the phase diagrams at a period of 33.112312
ms wére chosen as the most representative plots. Phase
plots at this particular pericd value were pickéd because,
(l).the pezk in the LER x? distribution occurred at this
pefiod, and (2) within the error of ouf~period célculations,
this value is equivalent to the apparent pericd of NP 0532.

What is immediately noticeable from viewing the
complete set of phase diagrams (not shown here) for these
~subdivided energy intervals is the high degree of varizbil-
ity in the phase profiles, except for the LER A data. This
is a result of the decrease in signal to background for the
LER B, 0.5 MeV and HER intervals. This is evidenced by the
fact that the phase diagrams vary a great deal depending on
how the channel grouping was performed to obtain the 2 ms/bin
phase plots. Hence, the pulse shape information is much less -
definitive than obtained for the integral LER window.

'As Figure V-7 shows, there is no strong evidence in
the XZ distribution for nonstatistical fluctuations at the
expected apparent pulsar period for the LER B, HER, or 0.5
MeV data. In the distribution for LER A, however, a peak
does appear near the expected pulsar period. The peak has

its maximum xz value at a period of 33.112312 ms, in agree-

i
2 e
value otf

ment with the prévious results for thé LER. The x
35.6 at P = 33.112312 ms represents a << 0.1% chance that the
LER A data could be explained by normal statistical fluctua-
tions. This indication is confirmed by the phase diagram
which shows clearly the two peaks, a &.00 interpulse and
2 3.10 main pulse, 'Although the absolute time alignment is

not quite as good as the LER case (the peaks appear to be
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shifted 2 ms toward earlier tiﬁés), the pulse separation is
still found to be 13 # 2 ms. '

From the LER A phase plot, channels 5 to 12 inclusive.
were chosen as the non-pulsed background region. Bins 1-4
~were selected as the interpulse regilon, with bin 13 being
the main pulse region.l Theése choices for the peak regiéns
gave 2657 + 1802 counts and 1960 + 901 counts for the inter-
pulse and main pulse respectively. The total pulsed area is
L617 + 2015 counts and the 1nten31;y ratio of interpulse to
main DuT“: is calculated.to be 1.3 + 1.11." Using equations

.analagous to V-1 and V-2 (with P2-= 0.90 repliacing P,, f =

1’ “corz
1.83, N, o = 4617 + 2015 counts, and the other parameters
the same), the time-averaged pulsed photon flux from 250-
725 keV was found to be

F(LER A) = (1.20 + 0.52)x 10™> photons cm 2 sec™

and the average pulsed power,

IAVE(LER A) = (1.1§.j_0.50)x 10-3 keV cm-2 sec ~ kev T,
These results are listed in Table V-L.

Although the IER B phase plot contains some indication
of a-small contribution at the proper absclute times, there
is no contribution above 20 in the entire expected inter-
pulse fegion. The xz distritucion does not indicate the
presence of any unusual fluctuations. Also, the sum of the
contributions in the expected peak regions is less than a
26 eifect. Consequently, the results for this energy.bin (

-

are reported as upper limit fluxes.
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The 2¢ upper limit flux 'valid at zero atmospheric

depth is givea by

? 1 e ”- -
r< (nf\AVE) 1/2 exp(ud) photons cmvzlsec 1, V-3
AP,T

3

whefe F = the upper limit photon flux in the LER B energy
interval, A = the effective crystal area facing the source,
§3_= the average detection probability for LER B (0.68 from
Appendix C), T = the length of the data interval (12 000 sec),
n = the number of phase bins choseén as the total peak region
- (5), LAVE = the average number of. counts/bin from the LER B
phase diagram at P = 33.112312 ms, anc £ = the correction
factor for deadtime losses and attenuation in the surround-
ing material (1.2). The term e corrects the upper limit
obtained at 3.5 g/cmz atmospheric depth to the top of the
atmOSphere. Here, u is the attenﬁat;on coefficient (0.057
cm /g) for photons of energy equal to tne mean energy of

the LER B interval (~1.2 MeV), and d is the average atmos-
pheric thickness (~4 g/cmz) between the detactor and the

Crab Nebula. The time-averaged pulsed power is then given by

F ' ~ =2 -1 -1
S T V Kk -4
IAVE S ln(EZ/E1> keV cm sec eV V

where F is given by équation V-3 and El’ E2 are the lower
end upper energy thresholds for LER B (725 keV and 2.3 MeV
respectively). The resulting upper limit fluxes are shown
in Table V-1,

The HER phaée diagram shows strong evidiznce of a
doubIe peak occurring at the proper arrival times for pulsed
emission from NP 0532. 'Also, the pulse shape features are

in qualitative agreemen: with the main and interpulse peaks .
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or < 2.28x107"
(FrO! 2.3 - 100 MeV)
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obsecrved for NP 0532, ﬁowever, ncither peak extends éc

or more above the average number c¢f counts/bin. This fact
is supported by the lack of a featufe in the x4 distribution
at or near the period 33.112312 ms; as seen in Figure V-7.
4Lithough the indication of a positive .pulsed contribution is
/quité.sﬁfong from the HER phase diagram, the effect is < 2¢
and cannot be strongly supported statistiﬁally; We have ar-
bitrarily chosen the 2¢ , or 957 confidence level, as the
dividing line between a ycs or no decision on the presence
of a source contribution.in this thesis. Adhering to this
choice, we have quoted the HER result as an .upper -limit at
the 20 level.

The HER represents an integral energy interval exz-
tending above 2.3 MeV. An equation analogous to equation
V-3 was used to obtain the upper limit integral pulsed
photon f£lux above 2.3 MeV. To obtain the correction to
zero g/cmz'atmOSpheric depth, the attenuation coefficient
for az photon energy of 8.9 MeV was assumed to hold for the
entire EER. The results of this calculation are also shown
in Teble V-1. To obtain the average pulsed power upser
limit, two methods were chosen. The necessity for methcds
other than that used for the LER B data can be seen Ifrom
equation V-4. Since the HER is an integral channel extend-

'ing, in principle, to E =0, a calculation ol iAV“ for the

L .
FER would require the choice E, = co which implies 1 EER) =

2 . AVE<
0. However, we know that the use of an average value for
I{E) in an unbounded energy interval is meaningless. Hence,
- other zpproaches are needed, E
The first estimate assumes that the pulsed power spec-

trum varics as a power law in energy with a spectral index

of =-1.0 (Z(E)EE = kE "dE). KXnowing the upper limit pulsed
photon flux we can calculate the maximum value of k from
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fhe relation

o ,
F(ESE ) = j IE) 4,
i . 0 E
{ ’ E
(o]
/
! .
or F(E>Eo) =k f E"24E = k/Eo,:

where E0 = 2,3 MeV., From the HER upper 1iﬁ}it_: photc'm’flux.
we obtain k < 1.97 x 107> kev cm > sec™t kev L,

The second method uses the fact that there is an
efficiency'rolloff for the present detector. We can there-
fore use an effective upper energy efficiency cutoff in
equation V-4, Using the €, curve from Figure F-3, this
energy was chosen to be ~ 100 MeV. Using this choice for

E2 in equation V-4 gives

I,yp (ER) < 2.28 x 10"% kev em™Z sec™t kev™t

" from 2.3 MeV to 100 MeV. Note that these two upper. limits
agree at the mean energy of the interval (~9 MeV).

. In the search for an enhancement at the 0.5 MeV
annihilation line region no evidence was found from either
the phase diagram or the x2 distribution for a measurable
contribution above statistical fluctuationé. 20 upper
1imits were calculated using equation V-3 with a photopeak
detection efficiency at 0.5 MeV = 0.786, and with El = 450
keV and E, = 550 KeV. Note that this upper limit is con-

2
'sistent with the positive measurements in LER A (see Table V-1).



5.3 Diécussion of Results

The present spectral measurements for KP 0532 are
plotted in Figure V-8 along with previous measurements by
other groups. It is immediately obvious that the present

/reéult§;are inconsistent.with those of HILLIER.et al. (1970).
Qur régults are nearly an order of magnifude below his if
.his resulcs are extrapolated to our LER region. A XZ
statistical test of our data using a two. peak model with
the peak shapes the same as those in the X-ray region has
shown that there is <<0.01% chance that the present data
would allow a pulsed photon flux as high as HILLIER quotes.
Note that in his results the E -0.7 spectral shape shown in
the figure was assumed, not measured, since his detector
only measured an integral rate between 600 keV and ~ 9 MeV
(HILLIER et al., 1970). 1In fact, his data would imply that
the pulsedlcomponent of the total Crab Nebula emission rep-
resents the entire emission sbove ~ 500 keV. The present
experiment measured a pulsed emission only up to 725 keV,
and the results are not inconsistent with an extrapolation
of the pulsed measurements at lower energies with no change
in spectral index. However, we can not exclude a possible
‘flatterning of the pulsed spectrum above 725 keV from the
present data. We can, however, calcule:z. .. uinimum value
which the spectral index can have and still be consistent
with our upper limits above 725 keV. An energy‘flux spec~

trum as flat as I(E) = sp=02

keV/cm? sec™t keV ' zbove 725

- keV would be consistent with the present data. This would
imply a sharp brezk in the pulsed spectrum, and appears
highlvrunlikely because it would be inconsistent with the
high energy upper limit measurement of SHARE et ai. (1971)

and a positive obsexvation by BROWNING et al. (1971) tnless
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a quick steepening of tﬁe spectrum occurs. Note that the
early spark chamber measurements by KINZER et al, (1970) in
which a positive contribution was feported have been revised
by the authors to an upper limit (SHARE et'al.,‘l97l) as in-
dicated oﬁ the graph. This upper limit resulted from a
/GCeat of the data analysis using a smaller angular window
about the direction of the Crab Nebula. Very recent meas-
urements of the pulsed emission of NP ‘0532 by VASSEUR et al.-
(1971) are consistent with the publlshed results above 50
MeV. | They saw a small pulsed effect, but below the 2¢
level, and therefore quoted their results -as an upper limit.

Above 725 keV our data is entirely consistent with
the measurements of KURFESS (1971), whose experiment was
nearly identical to the present one, the major difference
being the fact that he has .~ 15 hrs of data viewing the Crab
Nebula compared to our 4 hrs. However, the‘present measure-
ment in the region from 250-725 keV (LER A) does not agree
with KURFESS! results for his lowest energy bin (100-400
keV). His positive observatlon is higher than ours and is
also higher than the results of FISHMAN et al. (1969b) in
the same energy region. However, FISHMAN!'s results were
uncorrected for detector efficiency. Note that the results
of KURFESS also indicate that HILLIER!s result is anomalously
‘high. .

As mentioned earlier, the interpulse to main pulse
intensity ratio for the LER energy interval, 250 keV to 2.3
MeV, is 2.4 + 1.9. This is consistent with the trend toward
ra more intense interpulse peak as the photon energy increases
(see Table I-1). This is larger than the value observed
below 100 keV and is further evidence that the spectrum of
the radiation comprising the interpulse peak is harder than

that for the primary peak.
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Note that above 600 keV no measurements of the
steady Crab emission exist. In fact, above 100 keV the
pulsed flux is more accurately measured than the total
emission. 1In order to make a statement about the fraction

~of emission of the total Crab flux for our pulsed fluxz re-
sults, we must make an assumption about the steady Crab
flux. We have assumed that the steady Crab flux continues

2 - - -
2.2 photon ¢m 2 sec 1 keV 1

to follow the spectrum 10 E~
~above 500 keV. On this basis our pulsed flux from 250 to
725'keV.represents 15.2% + .6.6% of the total Crab flux.
-This 1is roughly equivalent to that observed in the hard X-
ray regions below 100 keV; but disagrees with the result
given by KURFESS (1971) from 100 to 400 keV. To see how the
present results compare to thé previous measurements, Table
I-1 gives an up-to-date listing of the published information
on the characteristics of NP 0532.ﬂ With regard to the ratio
of interpulse intensity to main pulse intensity, the present
result is in agreement with the general pattern toward an
increasing ratio. Also, the LER A result of 1.36-+ 1.11 is,
within étatistical error, in agreement with this trena. Hew-
ever, our results for the percentage of the total Crab radia-
tion that is pulsed appear to disagree with the trend. The
‘present results would predict a levelling off of the per-
centage pulsed flux in contradiction to the results of
SMATHERS et al. (1971) and KURFESS (1971).

However, the marginal statistics in the present
experiment force us to be very conservative when detailed
information, other than just the existence of a pulsed
component, is sought. This is evidenced by the large statis-
tical errors attributed to the results. We can therefore
not attach a great deal of significance to a result such as

the percentage of the total Crab flux that is pulsed, es-
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pecially since the total Crab flux used in the calculation
was only estimated and does not represent a measured quantity.

The upper limit for the contribution of pulsed an-
nihilation line radiation at 0.51 MeV is consistent with the
positive pulsed flux observed in the lowest energy bin of
the present experiment. This result shows that there is no
strong pulsed contribution from electron-positron annihila-
tion processes in the emitting region. This upper limit is
also consistent with a similar‘upper 1imit obtained by
FISHMAN et al. (1969b) for the 0:51 MeV line flux from the
steady Crab. '

5.4 Summarvy

To summarize the results of the present experiment,
~ the following statements can be made:

(1) The Crab  Nebula pulsar NP 0532 has been found
to be an emitter of pulsed radiation in the energy region
from 250 keV to 725 keV. Above this energy there is evidence
for a pulsed effect, but not above the 95% confidence level. -
Our confidence that we have observed pulsed radiation with a
non-directional instrument is based on

(a) the characteristic phase plot at the expected

‘apparent period for NP 0532,

(b) main pulse arrival time,

(c) main pulse - interpulse separationm,

(d) approximate pulse shapes on the two peaks, and

(e) the indication from the x 2 analysis.

(2) The time-~averaged pulsed energy flux from 250

- -7
to 725 keV was found to be (L.1& + 0.50) x 107> keV cm

se;-l keV-l. Above 725 keV the upper Zimit calculations



gave the results shown in Table V-1,

(3) The ratio of interpulse intensity to main pulse
intensity in the energy range 250 keV - 2.3 MeV was found to
be 2.4 + 1.9, This result indicates that the radiation
spectrumifor the interpulse continues to be harder than that

/for-ﬁh§ main pulse. ' ‘"

- iﬁi(4) The present spectral measurements of the pulsed
radiation are not inconsistent with an extrapolation of the.
lower energy measurements with no chaﬁgg in spectral index.
The present results do indicate that thé time-averaged
pulsed energy spectrum must decrease with- a spécfral index

at least as large as -0.5 above 725 keV.

(5) Our results are clearly inconsistent with the
published results of HILLIER et al. (1970). A x° enalysis
on our LER data indicates that there is a <<0.01% probability

. that our results would include a flux as high as that given
by HILLIER. The present results are consistent with most
measurements at energies both below and above our energy
region, except with the result of KURFESS (1971) from 100-
400 keV.

The present results are not conclusive enough to
make a positive statement about the spectral shape above 700
keV. Further measurements are required to clear up this
question. The  results do indicate that the pulsed contri-
bution is continuing to becomz a larger component of the
total Crab emission at these higher energies. Uﬁfortunately,
much more work must be done on both the steady and pulsed

-Crab emissions before the spectral shape is known with suZ-
ficient accuracy to make statements concerning what emission
mechanisms are operating. No pulsed line contributions have
been observed in any cnergy wregion as yet. This indicates

that only continuum~producing source mechanisms are opexras’n
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3y
in the source region and may indicate a common process which

could produce the observed emissions in all wavelength
regions.

Improvements In tHe present measurements can be
rade in two ways, (1) increasing 'the observation time by
further flights of the present detector, or (2) change the
detector system in order to improve its signal-to-backzround
ratio, Improved statistics can be obtained most efficiently
by improving the signal-to-background ratio because the
signal varies linearly with time whereas the noise varies
as the square root of the observation time. Hénce, a pro-
gram of further flights with the present instrument.is not
the most efficient way of improving the results as the noise
is decreasing only as the square root of the time. .

Improvements to the present flight instrument can be
made in the area of background reduction. This could be ac-
complished by. the use of‘selective active shielding to
achieve a gamma ray telescope type of detector and decrezse
the contribution to the gamma ray background from atmospheric
secondaries., In addition, most of the atmospheric neutron
background could be removed by using the pulse-shape dis-
crimination (PSD) technique with the present crystal. Al-
though neutron effects are not expected to be large in the
present experiment (see Appendix D), their removal is an
obvious improvement to a gamma ray experiment.

Whatever method is used to improve or extend the
present measurements, it is clear that further measurements
in the low energy gamma ray region are needed to obtain more
definitive information on the pulsed spectrum of NP 0532.
These measurements, however, should not necessarily be
.limited to the sulsed emission of the Crab Nebula, for any
positive gamma ray measurements in the energy region fronm

100 keV-10 MeV could have muach astrophysical significance,
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APPENDIX A
GAMMA RAY PRODUCTION MECHANISIHS

1. TIntroduction

In Section 1.1 we noted that positive cosmic gamma
ray measurements could tell us ﬁuch about cosmic rays, inter-
stellar matter, magnetic :ibids, aﬂd other parameters of
gamma ray source regions. This Is so because the astrophys-
ical processes which produce gamma radiation depend directly

»  on these quantities. To understand this dependence, we must
consider the possible mechanisms by which.gamma rays can be
produced on an astrophysidal scale. 1In this appendix I wich
to discuss the major gamma ray production mechanisms, point-

ing out the important features of each particular modz of
gamma ray production. More deteiled descriptions oz the
processes can be found in HEITLER (1960), GINZRERG and

- SYROVATSRII (1964), GINZZERG (1967), ROSSI (1952), SHXKLOVSKY

(1960) and STECKER (1971;. .

2. P vcetion Mechanisms

bosigyla
sbaalalt

Hh
[(]¢]
m

Basically there are two general categories o
ray producing interactions, 1) those processes which produce
a continuum spectrum of gamma radiation, and 2) those pro-
cesses which yileld monoenergetic gamma rays. Neither categor

more important than the c..ir since both types are capab-e

A o I
th O

yielding informatiocn zbout the source parameters.
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, We shall consider the following mechanisms, which
are effective producers of photons in the gamma ray enerzy
region. ‘

1) Continuum Emission

a. Bremsstrahlung

b. Inverse Compton effect

c. Synchrotron radiation (magnetic bremsstrahlung)
d., Gamna rays produced in 7° decay

2) Line Emission

a. Pair annixilation of et and e~

b. Decay of excited nuclear levels

Bremsstrahlung

- Bremsstrahlung radiation is the radiation emitted by
a charged particle during its deceleratiocn in the Coulomb fields
of nuclei, This radiation can be produced by cosmic rays
bombarding the interstellar gas or can occur in dense source
regions where high energy particles interact with the nuclei
in the source region. 'For these inelastic interactions, in
ény given deflection by a nucleus, the incident particle can
radiate any amount oI energy up to its totai kinetic energ
T. Hence all radiation frequencies are allowed up to & maxi-
mum frequency given by Vo= T/h, indicating that high enerzy
photons can be produced in this process. The derivation of
the cross sections for this process requires a quantum mech-
anical treatment since the process involves the interaction
of the incicent particle with the nuclear field and the elec-
tromagnetic field of the emitted photon.

In the case ¢f non-relativistic electrons in the field

of a nucleus oI charge Z, the bremsstrghlung cross seqtion is

given by (STECXER, 1971)
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‘5. (E E )dE = -—-—Z —e—,.. z— i o : ‘ (o}
3 12 Zz = ) ——
b 4 4 L3 mOC n7 o E7 nuc:ieus

where my, €, T, and E are the rest mass, charge, kinetic
energy, and total energy respectiyély, of the ‘electron, 37 =
the ‘emitted photon energy, and Z = the charge of the 'scatter-
ing nucleus. This exp:e331on gives the differential cross
section for the emission of a photon of energy between E7
and Ey dE7 by an electron of klnetﬁc energy T and. total
-energy E =T + mocz. .

For the scattering of heavy particles with charge ze,

mass M, kinetic energy T, and total enexrgy E = T + Wcz, the

expression becomes

r / - 1/2 2
o, (E,E)dE =..1__ “2> zz/:flc'z 1n | +(T-E,) 7@:
by Ty ey 137 Mc \E E <2
7 - Ty ]
2
c
/ nucleus

b

' . . 2 ;2 e
Hence, the cross section veries as Z°/M° where Z is the
nuclear charge of the target nuclei and M is the mass of the

. s . . 2 s
incident particle. Due to this 1/M" dependence on the inci-

'.

dent particle mass, radiation by electrons is by far the most
predominant process (the cross section for proton is nearly
4 x 10° times smaller). The 72 dependence shows that this
prccess is much more likely to occur in higher Z materials
and thus will most likely occur, for example, in source

regions where the density of higher Z nuclei is 1aroe.

NP 2 1/3
For relarivistic electrons (m c <<E<<137 = ¢ /Z / )
the radiative cross section becomes
. / ‘) ‘E .7
o r 2\ 2, A T
cb(E,m‘)cmy =137 5 Z° 1z 7 "3 % eTaos
/ \m C‘— mc-— / 7 E S - - by
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and in the ultrarelativistic case E»127 3002/21/3) we have

' 2 VT dE_= 2

. 4 :/ e 2 ; /3 = cr

6. (£,E_)dE_ = —i= z° 1n (1837 /7 - L EH
b= 7) Yy 137 Km c n (183, * 1/18) E_  "nucleus

(STECKER, 1971). Ti:. equation can be written in the form

where M is the mass of the target atoms (gm)-and <X is
defined as the average racdiation length (in g/cm?) for radi-

ative losses in the medium,

-1 2 ) \2. ‘
oy b rzon[e2 Y 1/3
.<<4r>- =137 \ i /! : 02/ In (183/2 + 1/18).

. N . .')
For interstellar matter (90% 1, 10% He)'<Xr> ¥ 65 g/em.
, The 1nten31ty o:Abremsstrahlung photons is given by
(GIVZBERG 1567)
L co . o
dr f n(z) cb(E,Ey),Ie (E,H?)dE

s

)
7

-
Ib(Ey) = j
(o)

photons (cm2 sec sY MeV)-l, where Ie is the electron intens-
ity (electrons/cm sec sr MeV), and n(¥) is the atomic con-
centraticn (nuélei/cm ) at a position T in the scattering
region. ,

Using A-1 aund assuming that Ie(E,g) is independent
of ¥ we obtain

| i T (E)dE
Ma(L 2 , oy —1
I () = f hot n“ se MeV
5\ 7) K> J photons (gm sec sr MeV)

4 : A-2



where L
n(L) =f n(¥)dr.
o

Such bremsstrahlung radiation is gencrally emitted
.into an angular region of the order of mocz/T about the
‘diréctionlof the electron. Hence at low electron energies
the fadiation,can be emitted in any direction, while at
relativistic and ultraelativistic energies (mocz/T<<1) the
emitted radiation is highly peaked in the direction of
motion of the electron. . S 4

As equation A-2 shows, the resulting gamma ray
bremsstrahlung spectrum depends strongly on ‘the inltial elec-
tron energy spectrum Ie(E,f). Hence, a measurement of a
“bremsstrahlung spectrum gives information about the initial
electron energy distribution in the scattering regionl For
bremsstrahlung of extragalactic o?igin, cosmological red-
shifts will modify the gamma ray spectrum. Such cosmological
effects are considered in detail by STECKER (1971).

The important parameters of this electron bremsstrah-
lung redistion mechanism are:

(a) A continuum spectrum of gamma rays is produced,
up to an energy equal to the highest electron kinetic energy,
Tmax' The resulting spec¢tral shape is strongly dependent on
the initial electron energy spectrum.

(b) The bremsstrahlung cross section varies directly
as the scuare of the charge of the scattering nucleus and
inversely as the éroduct of the emitted photon energy anc
the square of the incident particle mass (crvzz/MZEy)..

(¢) TFor relativistic electrons the radiation is
enitted within a cone of angle mocz/T about the direction

o0f the electron.



(d) A power law clectron spectrum of the form
Ie o ETT will produce a power law gamma ray spectrum with

) - -~ —r
the same spectral index, Ib(m7)¢chy .

Inverse Comoron Effect

In this mechanism hl”h energy electrons scatter with
low energy photons y;eldlng higher energy photons. The
process is the inverse of the normal Compton effect which
refers to the scattering. of photons by electrons at rest.

iewed in the rest frame of the electron, the inverse pro-
cess looks icdentical to:Compton scattering, which is des-

cribed by the Klein-Nishina formula. When transformed to
the cosmic frame of reference the photon receives a portion
of the electron energy. The amount of energy transferred '
can be large enough to create gamma ray photons (L > 100 keV).
In general the  scattered photons have a range of energy
values, even for incident electrons and photons of fixed
energy. This is due to the many combinations of values which
the angles of incidence and scattering can have. For an
electron of energy & = 7moc2 and photon of energy e, the
scattered photon energy is given by

726f1(5,a,a¥)

E = =— — A-3
V4 lv(ye/mocé)rz(a,a,et)
; . 2.-1/2 .
where B = v/c, v = the electron velocity, 7 =(1-57) , and

f1 and f2 are dimensionless functions containing the depend-
ence on the scattering angles a,a', and 8! (see STECKER, 1971
for the definition of these angles).

| Wnen conditions are such that 7ekm CZ; equafion A-3
\gives E/,é 72e (7€<<m c ) In this case the Klein-Nishina

cross section recuces to the non- relael istic Tho ompson Ccross

section
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‘ N 2 2 2
o > a,, = (8:/3) (" /m_c )2 cm
T o]
In the extreme relativistic case, 7e>>moc2, the cross section

becomes

mc
6o ﬁ(ez/mocz)? (fg—fj(l/Z + 1In (2e/moc2)],
and the resulting photon energy approaches E7n47mocz = E,
the initial electron energy. When 7e<<n%c2, the differentizl
cross section for the production of a gamma ray of energy E
by Compton scattering is a COmpllcated expression and is
given by GINZBERG and SYROVATSKII (1964). The mean gamwma ray

energy is
. -
E> = 57K

where the symbol <> denotes a mean value. This relation

shows that gamma rays from 100 keV to 10 MeV can be procuced

c
8 Low 1062
by electrons in the energy range 1.4 x 10° eV to 1.4 x 10
eV when scattered off of starlight (Le> ~ 1 eV).
Using these cross sections, the average time rate of
- 2 e .
energy loss that an clectron of energy E = 7m C” suifiers in

Compton scattering with low energy photons

32W f uz \
> \nc?)

where > is the energy density of the photon field (eros/cm ).

c72p ergs/sec

-(dE/dt)c = 5

" The total gamma ray production spectrum is given Dy

1 co
I(Ey) r dr J/\ éE I (E,?)‘)( de n 11(e T) (La,u,c) photons
o E o
7 (cm2 sec sr MeV) l,
vhere nD.\-,:) is the initial ohoton density distribution

3 - . .-
(pno;ons/cm MeV) and I _(Z,r) is the electron intensity dis-

(o]
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tribution (electrons/cm? sec sr MeV). GINZBERG (1967) has
valuated this expression for the case of a power-law elec-
Eron 5p¢ctrum'Ie(E) = Ke-iI *electrons/cmz sec sy MeV. Using
& simplified form for G(E7,E,e) and assuming that all scat-
tered photons have the average photon energy ‘<E7>’= %Yg<e>,

he obtains a gamma ray intensity of

-(T+l)/2.

KE

hn L o2 V2. oii-r fo YOTD/2
(e (~ ) “phy

= ; ol €
cy 3 A/ 3
2 N -1

photons (cm” sec sr MeV) ~,

where L is tqe effective pathlength for gamma ray production,

and nph = 'J[\nph(e)de. A power law electron spectrum of
o :
index, T , therefore produces a power law gamma ray spectrum

of index ( T+1)/2.

The important features of this gamma ray production
process are:

(2) ©Photons of gammz ray energies can easily be
produced. The typical photon energy is ~<n’>~/2€.

(b) The mechanism yields a continucus gamma ray
spectrum. |

(¢) The resulting gamma ray spectrum depends direct-
ly on the low enexrgy photon number density in the source
regicna. \

(d) A power law electron spectrum produces a power

law photon spectrum by the inverse Compton process.

Synchrotron Radiation

A third process which produces a continuum photon
spectrum is the synchrotron mechanism (or magnetic bremsstrah-
lung) whereby a high energy eleciron radiates electremagnetic

radiation in the preserce of a magnetic field which has a
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component in a dlrcc“~on perpendicular to the electron
velocity., (Only electrons are considered since they are by
ifar the strongest radiators, as will be seen). The synchro-

tron process is considered in sreat detail by SHKLOVSXIT

{(1960) and GINZBERG (1967), and only the salient features of

the mechanism are given here.
Thié process is the relativistic analog of cyclotron

radiation by non-relativistic electrons. Recall that in
cyclotron radiation the electron describes a circular (or
helical) path in the field and radiates at a monochromatic
frequency of w, = ed. /m ¢ where H. is the component of H
perpendicular to the elec*“on velocity. The charged electron
radiates because it is accelerated by its movement in the
magnetic field. For relativistic electrons the situzction

is modified. The electron (of energy E) gyrates about the

magnetic field (macnltuce ) at a frequency of

/m c2

eH 0 ;
(4] = R
H m,C E /

This result assumes thet H is homogeneous znd constant (taa

et

variations in H zre small over one electron orbit). The

total power radizted in the form of synchrotron emission by

a particle of charge Z, mass M, and total energy E, is

é .
, () 2y2
PE) = 3 53 = [(E/Mc™)® - 1] erg/sec.
. M ¢

We see from this equation wny electrons are the most pro ::;c
radiators. Since P(E)'VI/M', an electron radiates (x/m )“~'
4 x 106 times as much power as a proton with the sa...e'E/l\L_2
ratio. An electron of ercrgy E = 7moc2 suffers synchrotron

energy losses at a raie given by

——r
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-(dE/d’C) =

sync

whare Py = H2/8ﬂ i1s the magnetic energy density, 7 is the
Lorentz Zfictor for the electron, and ¢ = the speed of light.
C ' To. obtain photons of gamma ray cnergies from this
proccss o e needs ultrarelativistic eléctroné (E>>moc2).

We Lnererore confine oursclves to this case. Tor ultra-
relativistic electrons the directional'radiation 11teﬂsvty

is peaked sharply in the direction of ;he electron velocity
vector, being emitted within a cone of angular width A9 ~

2 . - R -
m ¢ /E. "An cbserver will see sharp ”WIses of radiztion of

duration
mc {mbc 9
At ~ aH, \E / = (me/eH, )" (1/77),

where H, is the component of H perpendicular to the electron's
b

circular motion. When rourler analyzed these Gtursts contain

a nearly continuous f&equency spectrum up to a critical

-

frequency of )

VS .<eH_,/moc>~/2
A rigorous solution for the emitted frequency spectrum shows
that the frequency of maximum emission is ,mmn40,29 LI At
mc'the spectrum begins to drop off sharply. lthough there
is a continuum of emitted frequencies it is useful to charac-
terize the emission as occurring at the frequency v, which

~

corresponds to a photon energy of
E (v) w~ (enH-/m c)72
rr el o

equation shows theat to obtain 0.1-100 MeV paoctons in &

10 © gauss field (interstellar space) waquires electron
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energies of 7 x 10%%

eVV<Ee<:2 X 1016 eV.. In a neutron star

environment where H, may = lO4 gauss at the velocity of
light cylinder, we‘zén obtain synchrotron gamma rays from.
0.1-100 MeV for electrcn energies of 2 = 1010 eVL<EL7 xolOll
eV, Electrons of these encrgies very iikely will exist in
~ rotating neutron stars. (GOLD, 1969; GUXN and OSTRIKER, 1969).

. Synchrotron emission is characterized by the fact-
that (1) the emitted radiation is largely confined to the
piane containing the electron!s. circular motion, and (2) the
emitted radiation is strongly.polafized. The radiation of a
single electron is generally elliptically polarized (with a
very large eccentricity) in a plane perpendicular to the ob-
servér;s direction (GINZBERG, 1967). For a svstem of elec-
trons in a vacuum the highly beamed radiation is lirnearly
polarized in a plane perpendicular to the direction of the
observer,

If the energy spectrum of the radiating electrons

is a power law

then the resulting synchrotron radiation spectrum will kave

the forna

I (E)) « E_~% photons (cm? sec sr Mev)'l,

sync 4

where

a=( T+1)/2.

Note that this powef law dependence is similar to that ob-
tained for Ccmpton radiation. Because of the large electron
energies required to obtain gamma ray radiation from this
ﬁechaniSm, synchrotron radiation is most predominant ac

radio frequencies where the radiation can be produced by
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lower-energy electrons (Ee ~ 108 - 10lO ev).
‘ In the above discussion we have considered the case
of relativistic electrons in a vacuum to obtain the general
characteristics of the synchrotron mechanism. In many cases
the influence of the medium is important, especially in super-
nova and stellar atmOSpREreé where dense plasmas can cﬁange
the cha acter of the radiatior. Other radiation processes
can occur and become significant. For éxample, in a plasma
electrons which are traveling faster than the phase velocity
of electromagnetic waves in the plasﬁa caﬁ fadiate by the
‘Cerenkov mechanism. In the presence of media ‘the bremsstrah-
lung and inverse Compton processes can become compe ing
production processes, ‘

' The characteristics of the synchrotron mechanism can
be summarized as follows: '

(a) The emitted radiation has a continuous spectrum
up to an energy of the order of Ey(wc) = (ehg;/moc)yz.with
the maximum intensity of radiation occurring at an energy

~ -
E)'max = 0.29 :,‘_(u ).

(b) The radiation is highly beamed within an angle
A8 = m ¢ /E in the‘di:ection of motion of the electron (o
total energy E).

.(c) The emitted radiation is highly polarized
(linearly polarized for a system of radiating electrons in =z
homogeneous magnetic field) in a plane perpendicular to the
observer!s direction.

(d) A unique relation exists between the electron
energy spectrum and the TYesultin ng synchrotron photon spectrun.

£

A power law electron spectrum (of index T ) procduces a power

law photoa intensity spectrum witl: spectral index a = (T +1)/2.
(e) This mechanism is the only one where a charged

particle can produce zhctons in a vacuum. The bremsstrahliung
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and Compton processes require matter with which particle

interact.

7® Production and Decay

The other major jamma ray production mechanism is
the electromagnetic deday of neutral v-mesons (v° - 7+75
Ieading to a continuum spectrum of photons. This is a rather
prompt decay. process, having a halflife of 2 x 10_16~sec in
the rest frameof the meson. The 7° mesons are formed in a
number of ways, the most‘imertant'being théir production- in
.p-p interactions (since.cosmic rays and the interstellar gas

=]

is predominantly hydrogen). 1In addition, v° mésons are
products of the deééy of various hyperons and mesons created
in p-p interactions (STECKER, 1971). They can also be pro-
duced in proton-photon colL13101s where very high energy
protons. (the threshold proton energy is >10 17 eV) collide
with low energy photons. Another production process for =°
mesons Is proton-antiproton annihilation at rest which yields
an average of four gamma rays per annihilation.

' In the center of mass system of the decaying =° meson,
the two gamma rays each have an energy ~ 70 MeV and are
emitted isotropically. ODuve to the relativistic Doppler shift,
in the cosmic frame of reference the gamma rays can have a
continuum of energies extendiag from 1/2 E_(1-8.) to 1/2
E_(1+B_), where B.c and E_ are the meson velocity and total
energy respectively, The photon intensity spectrum result-

ing from this process is peaked at an energy of E7,§ 70 eV,

Iy

The intensity of 7° decay gamma rays is proportional to the

proton intensity I_, and the proton density in the interactin
P

region p . For a power-law proton intensily spectrum

ID(E_) oL E PP, the differenticl photon spectrum will have a
- Hg ' E A

broad peak around 27 = 70 MeV, and for 37>>7O MeV will have a
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£ the form, .

tAproducc & sharper peak at--

power law shape . Proton-

o
m\)

£}

antiproton annihilations at re
bO MeV in the differential gamma ray spectrum.

For gamma rays above 100 MeV this mechanism is exzpec-
ted to dominate as the source of the isotropic cosmic radia-

tion (FAZIO, 1970). Th

.

s mechanism has been considered as
the source of the 100 iaV gamma ray flux from the galactic
center and plane (NIFFEZN and FICHETEL, 1970). Also STECKER
(1969 a,b,c; 1971) has prOposed an extragalactic redshifted
%° spectrum to explain the flattening in the assumed diffuse

cosmic gamma ray spectrum observed by VETTE et al. (1970).
Electren-Positrca Annihilation

A source of monoenergetic, or nearly mcnoenecrgetic
gamma rays is the annihilation of positrons by electrons.
Such positrons can be produced as by-products of nuclear
reactions occurring in celestial scurce regions (whether in

supernovae, stellar atmosPheres, or the interstellar medium

Such positrons are formad principally in two ways. They can

I

originate from the beta-decay positron~-emitting mcies o

™

certain rad;onucle procuded in nuclear interactions. Exam-

14, and p-Ol collisions which lead to

ples arep—C , p-N
positron emitting nuclei, The second positron-producing

mode is via the decay cha;d of p031txve1y charged mesons,

3

“; > u+ + vy followed by p o> e + Vo + ;u' This decay mecde
yields a wide spectrum of positron energies but of average

. energy mucn higher than that produced in beta decay processes.
As STECKER (1971) points ou;, the positrons produced in these

beta decay modes have relatively low energies and are more

likely to stop and annihilatzs from rest to produce monocnrom

b
i
®

S —
[

atic 0.511 MeV gamma rays. Tze higher energy p

ons
sulting frcm the charged reson decay chain are more likel

]



to decay in Flight producing a continuum photon spectrum.
The garma ray nroducing eleéctromagnetic interaction
’of the positron and electron can .proceed in two ways, (1)

the anniniilation of a free positron and a free electren

ot -

yieiding (most frequently) two gamma rays, ¢ + e .7 + 7,
or (2) the formation of positronium and subsequent annihila-

tion producing two or three gamma rays.

In the first case, Zf the annihilation cccurs at
rest, two monoenergetic 0,51 MeV ‘gamma rays will result, pro-
ducing a line spectrum. Ncuz that there will be Doppler
broadening of this line due to the thermal velocities oi the

annihilaving positrons. The annihilation of relativistic
o o

2 . . . ,

positroas (of energy E, = 7,m.C ) will give a contlngous
- e macé .
spectrum of gamma radiation above an energy E7 = —Qj— in

the cosmic frame of reference. There is no upper boundé to
the possible gamma ray energies as E_ increases without
.7

bound as y, = ¢ , TFor ultrarelativistic positrons the re-
sulting photons will have energies corresponding to sharp
‘forward and backward scattering in the center of mass systemn,
or _ 2

2

1 . ' .-
C e - _— = hey t ly.
E7 (/+ + 2)moc and E > — , respectively

(Note that there exists a small three-photon annihilati
cross section, but it is ~ 372 times smaller than the two-
photon cross section, and this process is tharefore usually
neglected as a strong gamma ray source mechanism).

For non- relaL ivistic positrons the total cross section
for the free anni llatﬂon of positrons of energy E into gammsa
rays is (STECKER, 1971)

E,E) = w(e?/me)P/p,, (B.<D)

g
zn v4

where 2,C is the posicron velocity, For ultrarelativistic

positrons (moc JE<«1) this cross section reduces to tn
+

w
th
O
|81
3
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% anEp By - b

) = 41r(e2/mc ( ,? ) (1'1
© m c
where E, is the positron cnergy.

-In the case of posi:ronium formation low energy posi-
trons and electrons ccabine to form a hydroven—like system - -
which may subsequently annhihilate into gamma rays. This
bound system can exist in the ground state either as a
singlet (lSO) or tripiet (387); Each system will decay in
a different manner, the si .gi state decaying into two
gamma rays and the triplet state inlo three gamma rays. The
decay from the tripletAstate occurs in 75% of the cases and
produces a continuum spectrun of photons from 0 to 0.51 YeV.

The final positron annihilation gamma ray spectrum
and the existence of a lize contribution at 0.51 MeV from
any source therefore depend upon the relative strength oI
beta—decay vs. pion-decay formatidn modes as well as the
fraction of the positrons which produce positronium. As

with the other production mechanisms, the final gamma ray

spectrum also depends upon the above cross sections, the

ct

spectral density of positrons (cm ~) and the electroa demsi-
ty (cm-J) in the source region. Note also that the 0.5 ¥MeV
line emission is not a promot phenomenon for either mode of
pOSlt“On formation: In either mode L“e positrons must come
to rest before auﬂlhllat101 into two 0.5 MeV photons. This
means, for example, that in solar flare regions the delay
time between production and eaanihilaticn for a 100 MeV
positron is ~ 8 seccnds (DOLAN and FAZIO, 1965). In con-
trast, in the intersﬁellai medium the deceleraticn and

hignhn}

annihilation of Last pOS’trC: nzy take A1108 yr (STECXKER,
1970).



Decay of Excited Nuclear States

A final source of photons of gamma ray energics is
the emission of gamma rays from the de-excitation of ezcited
nuclei. Such excited nuclei are produced inh nuclear reac-
tions, mainly between protons, neutrons and the constituent
nuclei of the interaction wedium. Such reactions include
the p, p'7 inelastic scattering reactions of incident protons
as well as other proton-induced reactions (p,n; p,pn; p,2p;
P,a; p,2pn) leading to prompt decay gamma rays or to beta
emitters which in turn emit gamma rays and electrons and
positrons at the decay rate of the emitter. The positron
emitters will produce radiation as described in the previous
section. Sﬁch de-excitation reactions yield prompt mono-
energetic gamma rays in the energy region from 100 keV to
10 MeV. These gamma rays are characteristically different

‘for different nuclei.

| In addition, slow neutrons in the source region can
combine with protons to form deuterium with the emission of
characteristic 2.23 MeV Zormation gamma rays. For the Sun,
DOLAN and 'FAZIO (1965), LINGENFELTER and RAMATY (19567), and
CHEUPP (1971), have tabulated the important proton-induced

reactions which lead To prompt nuclear de-excitation gamma

¢

rays and >eta-emitiing nuclei,

The gamma ray prcduction vate from nuclear de-excita-
tion reacticns depends on the number density of target nuclel
and the number and spectral density of incident protons in
the source region, as well as the individual interaction -
cross sactions and the dimensions of the source region.

Those target nucleil whose reaction cross sections are large

0]

o
w

or which have a large number density are likely candidat

to become gamma ray producers. For solar flare emission,



2
proton reactions with He™, Clz, Nlé, O16 and Nezo should

16

dominate. TFor example, the 6.13 eV line emission from O
15 . . 1

(p, p' 70", the &.43 MV llne‘emlss1on from Cl (p, p'y)C“z,

and the 1.63 MeV cmlission from VCZO (p, p’y)NeZO are crzpected

‘to be strong, prompt nuclear line em15510ﬂs in solar flares

[ (CHU PP 1971 Such nuclear transitions following the
nuclea* ‘beta decay of heavier nucleil (Slzc, ”'44 Cr 48, V48,
56 56

Ni and Co
(CLAYTOX et al., 1969; CLAVTON and SILK,.1989), producing

characteristic gamma ray lines. Cosmological effects may,

) are GXpected to occur in young superncvae

however, cause a redshifting of the lines .to loWwer energies
giving smeared peaks. .This effect, if valid, would make
such line emission difficult to detect.

The 2.23 MeV neutron capture gamma ray line (H
> HZ + v, E7 = 2,23 MeV) is expected to be a strong line
emission process in solar flares. The neutrons are produced
in a variety of nuclear reactions, primarily in proton and
alpha-induced reactions with helium, carbon, and oxygen.
These gemma rays are not emitted promptly in a flere due to
the time of production of the neutrons and the slowing down
tiﬁe of the £fast neutrons. '

All line radiations are important because they pro-
vide direct evidence for the occurrence of specific nuclear
reactions. Measurement of these line emis$sions can provide
information about proton and neutron densities in the source
region as well as charged particle reactlon rates and the
timescales for particle acceleration processes.

The relative importance of each of the above mechan-
isms for gamma ray production depends on the particle con-
stituents .ad parameters c’ the source regicn, including the
presence and streng:z: of any magnetic fields. These

mechanisms have bzen apclied to many astrophysical processes



to explain observed radiation spectra (such as the diffuse
cosmic gamma ray spectrum-and the explanation of the e
galactic gamma ray emission) or to. predict gamma ray pro-
duction spectra in stellar atmospheres and from other

.

celestial objects. The identification of a s:ccific

- . -

its 1s often

-

mechanism to explain measured gamma ray resu

guite difficult. 'In some cases only slight differences in
the flux or spectral shape are expected for different
production machanisms, and the available data is not defin-
itive enough to choose between several possible mechanisms.
Nevertheless,'knowledge of thie .r:2¢ifi: production mechan-
istas operating in the scurce regions is the first step In
the uncerstanding of the physical processes taking place

in these regions.
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APPENDIX B

A fairly complete series of pre-flight and post-
flight calibrations were performed on the detector system
to test its operation. . The important tests, which have
beécome nearly standard for all such gamma ray spectrometer
experiments, are listed below.

1. Integral linearity fests on the electronics.

2. Differential linearity tests on the electronics.

3.- Measurement of deadtime losses for the detec-

tor system.

4. Enérgy calibration of the Nal spectfometer on

both the LER and HER ranges.

5. Photopeak angular sensitivity measurements

for the Nal crystal.
6. Absolute gamma detection efficiency measure-
ments for the Nal spectrometer.
The results of these calibration tests on the flight instru-

ment are discussed individually below.

Integral Linearity

Integral linearity tests were made on the flight
electronics using an ORTEC model 204 precision mercury relay
pulser, whose linearity was + 0.2% of full scale. The pulser
signals were fed directly into the flight preamp. Hence the
entire signal handling system from preamplifier through PHA
was included in the lineérity measurement. The results of
these measurements are shown in Figures B-1 and B-2. The
maximum deviation fromlébsolute linearicy ‘was found to be

+ 0.5 channel for either the LER or HER. For a 256 channel
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LER
A Integral Lincarity
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" Figure B-1l. Integral linearity of the flight' electronies on
. the LER energy range.
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HER . .
Integral Linearity .
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~Figure B-2. Integral linearity of the flight electronics
on the HER energy range. '



PHA this deviation corrcsponds to an integral lincarity of
+ 0.5/256 = + 0.2%. This figure applies to both the LER and
ﬁER voltage ranges. It should be pointed out that both in-
tegral and differential linearity tests as performed here
only check how linear thé electronics is to different ampli-
tude voltage pulses; - Such tests say nothing about. the
linearity of the light output of the crystal for different

energy gamma rays.

Differential Linearity

The differential linearity defines the uniformity of
channel width across the conversion range of a pulse.height
analyzer. It was measurea for the flight PHA by using the
output of an ORTEC Model 437 time-to-amplitude converter
(TAC) as an input to the PHA. Random amplitude pulses were
obtained from the TAC by gating the start and stop inputs of
the TAC with a random photoﬁultiplier signal and a periodic
pulse generator signal respectively. By proper choice of
‘these gating rates random amplitude signals are generated.
This is a standard method for generating'random amplitﬁde
' signals. For perfect linearity a bulse height analysis of
these signals should yield an equal number of counts in every
PHA channel. The deviation from this ideal case gives a
measure of the PHA differential lidearity. The differential

linearity is found from the relation

: f+ (Nmax - Nave)/Nave x 100
% DIFF LIN = 4

Lo

N are the minimum, average, and maximum
max

- N, /N, x 100,

ave e

where N . N
min? “ave’

counts per channel respectively obtained in the cnannel range

of interest.
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Figure B-3. (a) Differential linearity spectrum of flight
pulse height analyzer on LZR. (b) Differéntial linearity
spectrum of flight pulse height analyzer on HER. See text

- for calculated differential linearity results for both
- ranges.
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The results of these measurements on both the LER

nd HER of the flight PHA are shown in Figure B-3. On the
IER, the excess in the last 10 channels is mainly due to

the smearing action of the HER SELECT DISC voltage threshold.
From channel 15 to 240 on the LER the maximum deviaticns from
the average number of counts in each channel are +3.4% and |
-3.7%. For the HER (which starts at channel 55) smearing of
. the upper threshold causes a'large'nonlinearity above channel
240, From channels 60 to 240 on the HER the maximum devia-
tions are +4.8% and -5.1%.

System Dead:time Losses

An accurate knowledge of the deadtime losses expected
in the flight instrument is essential to minimize the errors’
involved in correcting the raw data. This is particularly
important in a high counting rate experiment where events
lost due to deadtime can be an appreciable percentage of the
total number of events. Measurements of these losses were
made on the flight PHA-storage buffer section, using the
random input rate from the Nal spectrometer. The average in-
put rate was varied by changing the.amplifier gain and using
standard rgdioactive gamma ray sources. Figﬁre B-4 shows the
results of the percent losses versus the average input count-

ing rate. The percent losses are calculated from the equation

(iﬁput rate) — (output rate) -
- X 100
(input rate)

% losses =

The maximum output data rate that can be achieved is
3.57 kBz. This is the data rate that would exist if the buffer
were always maintained in a full condition. For comparison,

on the same graph is shown the losses which would be obtained if



Figure B-4.
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: :
no buffer were used;. i,e., if the random input data were
tfansmittcd to ground at a periodic rate of 3.57 kHz with-
Sut buffer storage. As is seeh, considerable improvement -
in deadtime losses is achieved'through use of the buffer.

The calibration curve of Figure B-4 was used to

_correct the flight data for deadtime effects.

Gamma Ray Peak Position Lineéritz

One - of the most important calibrations for ‘a gamma
ray spectrometer is the‘gamma—ray peak position energy cali-
bration of the detector. Assuming that the.electronics has
. perfect integral linearity, this calibration measures the
1ineafity of the light output versus'photon energy curve for
the NaI(Tl) crystal., Such light output has been observed
to be non-linear for NaI(Tl) crystals by HEATH (1964). The
effect is roughly 10% at 2.6 MeV for a 3" x 3"‘crysta1 such
that the light output is ~ 10% lower than expected from a
linear extrapolation from lower energies. The calibrations
were made with the gain stabilization section in operation
'to correct for any gain shifts in the electronics. The results
of this calibration for the LER and HER ranges are shown in
Figures B-5 and B-6. The figures include the radioactive \
sources and peak energies used in tﬁe measurements.' Note
that these energy calibrations are valid for the post gain
shift part of balloon flight 558P (the entire time at float
altitude; see Section 3.3 for a discussion of this gain shift).
For this energy calibration the lower Co60 peak (1.17 MeV)
was forced to remain in channel 113. These curves indicate
that the LER extends from 250 keV to 2.3 MeV arid the EER from
2.3 MeV to 7.5 MeV, with the last 20 channels of the HER

2}

giving an integral counting rate above 7.5 MeV. The energy
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calibrations of Figures B-5 and B-6 are valid for the data

presented in this thesis.

Relative Photopeak Directional Sensitivity
/' ; . One of the reasons for choosing the present detector
was the'fact that it has an anisotropic directional sensitivity
to radiation impinging from different directions. Detector
sensitivity is defined as the response ‘of a detector, iIn
counts per unit time, for a unit flux of incident .radiation
(number/cm2 sec). In general the sensitivity S, is a function
of the direction of incidence of the radiation and 1ts energy,
and is normally the pfoduct of the detector's efficiency and
area, Thus, S(E,0,¢) = A(8,8) x €(E,0,6), where E is the
energy of the incident radiation, © and ¢ specify the direc-
tion of the radiation, and A(6,¢) is the projected area and
€(E,8,¢) the interaction efficiency for radiation in this
direction.

To measure this sensitivity, careful laboratory measure-
ments were made with monoenergétic gamma ray sources. The
source was placed far enough from the detector to simulate
parallel radiation. A (source + background) - (background)
accumulation was made at various angles between the source and
the detector symmétry'axisl Ratios of the number of counts in
the photopeak region in a given direction 6, to the counts o>-
tained at 6=0° were then calculated. A plot of these ratios
versus & gives a map of the relative photopeak directional
.sensitivity of the detector. The results of these measure-

137, Ey = 0.662 MeV, and Th228, Ey =

ments for two sources (Cs
2.62 MeV) are shown in Figure B-7. For each curve, the rela-
tive sensitivity is normalized to 1 at 8= 0°. At 0.682 MeV

the sensitivity is quite peaked in the forward direction
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240°

Figure B-7.

Photopeak angular response of flight spectro-

meter at 662 keV and 2.62 MeV., The angle ©

is measured with respect to the crystal
symmetry axis.
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i

(0= 0°), having a front-to-side ratio of R(6 = 0°/6 = 90°) =
2.8/1 and a front-to-back ratio of R(6 = 0°/6 180°) = 2.3/1.

Even at 2.62 MeV the response is .quite anisotropic. The reduc-

tion in sensitivity for angles between 120° and 240° is due to
attenuation in the thick aluminum mounting plate, phototubes,
.and bases. The detector was assumed to have isotropic’rék
sponse with respect to the azimuthal angle since the crystal
is azimuthally symmetric. |
These curves indicate that the present detector 2as
directional properties even though,it'is flown as an omni-
directional instrument (it is not actively or passively

"shielded in any directions to reduce background counting rates).

Gamma Ray Detection Efficiency

Laboratory measurements of the variation of absolute
detector efficiency versus photon energy were not made for the
present tetector. Instead, the efficiences for the present
instrument were obtained by interpolation of the Monte Carlo
calculations of MILLER, REYNOLDS, and SNOW (1958) for the size
of the present cyrstal. The shape of the response to monoener-
getic radiation was obtained from the énergy response measure-
ments on large crystals by KOCKUM and STARFELT (1959). To
verify the zccuracy of the calculated efficiences for the
present spectrometer, absolute photopeak efficilency measure-
ments were made with the present crystal at two energies using
calibrated gamma réy sources (source intensity known to £ 5%).
The comparison of these measured results and the calculations
of MILLER, REYNOLDS, and SNOW is shown in Table B-1l. The
agreement 1s certainly ciose enough to justify hsing the Monte

Carlo results in the present analysis.
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TABLE B-1
’ | COMPARISON OF

CALCULATED AND MEASURED PHOTOPEAK EFFICIENCIES

Photon Energy Measuredl .- Calculated )
(MeV) : Photopeak Eff.. Photopeak EfZf.
(Miller, Reynolds, Snow)

0.662 0.70+0.04 0.738+0.008

'1.114 0.49+0.02 0.560+0.007

The detector  efficiencies required in the pulsar
analysis are calculated in Appendix C along with a complete
discussion of the energy response of the detector. The
reader is referred to this appendix for further information

on the absolute detector efficiency and energy response.
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APPENDIX C

DETECTOR EFFICIENCY AND ENERGY RESPONSE

1. Introduction

In this appendix calculations of the detection
efficiency and energy response of the present gamma ray
spectrometer are giveﬁ. The results of these calculaticns
are used in Section V of the thesis to convert the measured
pulsar counting rates iato pulsed photon fluxes.

The problem of converting a measured pulse heighc
épectrum into a primary photon spectrum is a difficult one
for gamma ray measurements in the energy region from:ﬂJZOO
‘keV to ~ 20 MeV in inorgénic crystals. This is so because
three processes contribute significantly to the electro-
magnetic interaction cross section in this region, 1) the
photoelectric process, 2) the Compton process, and 3) the
.pair production process. The dominant interaction mode is
the Compton effect, with the .photoelectric process beginning
to dominate at the 1ow‘energy end of the interval and peair
production becoming domlnant at the higher energies (see
.?1cure II-1).

The difficulty in converting from a measured energy
loss spectrum to an input photon spectrum arises because
there is not always a one-to-one correspondence between inci-
dent photon energy and the energy loss deposited in the’
scintillation crystal. Each of the three interaction pro-
cesses yields secondary electrcons whose energies, T , are

=

related in different ways to the initial photon energy, Zy..



The basic relationships between T, and Ey for the three
processes are (BIRKS, 1964).

Compton: T _.varies from O to T =
. “ec ec max

2
E, /(L + mye”/2E,)

Photoelectric: T = E_ -B
ep ¥ e

Pair Production: T = E_ - 2m"c2
epp 7 o~
where mo'is the electron rest mass and 5e is the binding
energy of the atomic electron ejected in the photoelectric
process. |
The situation is even more complicated than this
because In larger crystals multiple:processes often occur
for a single photon event. For example, a pair production
event proddces two.0.51 MeV positroﬁ annihilatidn gamma rays,
one or both of which could then interact in the crystal via

Las)

the Compton process giving a total energy loss between Tenn
and Ey. Or the secondary photon resulting from a Compton )
interaction of a gamma ray could in turn interact by the
Compton or photoelectric: process. | These multiple processes
can result in the total absorption of the initial photon
energy and therefore help to increase the relative areg in
the full energy peak region. An energy loss spectrum for
ihcident'monoenergetic gamma rays shows coptributions for
almost any energy loss < E.,, since the multiple inter-
"action events (combined with the detector energy resolution
sriearing) fill in the regions not allowed by the single inter-
dction events. As Is readily seen, the unfolding of a pulse
height spectrum can be guite a task, especially wnen the In-

put zamma ray spectrum is not smooth, but contaias line
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features.
l Stated mathematically, we see that a gamma ray spec-
rum N(k) yields a pulse height distribution P(¢) in a spec-

.

trometer, where k denotes photon energy and ¢ the pulse

height. The two distributions are related by

km'"
Ao ' T '

P(c)de = de j N(k) K(k,e) (L-e H)dk, c-1
(o]

where K{(k,e) is the response function of the spectrometer for
monoenergetic gamma rays, kmax is ‘the maximum photon energy
in the gamma ray spectrum, p is the total attcnuatipn.coéf-
ficient (cmzlg) of the crystal at the energy k, and L is an
effective crystal length (g/cmz).' Knowing P(c), the problem
of obtaining N(k) reduces to the determination of K(k,e) with
sufficient detail and accuracy. The usual solution fo the
unfolding problem (see for example KOCKUM and STARFELT (1959),
BERGER and DOGGETT (1956), or KOCH and WYCXOFF (1958)) is to

ftreat this equation as a matrix equation,
Lpe)> =M N&)D c-2

where <P(e)> and <N(k)D> are one;columnimatrices‘and M
is an n x m matrix called the response matrix. Each of its
elements gives the sensitivity of the spectrometer for a
pulse height bin Aej at ei to a unit gamma ray flux in. the

J.
experimentally determined for a given spectrometer by measur-

energy interval Akj-at k. The elements of this matrix are

ing the response to a number of standard monoenergetic garma
ray calibration sources. {N(k)> is then obtained from
equation C-2 by multiplication of < P(€)> Dby the inverse
matrix, M-l. '

In the present case we do not wish to periorm a
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complete unfolding process. The two questions which we must

answer are:

1. What is the average weighted detection efficiency
effective for each of the energy intervals chosen in the pul-
sar analysis, and ‘

’ 2. What percentaoe of. the counts observed in a-;ivén

energy bin are due to incoming ‘photons of energ gy above. the

energy bin.

Since these questions have to bé'answéred for only four pulse
he10bt bins (LER LER A, LER B, and'FER), it is not necessary
to calculate a complete response matrix. However, the same
techniques are used to answer these questlons as are required
to construct such a response function, in that knowledge of
the spectrometer response K(k,e) is required. The present
calculations are only & small sample of the more general
problem of generating a complete response matrix for the ce-
tector. We need to know what average weighted detection
efficiency is needed in equation V-1 to convert the measured
.counts to a photon flux and what is the magnitude of the con-
tribution of higher energy photons to a given pulse height
interval. To answer these questions we must know how the
probebility of a photon giving a pﬁlse height between the
upper and lower threshholds of the ith interval (eiu and €:q
respectively) varies with photon energy. In calculating this
probability we must know the detector response function in
sufficient detail.

Mathematically we need the quantity

€
P; (k) = ( K(k,e)(l-e‘}Q-) de c-3
eil '

as a function of photon energy, k. The determination of the

aver céc.ublcnted efficiency for the ith pulse height interval
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.1s then obtained from the expression

€. e i m

- 1iu / .:.U.
P, = f Pi(k)N k)dk - N(k)dk. : . C-4
/ J
€i1

The fractional cbntribution of higher ehérgy photons

to the. . ith pulse height interval is given by the equation

(=] .
. : /;_ . éiu .
R, = Pi(k)N(k)@c/ P, f N(k)dk. C-
€ S F ¥

W

iua

In general, no smooth functional relationship can be
written down for Pi(k)'for use in the integral equations,
6—4 and C-5. To obtain an approximate solution, thelintegrals
_were numerically integrated. Equations C-4 and C-5 become,

under this approximation,

. nle. ) : k., + Ak,
C iu J -—il
P, = E z - P, (k.,Ak,) N(k)dk /‘ N(k)ck,
1 1 ]
j=1 :
(eil) | g kj - é%%.
c-6
and
' : -k, + Ak,
R, = P. (k. ,Ak ’ 2 N(k)dk N(k)dk
i = ‘i(cj, j) f f niX)ak,
=1 - k.Y~ Ak, |
(e54) _ i 53
' c-7

2. Detector Response and Calculation of Pi(k)

The response function K(K,e) for the flight spectrometer
was constructed as follows. The fully corrected experimenta:

response spectra of KOCKUM and STARFELT (1959) were used to
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approximate the shape of the response of the present 11 1/2"

diameter x 4" thick Nal detector to parallel monoenergetic

gamma radiation. Their results (KOCKUM and STARFELT, 1959)

which I have used were obtained with a 5" diamcter = 4" thick

_ NaI(Ti) crystal spectrometer. They used a Pb source col-

.1imator of 4.5 cm diameter and a source to crystal distance

of 75§§m, and obtained fully corrected reéponéé curves for
six monoecnergetic gamma ray sources at 1.28, 4.43, 6.13,
11.7, 17.6, and 20.3 MeV (KOCKUM and STARFELT, p. 176).

Since the only information used from their results is the

" shape of the response curve, it was felt that their results

for the 5.4 cm diameter collimator used Qith a 5" diemeter
crystal represented a good approximation to parallel radiation
incident on our larger 11 1/2" diameter crystal.

| Since the pulsar energy sPectr&m’is not expected to
contain @ complex line structure, a rough determination of
K(k,e) will suffice in the present calculations. A compari-
son of the colliﬁated and uncollimated results for the single
crystal spectrometer in XOCKUM and STARFELT shows that oaly
minor differences in reéponse shape occur, and these dif-
ferences are negligible for the present case. To check on how
well their curves represent the response shapes for the
present detector, response -curves at 1.1 MeV (Znés) and 6.13
MeV were measured with the present detector for compariscn
with their results. The 6.13 MeV line was obtzined from the
reaction C13(cc,n)016 in 2 curium~carbon source :(DICKENS and
BAYBARZ, 1970). Figure C-1 shows the results of these measure-
ments compared to the curves c¢Z XOCKUM and STARFELT made at

1.28 MeV and 6.13 ¥eV. Only minor differences cppear, and the

_use of their recsponse shapes seems entirely reasonable.

[

To obtain a normalization for the curves, the are

"
L=

[g)]

under each response curve wes made ecgual to the totsel int

. - - uL ' ,
action efficiency, l-e }1, at-that energy. The values of the
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Figure C-1. Compariscn of response shape measurements oI

KOCKUM and STARFELT (1959) to measurements for present spec-

trometer at two photon energies. For each set of curves the
priotopeak zmplitudes have been arbitrarily normalized to 1.0.
The measured 1,1 MeV response curve was expanced t
18
"

whotozeak at 1.28 MaV., 'The tail in the mesasured

respcnse is cue to neautrons, to a continuum specctrum proluced
by £f£issicn procducts of Cm24*, and to garmz way lines from the
decay of several isctopa. (DICKENS and RAYEARZ, 1970). These

effects were not correc:i.& :or; hence the curve is t
aiter the lst escape peak of the 6.13 MeV gamma r
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interaction eificiences for various energies were obtaincd.
by interpolation of the Monte Carlo calculations of MILLER,
REYNOLDS, and SNOW (1927 and 1958) for the size of the
present spectrometer. In the region between 200 keV zand

1.28 MeV wiere no response curves existed, curves were
generated using an interpolation: of the photofractioné for
Nal crystals for a broad parallel beam of radiatién as calcu~
lated by MILLER, REYNOLDS, and SNOW (1958) and STEYN 'and
ANDREWS (1969). The photopeak and Compton components were
approximated with fectangular shapes.

In the region 1.28 - 4.43 MeV, response curves were

o
obtained at energies of 1.8 MeV (B1207) and 2.62 MeV (Thzzo)
by'direct measurement with the 11 1/2" diameter flight spec-
trometer using standard .sources placed far enough away from
the crystal to simulate parallel radiation. The major
features (photopeak, Compton continuum, and lst and 2nd
escape peaks) of the resulting spectra were then qualitetively
fit by rectangular shapes. (The results of this procedcure
for the 2.62 MeV response-curve are shown in Figure C-2).

As done previously, the area under each response curve
was set equal to the total interaction efficiency &t that
energy. The interaction efficiencies at these energies were
obtained by interpolation of the MILLER, REYNOLDS, &nd SNOW
data as well as from calculations using the absorption coeffi-
cients for Nal found in EVANS (1955). This proceduré assured
that the curves were normalized with respect to one another.

The resulting discrete set of response curves used for
the present detector are shown in Figure C-2. At photon
energies where a response curve did not exist, an interpolaticn
procedure was used to obtain the ressonse. This interpolation
is quite acceptable since very little difference in shepe or

interaction eificiency cciurs between successive response
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Figure C-2.

Pulse Heiglii (idow)

The complete set of responsec curves for parallel incidence of
monocnexrgetic radiation for the present spectroxeter., All
curves are arbitrarily normalized to a full energy peak
amplitude of 1.0. Each curve represents the response to
photons of the indicated cncrgies (MeV).
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Given this sct of response spectra and using the
interpolation method, the determination of the probability
Pi(k) for the pulse height intervals i = 1 (LER), 2 (LER &),
S (LER B), 4 (HER) reduces to calculatir_ the ratio of the
area under each curve from k = €51 to €5, tO the total area
under each curve; i.e., '

(Area under k=Eo response curve
~ from €., to e, :
il 1&2

P. (k=E_)
* © (Total area under k=E
response curve) 0

This celculation was done graphically and was‘répeate& for
each response curve for a given pulse height bin. The whole
procecure was then repeated for each of the pulsar energy
bins. The results of these calculations are shown in Figures
C-3 and C-4 for the four intervals, LER, LER A, LER B, éend
HER., As 1is expected, as long as the photon energy, k,
between €. and €5 the probability decreases slightly due
to the decrease in interaction efficiency with energy. When
k > €4 the large photopezk area no longer fsglls within the
pulse height w.ndow and thelprobability falls rapidly. The
bending over of the €1 and e, curves for HER interval at

higher photon encrgies is due to self-gating losses caused by

the charged particle shield and is discussed later.

3. Calculation of Pi and Ri—

The curves of P, generated above were used to provice
-
the values oz Pi(kj,Akj) in equations C-6 and C-7 to determine

Pi and Ri for each interval. The remain

)Jc

ng guaniity needed

N(k)ck, the

1

I
D
t+h

to evelucte equations C-6 and C-7 is a val o)

differential pulsed phcton spectrum (photons/cm secMaV).
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Figure C-3. Calculated detection efficiencies, Pi’ for LEXR
(Pl); LER A (Pz), and LER B (P3) as a function

of photon energy.
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Since this is the quantity we are trying to determine from
this experiment, we do not know its value. As a firc: citi-
#ate of its form we can assume that, within the crrors of

this calculation, an extrapolation from lower cnergy pulsar
measurements is valid., FISHMAN et al. (1969) have found that
a power law of the form N(k)dk ~ Ck-z’zdk photons_cmazsec”1 '
MeV-l best approximates their measurements of the'pulsed
energy spectrum of NP 0532 in the region 45 - 200 keV. The
author has therefore chosen the functional form. N(k) et k-zdk
for use in the present calculations. The ~2.0 spectral index
was chosea over -2.2 mainly for ease of calculation. The dif-
ference resulting from this choice is completely negligible
‘compared to the final + 20% error assigned to the results of
this appendix, The results of the evaluation of equations

C-6 and C-7 using the indicated approximations are shown in

Table C-1 below.

TABLE C-1

CALCULATED DETECTION EFFICIENCIES (’§i> AND
PERCENT CONTRIBUTION OF HIGH ENERGY PHOTONS (R,)

Pulse
Energy Height _ _
i Interval Iinterval P, : R.

1 LER - 250 keV-2.3 MeV 0.871+20% 0.02=-20%
2 TER A 250-725 kev 0.90+20% 0.0éj;OZ
3 LER B 725 keV-2.3 MeV 0.68:20% 0.05z20%
L HER >2.3 MeV _ :

5 0.5 MeV 450 keV-550keV 0.786 —
(Photopeak

efficiency)
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The st 1mportant noint to note from these results
is that the P 5 ) vs. k curves are’ quite flat for ¢ £i1 1:<fn
iu
and fall off rather sharply as k becomes larger than the

upper window energy. This flatness of the efficiency curve
‘lends support to the assumption that we can, with little
error, use a weighted average detector efficiency ?i valid
over a’‘rather large energy iaterval in convertinz measured
counts to a pulsed photecn flux. The low Ri values show that
there is little error involved in assﬁming that the larze
majority of the measured counts in a given energy bin result
from photons whose energies lie solely within the boundaries
of the bin. This is a consequence of the high photopeak ef-
ficiency of the present spectrometer coupled with a pulsed
photon spectrum which is falling rather' steeply.

The Qalues of §i and Ri in Table C-1 were used in

the pulsed photon flux calculations presented in Section V

of the thesis. . -

4. High Enerev Self Gating Effects

The large 11 1/2" diameter x 4" thick NeI(Tl) detec-
tor makes a good. "total sbsorption’ spectrometer. This is
because the relatively high Z of 53 for I (Na has a Z of 1i),

a
the high density of 3.67 g/cmo; and the large crystal size
permit a complete containment of all of the enexrgy of a
pnoton event up to reasonably high gamma ray energies, LHoW-
ever, at higher gamma ray ernergies the detectlon efficie.cy
will begin to decrease due Lo self gating effects in the
detector. It is this effect which we now consider.

energy > 10 MeV interact cre-

+h

In Nel zamma rays o
dominantely by the pa’r production nrocess (EVANS, 1953).
y oY . I 2

As the gemma ray energy increases, it becomes very. 1i



the high Z Nal crystal that the initial pair production inter-

Py

action will initiate an electromagnetic cascade shower as a

result of the bremsstrahiung energy losses of the resulting
electron-positron pair. The initial electron pair soon
cascades into a large shower of lower energy secondary photons
/énd‘clgétrons. It is this partitioning of -the -initial photon
energyfamong many lower enérgy secondary photons and elec-
trons which enables the crystal to cortain a high energy
event., As the gamma ray energies incféqse, however, more

and more events occur in which the total energy cannot bé
contained within the crystal. If the energy lost from the
‘erystal in the form of electrons or photons is sufficicnt to
exceed the energy threshhold of one of the plastic charged
particle shield cups, the event will be vetoed as a neutral
event. These losses are called self-gating losses and they
become important for determining the detector efficiency at
higher photon energies.

KANTZ and HOFSTADTER (1954) point out that most ol
the energy carried away from the crystal :n shower interac-
tions will be by gamma rays whose energies lie near the
minirum of the absorption cross section versus energy curve
(which for Nal would be gamma rays from 1 to 5 MeV). Gamma
rays of these energiles have only a small prcbability of in-
teraction in the 1 cm thick charge& partiéle shield, but iZ

N

there is a sufficient number of these photons, the prcbabil-
ity of at least one interaction can become appreciable.
Also, in the higher energy events there are electrons with

sufficient energy and long enough range to cause self-gating

e

n pair producticn

c
effects. This results from the fact that
acticns, 21l moces of division of the photcn energy be-

ectrons are nesrly equally probable (ROSSI

el
and GREISEN, 1941), and nence high energy electrons do result

2y



‘a large fraction of the time.

‘ " KANTZ and HOFSTADTER (1953 and 1954) have done con-
siderable work on the containment of energy from electron-
induced elcctromagnetic shower events in large blccks of
various mater -ials. They investigzated the energy deposition
/lrom shower interactions in various parts of an ebsorber.

51ng';ﬁmonoenerget1c incident electron beam from an accel-
erator. Their results apply to a collimated beam incident
at the center of one face of the absorber and thus represent
an idealized situation. The use of their results for the
present detector is therefore only an approximation, since
for interactions occurring close to the edge of the Nal
crystal, edge effects will modify the results considerably
and will tend to increase the self-gating effects.

An incident high energy gamma ray requires roughly
one interaction length before producing an electron pair.
Thus it appears that o larger crystal is required to con-
tain the same energy for a photon-induced shower. Eowever,
the energy of each pair electron is less than the init
photen energy. Each pair electron is more easily contained

than a single electron of energy equal to the initi

o
'_.I
(\[¢]
W
H

!
{0

ray energy. We shall assume here that the energy containzent

results of KANTZ and HCFSTADTER (1954) for electron-induced
showers will hold for equal energy photon-induced shower

| For Nal the critical energy (that energy at which
radiation energy losses equal icaization ene*vy'1osses o
is Ec 17.4 MeV (BERGER and S?LLZFR 1664) an
o

2.52 cm, as calculated Zron

s

(88

he rediztion length is XO

equations in ROSSI (1952). The present spectrometer is
therefore 11.6 radiation lengths in ciameter and 4.05 radia-
1Y

™ S T

“ion lenzths thick. Trom the results of RANTZ &aad HOSSTADTIE

N

I
[0]
&
)
13
(9]
<

we estimate the follcwing nercentage containment o

LH

[



loss in the present detector for incident photons of the

indicated energies. L

Photon Energy (M2V) , % Enerzy Contained
26 A 100%
60 R - 95
%0 - 75°
119 | 70
141 .60
185 D 55

These results are to be regarded as‘only a rough approxima-
tion of the average results eXpecﬁed for shower events in
Nal since the cascade shower interaction process is highly
variable for these energies. However, the results do. indi-
cate that up to ~ 100 MeV the preéent crystal is a fairly‘
good total absorption spectromeater.

.To make an estimate of the self-gating losses for
the present crystal I have used two methods. As a first
estimate of the effect, I have performed an evaluation
identical to that of FCIRREST (1969) which is based on the
simplified cascade shower theory of WILSON (1951 and 1952).°
The problem is to find the probability that a high energ
gamma ray event will produce a self—gating'interaction in
the CPS cups. We assume (as does FORREST) tnat only the
initial pair-produc?d electrons contribute to self-gating
process., This‘neglects any photons which escape from the
crystal. WILSON (1951) states that the number of elec:trons

ixr

*d
m

(not secondaries) at a distance t from the place of

production is

n(t) =2 exp(-t/Rﬂ'),
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wvhere RT = pailr range (the average distance traveled by

pair-produced electrons). This pair range is given by
p—t 7 ’:-‘ 3 - -
R_ In2 [(I+1/W)1n(W+1)-1] Rms

In this equation Rz is in radiation lengths, W is the
initial photon energy (in shower energy units, i.e. rmulti-
ples of Ecln2) and the Rms term contains the correction due
to multiple scattering ( < 0.06 radiation length for ph&ton
energies >-EC). If the pair producing interaction occurs at
the depth t = 0, the probability that one or more electrons

appears at a depth t is
co

P(t) = n(é)/ijﬂ.n(t)dt =L exP(-t/RTr ); : - " C-8
< .

R

v

The probability that an incident gamma ray will
produce a pair in dt at a depth t is just

) dt
P.(t)dt = exp(-t/R ), Cc-9
1 (%) p( pp)

%

,_UW

wheres R__ = interaction iength for pair production. - Oace
the pair is produced at the depth t, equation C-8 can ke
used to express the probability that at least c.e electroa
will penetrate the remainder of the crystal, a distance L-t,

and escape. This proba:ility is given by

i .
Pz(t> - R__ e}‘p [-\L t)/Rﬁ }°

Conversely che probability that no.electrons will escape is
given by

{(t) = 1-p,(t) = 1-%—— exp [-(L-t) /R_ . C-10

n

P

2
-
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Note that the use of L = crystal thickness here is a good
approximation only for gamma rays incident on the flat face
tof the detector. In general the effective crystal thickness
for the present detector varies greatly with zngle of inci-
dence. Since we want to know the detector response to par-
allel raciation on the symmetry axis, the use of the vzlue L

for the effective detector thickness is reasonable here.,

This result basically assumes that the shower does not spread
ilaterally to a great degrce, or that the pair electrons move
roughly in the same direction as the initial photon.

he

cr

Combining equations C-8 and C-10 we obtain for
efficiency for a gamma ray to interact in the.detector and

not procuce self-gating the relation

L
€. = £ exp(-t/R ){14*l" exp [-(L-t) /R 1hat
1 R _ o ° pp LU R A
/ 2 "
or
1 Koo
_ - . - ™ \ - -] - ,-_ D\ \‘!
€]_ = ——-——R (1 e;,\p( L/App/] "R R [exp( 'L‘/RT.’ ) expy -*/~pp/-.
PP T PP - c-1

~

This relationship was used in the HER efficiency calculations

and the results ere seen in Figure C~4. The cuxve labelled

-

€, is the efficiency including this self-gating, while the

1
dashed line is the detecticn efficiency if no self-gating
correction is applied, ¢ = 1l-e /

.-ﬂ«
IIctce L

‘h

As a second estimate o the spll—oa In

have used the following model. The KANTZ and EOFSTADTER re-

U\z

a

sults above indicate that at a given photon energy, on the
average, a certain percentage of the total energy is not con-
airned witliiin the crystal. I have assumed that the escaping

ener;y is divided equally among photons whose energy i1les a

the minimum of the absorption cross section velsus energy
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energy curve for Nal. This cnerpgy was taken to be 2 MeV.
For example at E = 90 McV roughtly 25% of the cenergzy, or ~ 23
MeV

» 1s assumed to cscape in the form of ~ 11 photons, cach

of energy 2 MeV. The probability that at least one such
photon will interact in the %1 cm thick charged particle

shiecld is

'n(EY ) . .
P4<EY ) = ; 1-- éXp(-/de),
i=1
wnere d = thickness of CPS (~1 g/cmz), and A, = interaction

mean free path for a 2 MeV gamma ray in plastic (ecm™/g ) and
n(EY ) = the number of escaping 2 MeV photons. Using thls,

equation the estimate of the detection efficiency including

these selif-gating effects becomes

. :
=+1 - exp[- ? -12
@ =1t - ewpl- p(E DL REE, ) c-1
for E>E .
c
'n(EY ) is determined from the percent energy con-
tainment results of KANTZ and HOFSTADTER as listad earliew.

a
Once again these results represent a highly idealized case, .
e

(0]

but do zive an indication of the effect of th

Iy

energy in the form of photons. The results for this e
of self-gating effects are shown in Figure C-4 as the <5
curve,

The results of the first method represent a very
smail correction to the curve which includes no self-gating.
This is due to the fact that even though the initial pair
electrons may be of high energy, their range is short due to

tion end ionization losses. Hence they can be contained

M
o.

T

- h!

within the crystal, ‘Recall of course that this mathod does

i ema.

not consider the production of the sec01d ry pnotcns an
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clectrons and their poséible'cscaée,and dectection in the
charged particle shield.
Uncer. the assumptions of the second method the celf-.

gating losses become quite lafge as energy increases and

ch a point where évcry event is vetoed by the charged
particle shield. This qucliitative result is more.vhat is
expected to-occur, since for a large amount of encrgy escap-
ing from the crystai there will on the average be a large
number of escaping secondary particles or photons of suffic-
ient energy to be detectad in the éharged particle shield.
Although the second cstimate is idealized, it prctably more

szl enr t 1¢ self-gatin o ..
close represents the tru lf-gating losses
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APPENDIX D
ATMYOSPEERIC GAMMA RAY AND NEUTRON BACKGROUNDS

1. Gamma Rav Rackzround Contributions

The ability of any balloon-borne gamma ray detectoxr

to measure very low fluxes from the Sun or other extrzter-

-

restrial sources is severely restricted by the high intensity
oz background radiation present in the atmosphere. This is

particularly true in the case of an Isotropic (or ormid

'.l.

ty
to radiations impinging from different directions. It is

tional) detector which has approximately equal sensitiv

the purpose of this appendix to discuss the.continuous and
line contributions‘tq the background counting rates which
are cue to atmospheric gomma rays and neutrons.

The atmOSpheric gah.m~ ray flux at ballcon altituczs
has been measured Zor energies in the range 0.1 - 10 ¥MeV by
PETERSON et al, (unpublished_m asurements) and zbove 30
by FICETEL et al. (1969). BRBoth measuremsnts were rade &t
an atmospheric depth of 3.5 g/cm2 at a geomagnetic latituce
of N = 40°N, Figure D-1 siiows PETERSON!S measured spectrunm
above 100 keV, which is a relatively smooth continuun excepnt
for the annihilation line contribution at 0.5 MeV. DNote

Inlaai

the measurements of PETERSON do not represent a true photon

»

flux (ghotons cm-zsec- deV-l) but rather an energy loss
spectrum in their detector (counts em 2sec ey *y. The re-
sults of FICHIZL e al., also shcm in Figure 2-1, have bdzen
corrected for efiflcizncy and therefore represent a shoton

fiux. Below 500 keV the res.:lts of PETERSON et el, sacull
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ture D-1. DMeasured and calculated results for the ztmos-
pheric gamma ray spectrum at ballocn altitudes
(3.5 g/sz, An = 40° N). Note that the present
experiment and the resulis of PETZISCM et a:
o b $ - -~ o~ A
(195%) are pulse height spectrs {counts/exm
sec »aV) corrected to 3.5 g/len? and N = 40°X,
while 'the remaining resul:ls represent true
. 5
photon flux spectra (photons/cz- se
'a)

that the curve of FORREST (1959

) .
zero </cm* depth.
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be very close to the true ganma ray spectrum because the

[aB

ctector efficiency of their 3" x 3" Nal scintillation

r

c

H

coul is high for these energies, 1II the detector resgponsc

jo}

-

is usced to unfold their energy loss spectrum, the net result
will be

r
unfolding o PETERSON!'S spectrum was performed Dj .FCRREST

ude

n

a hardening of their energy loss spectrum. A c

2n

(1969) using a generated response matrix for a 3" Nal
dectector. The spectrum obtained from this unfolding process

- 2 . .
when extrapolated to zero g/cm” was calculated to be

v

/e, = (1.0 1 0.2)E] -(1.2 £ 0.2)

photons cm“2 sec-l'HeV-l

This calculated photon spectrum is indicated in'Figuré D-1
a dashed line. |

PUSKIN (1970) has also made theoretical calculatlons
of the expected atmospheric gamma ray spectrum valid at an
atmospheric depth of 3.5 g/cm? and geomagnetic latitude o
41°%. The reader is referred to PUSKIN'S report for cetails
of these calculations. His calculations for the continuun

portion of the total atmoscheric spectrum are well Zit by
« - . o - e _2 .O - s 2 _l PR -~
the Zunction dY/ca/lv 0. 753/ photons cm = sec ~ eV

< -1.17 . -2 -1
belov 500 keV, and by c\I/dr ~ 0, 47E photons ca © s

€
MeV ™ : above 500 kevV. These curves are plotted in Figure D-1

as the dot-dashed line. Note that this curve does not incluce

the 0.5 eV Zine contribution which he also calculates.)

’..J

Using a generated response matrix.for a 3" x 3" Nal cryste
he was able to obtain agreement wi th PETZERSOK! S mezsured
energy loss spectrum Zrom his theoretical calculated atmos-

—

pheric photon spectrum. This calculation included the con-

tribution from extraterrestrigl primary gamma rays as
measured by METZGER et ‘al. (1964).

e

In acddition to the coztinuum spectrum and 0.5 eV
t 4¢

FSKIN also predicts the presence
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ol a lino at 6.13 2oV from the fast ncutron inelcctic scat-

s . 16 16, _ .
tering reaction 077 (n,n')0"" % with subsequent cdcexeitation

of the excited 0°° nuclievs. 4 similar ¢ .z2ss f£or N L in the
atmospnere should produce much less intense lines. He cal-
culates the strength of the 016 line to be I(6.13)~§&.4 = 10_3‘
photons cm-z sec-l. Assuming isotropy for thic *lpx, and .
using an isotropic geometry factor of G, =570 e’ For the
present detector and a photopeak ef flClC:C/ = (.., at 6.13
MeV, we would expect a counting rate in the de¢  .tor of 1.1
counts/sec due to this line. This should be a measurable
effect in the large spectrometer. .

the results obtained by PETERSON :' e performed with

2

a 3" x 3" crystal having nearly isotropic response, and
hence their flux represents an equivalent omnidirectiorzl
flux. The Monte Carlo calculations cf the production of
secondary gamma rays in the a;nosphe;e from 0.1 - 10 MeV by
PUSKIN (1970) show great anisotropy in this radiation. Eis
calculations show that the gamma rays resulting <rom brems-.
strahlung of cosmic ray electrons in the atmozuizre (
represent ~ 84% of the total gamma ray flux) =.e highly anisc-
tropic from 0.1 to 10 MeV. At 3.5 °/cm atmospheric depth
the ratio of upward moving to downward moving photons varies
from ~ 4:1 at 500 keV to ~ 8:1 at 10 MeV. At the O.S:Mev
anninilation line the calculated up-down asymmetry is ~ 2.3

<

(PUSKIN, 1970). He also predicts that the downward flux

will vary roughly as sec 6, where'® is the zenith angle
mzasured from the vertical.

| This same type of asymmetry in the atmocspheric flux
has been. experimentally observed above 100 MeV by FICHTEL et

© rise from 9 = 0° to a

0

al. (122, They observed a se
maﬂ"~Lm et € = 90° and a decline from © = 90° to 180°. At

180° the directional flux is ncarly ecual to the value
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at 6 = 0. Hence, at energies >100 MeV the majority of the
atmospheric gamma ray f£lux comes from the horizon dl“CCe’On.
This type of anisotropy is important in determining back-
ground contributions for directional detectors flown'at high
"altitudes.

a T The measured spectrum for the present detector as
obthlned on flight 558P is also shown in Figure D-1. This
spectrum represents the measuled energ y loss Spectrum cox-
rected for deadtime losses and the at;enuatlon in the
surrouncing materials. Since flight 558P floated at an
atmospheric depth of ~ 3.5 g/cm? at an_approxiﬁate geomag-
netic latitude of 40°N, the spectrum is directly comparable
to that of PETERSON et al. The line contributions from 1.1
to 1.5 MeV in the present spectrum are due to the 0060 in-
flight calibration source plus the g0 (1.46 MeV) background
line intrinsic to the detector. The enhancements at energies
of ~4.3, 6.1, and 6.8 MeV appear to be real effects. They
have not been investigated further as yet. As Figure D-1
shows, the energy loss spectrum for the present detector is
somewhat Ilatter tha1 that of PETERSCN. This is to be expec-
ted because of the increased high energy efficiency of the
large spectrometer over the 3" x 3" Nal detector. The energy
loss spectrum of the present detector should give a closer
appfoximation to the true atmospheric photon spectrum then
PETERSON! S measurement.

The intensity in the peak'at 0.5 MeV for the present
experiment was determined by using a computer fitting routine.
This program fitted the continuum on either side of the peek
with a two exponentizl function. This function was used <o
subtract the continuum from the total in the peak region.

The remzinder was then £it by a Gaussian function and the -

best fit area taken as the peak counting rate. This rate
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was then correocted Eor deadtime and attenuatior losses.

USLno a G, = 570 e , and a photonesk efficiency of epn =
0.79 at 0.5 MeV, the resultivc equivalent isotronic O.B'Hev
lire flux was foun.. to be 0.17 photons em Zsee™t at 3.5
g/cm? atmospheric depth.. This is in excellent azreement

with the earlier measurements of CHUPP et al. (1969).

2. Neutron Baclcfo nd Effect

Any scintillation detectorifléwh at ‘balloon altitudes
Wwill actually measure a "neutral® energy loss spectrun.
Since neutrcns escape detection by the charged particle
shield, they can add an unwanteé contribution to the cesired
pure gamma ray spectrum. These neutrons, thrcugh various
nuclear interactions in the crystal, can lead to gamma rays
and other detectable particles which may distort the true

gamma ray spectrum. L1f the neutron contribution to the

8]
A

v

neasured spectrum Is large, the analysis of the experimental
results becomes much more difficult, and the assumption that

one has measured a sure gamma ray spectrum is greatl

be!
PRS

«
s

error., For this reason the background effects in the crystal
due to the ambient atmospheric neutrons are considerad.

The major processes by which neutrons can produce
gamma ray events in the detector are (1) gamma rays produced
in Nal by atmospheric therm:zl neutrons, (2) gammzs rays from

ster-producing neutron rezctions in the 1 NaI, (3) events due

to the interaction .of fast neutrons in the NaI, (4) produc-

.

tion of 2.23 MeV gamma rays by moderation and subseguent

capture of fast neutrons in the charged particle shield
(5) producticn of radioactive gamma ray emitters by activa-
tlsn of the crystal or surrounding materizis. Prccess

N

&s
{2), and (3) contribute to the gamma ray continuum while
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et al., 1959) Zmply = 7.51 baras/molecule thermal nevcion
I

capture cross section in Nal. Using this cross section an

average effective arca for thermal neutron capture of ~ 430
f)

cm” was calculated for the present detector (assuming an ef-

Nm

fective cthickness of ~ 12,7 cm and G o = 570 cm”) .-

Tne caleculated counting rate in the Nal cryst 1 due
to thermal neutron capture at, 3.5 g/cm atmospheric depth
and N = 40°N was found to be ~ 7 countsy/sec, or ~0.5% of
the totzl neutral coun ’ihg Tate observed above 250 keV. It

atc

oy

should be pointed out here that the calculation aésunac t
.every neutron capture produces a gamma ray in this en gy
region and that every gamma ray was detected in the crystal

Hence, the 0.5% figure is an overestimate of thes effect.

This result agrees roughly with the results of KASTURIRANGAN
(1971), who calculated a 3% effect for a 1" diameter x 1/2"

thick Nal spectrcmeter at 7.0 g/c_m2 atmospheric depth and
for equatorial latitudes.

(2) The contribution from star-producing neutron
interactions has been estimzted by JONES (1961) and
KASTURIRANGAN (l97l)'and found to be a negligible effect in
their respective detectors, Calculations were made for the
present detector by correcting the star-producing atmospheric,

neutron measurements of LCRD (1951), made at a residual de:

'Y
cl

2 . .o .
of 45 g/cm® and geomagnetic latitude of 55°N to a geomz zgnetd

R - - . = 2 e
latitude of 41°N and atmospheric depth of 3.5 g/em™. The
atmospneric depth correction was evaiuzated frem the fast
neutron f£lux versus pressure measurements of HAVMES (196%)

S
at 41°N latitude. A latitude correction of 0.4%4 obtzinmed
Zrom HOLT ct al, (1966) was used to correct the neutron flux
from N = 55°N to A = 41°N. Geometrical cross sections of
S

- -127 .. - .23
for I ZORD, 1951) aad 0.73 barn for Na"~ were
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The results show that this cffect is ~1% of the

N

cf
total neutral counting rate at 3.5 g/cm” atmospheric dest

(3) Another ncutron-iInduced effect is the direct
rteraction of fast atmospheric neutrons in the crystal

ilcading to gamma rays and chargeld wsarticle products which

i
yield events in the crystal. To estimate the contributica
of this process the follicwing equa tion was evaluatea.

max
i -
. 1y h
R {counts/sec) e $§( )_. A(E)dE,
S dz
E . -~
min

cney for detection of the reac-

e

where ¢ is the average effi

H

c
tion products, dN(E)/dE is the energy dependent differentiz
atmospheric fast neutron flux (neutrons/cm?sec MeV) at
balloon aititudes, A(E) is the ener gy dependent effective
cross section (cmz) for Zast neutron interactions in the

~

Nal crystal. and E . and E
3
in max

neutrons included in the calculation.  For dN(E)/dE the

define the energy range of

T

neasured atmospheric fast neutron spectra of HAVMES

and HESS et al. (1959) and czlculazions of LINGENFEL
s

-

(1963) were used. This flux was assumed to be an i
flux., A(E) was calpﬁlated from the energy dependent noa-
elastic nevtron reaction cross sections for Nal found in
HOWERTON (1958), and an isotropic geometry factor of 570 cm?
was usad for ‘the detector. The equation was evaluated by
numerical integration for atmospheric neutrons in the range
min = 200 XeV to Emax =1
Note that the non-2lastic neutron cross sections

o
o
N
e

23]

MeV using e ~ 0.75.

rather than the total neut on cross sections were used,
Elastic neutron scattering interactions, (a,n!), were neglec-

— 20 = ~ h g A > e e D v = ma - -
czd pecause the scatzered asutron is o d not to imterzct

wn
[

sum

elsewhere in the crystzl zand hence w11l not produce an event.
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(5} In addition to the above process, gamma ray
iire contributions zt numerous energies can be produ ed
through activation of the Nal crystal Ztself or surroundinz
mass by incident neutrons and charged narticles which pro
radiczctive species, nese nuclides v.oox decay at their
characteristic decay ratce producing conmtamination gamma ray
evernts in the crystal. .in example of a acutron-induced reac-

tion Is the production ol 0.5 MeV gamma rays from the reac-
. -~ Tl
LY S )

- T - 1 * . . =
ti Dot (n,._u)sQ , follcwed by the positron decay cif
- 2125 e s - . = .-
the ==~ with a 13.2 cday half life. This would actually

- -L.
D'J
produce a continuum contribution due to the enerzy less of

the positron, This dces not aspear to be a significant

process for a palloon f£light of ~ 8 hrs duration beczuse of

-

its low production rate and long half 1ife., Other such re-

1 ) 24
28 and N%S(n,y JN2" in the crystal,

actions are 1127(n;7 )I
and the A127

.. . w24
rouncing gondola frame and electronics., The Na” deczys

24 . . , . -
{(n,c)Nae” " reaction in the aluminum of the sur-

via B emission with 99% of the decays requ.tvnD in prom

‘o
ot

1,37 eV and 2.75 MeV gaxzma rays emitted by the daughter
- 24 128 oo s . 123
nucleus Mg~ . I decays by B  emission leading to Xe
which yields a 0.455 MeV prompt gamma ray in 15% of the
cases,
In addition to neutron-induced reactions, charged

article rezctions (predominately p”OtOﬁ-ludLCGd> can lead

r—k} .

to radioactive specles., These interactions could provide

-

the dominant cceatribution since the charged particle

luxes

th

are much nigher than the neutral fluxes at balloon zltitudes.
Although the charged particle is vetoed by the charged
particle shielid, the radiocactive nuclice it produces in th

.

rystal will decay at a later time giving measurable gamma

()

ray events. Such zctivatrion effects have beaen observed in

satelilite experiments which pass through the inner raciation

m



belt (PETERSON, 1965; PETERSON et al., 1968) vhere the
proton flux is very high. TFluxes of 51n;1 ar partﬂc1c< are
mich lower in the earth's atmosphere,

In balloon-borne experiments contamination line con-
tributions have been seen in those experiments using large,
‘massive active or passive shields surrounding the detector.

A number of monoenergetic line contributions were also ob-
served in & 15.3 cm2 Ge(ul) solid state: cetector (WOMACK and
OVERBECK, 1970) flown at a depth of 4.7 C/cm . These lines
were attributed to the production of radicactive nuclides
.from (n,Y ) reactions in the CGe. .The preseﬁt experiment has
no maessive shielid near the detecctor. In any event, czlcula-
tions of these effects are quite complex owing to the un-
certain knowledge of cross sections, particle fluxes, and
physical geometries. Only very crude estimates could be
obteired. Calculations of charged particle induced eZfects
were not verformed Zor the present detector.
| An acdditionzl scurce of bzakground lines is the
radiosctive decay of contaminants intrinsic to the detector
and surrounding phototube meterials, In the present detec-
tor this effect will probably bz the most significant con-
tributor to backgrcund line radi ‘
- . 40 2

naturally occurring K~ and Th
materials enilt gamma Tays at energies of 1.46 and 2.62 MeV
respectively. These lincs zre always observadle in a

,

aken with the present detector. They are expected

t
to reprezent a several percexnt effect sbove the continuum
ic background in thelir respective pnotopeak regicns

.

atmospaeri

H

and may be cbservabie in the gamma ray spectrum at balloon

aitizudes. That this is thz case is seen in Figure D-1 frem
the measurcé energy .oss spectrum in the present catector

ancement in the energy int :V"



from 1.1 eV - 1.5 MeV is due to the contribution a- 1.47
MeV from the KAO contominant plus' the leakage spectrum of
the'Co60 calibration source.

| By coﬁbining the resulcs of this section we see that
neutron éffects in the present crystal should te £ 5% of the
total neutral countihg rate above 250 -keV at a‘geomagnetic
la i’aae of 40°N and atmospheric depth of 3.5 g /cmz. Hence
neucron effects should represent no serious limitation to
the present pulsar seaxch analysks They arffect ;nﬂs sezrch
only I. Zhat they increase the background countl g rate,
whicn makes it more difficult to obscrve small sulsar

signals.‘
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APPARENT PERICD CHiXNGES 7 R NP 0532 FOR BALLGOX
LOCATION ON JUNE 7, 1970

1. Introduction

In this appendix be apparent periocd changes of
pulsar N? 0532 are discussed and these changes are calcula-

ight 538? (June 7, 1970

In general, an observer positioned ¢

f 1

ted for the day oI I:
ewhere oa the

earth will obsexrve a different frequency oZf pulsation for o

-1
ot

pulsar than an observer in the rest frame of the pulsar.

as become standard practice to transform the observed nerioc

-

oy

not o the rest frame of the scurce, but to the pericd value
as weuld be observed at the sclar system barycenter. We
shall folilow this practiceé here.

The difference takes the form of a Doppler shift in

observed frecuency of emission due to the relative motion of

the scurce and observer. Siice ;“lS relative moticn occurs:
at e speed much less than the Speed of light, non-relativistic
equations are vaiid for the calculatiocns. In additicn to thi

Doopler correcticn, pulsars themselves apzear to be ccntinu-

ously slowing down in their cwn rest frames. Ter NP 0332
this slowdown razte has been measured by a number of experi-

menters (see, for examnle, FISEMLN et al., 1969 and BOYXNTOX

et al., 1969) resulting in a value of

ép/dt = +36.52 nsec/day.



1g¢g

Combining thease elifects yields an ephemcris of period values
for any given day. Sizce the pulsa1 analysis requires a
tracking of the aniarent period at the detector location,
knowledge of the expectcc apparent period change during the

flight is guite critical.

Y

2. Tre Period Czleulations

The following definitions are made for clarity in

understanding the calculations:

i. arycentric Perlod = period measured by an
observer act the center of gravity of the solar

ey
SR

system (PB).

H.
e
L]

Heliocentric Period == period as measured in

the Sun-centered coordinate system (PQ).

iZi. Geocentric Period = pericd as measured in the

Earth-centered coordinate system (PG).

iv. Apparent Pulsar Period = period as measured at

Le balloon payload (PA)°

Given a barycentric pe iod value 2t 2 g given en

-

-~

during the flight, the problem is to czlculzte the chanzz

e
(s}

pparentc period value at the balloon location during the

e

he

5
cr

otzl period transformation from barycentric to

P
' 1
GQ
)
&
’—

apparent periocd was carried out in four steps. The correc-
ticns obtained for each step are added to give the total

trensformation. The four basic steps ere:

Conversion of barycentric period to heiio-

1
centric periocd.
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The last approximation is valid here because, as tic
results of the calculations will show, the difference between
P apo P is of the order of 1 part in 104 (AP/PO ~ 1/104).
The error resultinz from this approximation thus gives a

completely negligible error in any of the correction calcu-~

[lations to follow (error always <1 nsec)

\I
A

S obtain the barycentric to nelwoccn* ric correciion
we require the projection of the Sun's orbital velocity about
the barycenter in the direction of the-Crab Nebula, &as
measured in the barycentric coordinate system. This is
pictured in Figure E-1, where VSC is the quz_zntity:of inter-
ast. The determination of the posi:ioﬁ of the barycenter
with respect to the Sun is a quite complex problem due to
the fact that the planetary orbits are elliptical, do not
21l lie in a single plane and have widely varying orbital
periods. To simplify this approximate calculation, we nzke
the fol cuing assumptions.
1. Assume that, to first order, only Jupiter anc
the Sun are required in the calculation cf the barycenter
position; ‘

2. Assume that Jupiter, the Sun, and the Crab
Nebula all move in the same plane.

3. Assume that Jupiter's orbit is circular (eccen-
tricity of Jupiterts orbit = 0).

Toese assumptions imply that the Sun moves in &

circuler orbit about the barycenter with average ordital

radivs, R, (distance of berycenter from the Sunj, and with
. an orbital period “’T'Ljifl . Using tho masses of the Sun
and Jupiter as tabulated in SMART (1965), we obtain

5
~ 7.43 % -
Rgp 7.43 x 107 km
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ure Z~1, Sketcnh of ccordinates. for barycentric
centric period transformation. S

barycente“ is calculated by assuminz cth

Sun and Jupiter are the only contributors fo its

positica. Under this approximation, VS“ is the
- D

constant orbital speed oI the Sun in its circu.e

orbit about: the barycenter



192

Under these approximations, the position of the barycenter
'ﬁs slightly more than one Solar radius from the Sun's center

since R~ 6.96 x 10° km) . ' Under the ‘third assumption we

find that TSB ~ 11.86 tropical years = 3.74 x 108 sec.
Since VSB =_§v RSB/TSB for a circular orbit we get VSB
~ 1,25 x 10 © km/sec. The largest correction occurs when

the Sun is moving directly away from or toward the position
- of the Crab Nebula, At these times the velocity projection

is equal to + V Hence, the maximum barycentric to

SB*
heliocentric period correction becomes

VSBPB

C

APHB (max) ~

- Using PB==33.1 ms we obtain APHB'V1.4 ns, with much smaller
changes in APHB over the course of one day. This order of
magnitude correction is included in the + 5 ns error to be
assigned to the final results below and is therefore neglec-
ted. The heliocentric period, P, , is thus considered to
have the same value as the barycentric period for the
present analysis. ) ‘

The apparent period as a function of ﬁniversal time
can be expressed in terms of the remaining three corrections

‘as follows

P, (£) = AP, (£) + AP, (t) + AP4(t) + P,  E-3
where- _
~APl(t) = correction from heliocentric to geocentric
period,
APz(t) = correction from geocentric to apparent
period, ,
and AP3(t) = true pulsar slowdown correction in barycentric

(or heliocentric) system.
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4, Intrinsic Pulsar Slowdown Referred to Barvcenter

The expression Po(t) = Pé:+ AP3(t) represents the
true heliocentric pulsar period as a function of time. As
mentioned earlier the term AP3(t) has the measured average

value 36.52 ns/day. Hence, APé(t} has the form
AP3(t) = (1.52) (t—to) nénoseconds, E-4

where t is measured in hrs and t, is an arbitrarily chosen

reference time (in hrs) for zero pulsar slowdown correction.
oty is the epoch at which the heliocentric period, P@(to), is
assumed to be known, and was chosen to be t, = 15h 50™ 30°
UT on June 7, 1970.
The remaining correctidn terms are treated separatelﬁ
and can be expréssed as follows, using the non-relativistic

first order Doppler shift equation E-2:

vt), ,

— . ) -
APl,z(ti = --—-—-’-c PO. . E-5 .

It only remains to calculate the velocity for each correc-

tion term.

5. Heliocentric to Geocentric Correction

To calculate the correction from the Sun~-centered
coordinate system to Earth-centered system, we need to know
the projection of the Earth's velocity, Vl(t), along the
line joining the Earth to the position of NP-0532. For con-
venience, the parameters needed in this calculation are
expressed in geocentric coordinates. This exact problem has

been solved in SMART (pp. 214-215), and using his results
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(and adopting his notation) we obtain for this velocity

projection

Vl(t) - 27\' a ;0:;2 {Sin [@(t)")‘ ]L_e sin (Tn’—l)}’ E"'6
T(Ll-e“) ' ' '

where

= semi-major axis of Earth'!s orbit about the Sun,
= period of Earth's orbit about the Sun,

= eccentricity of Earth's orbit,

™ 0 1 o
!

= latitude of NP 0532 as measured in geocentric
coordinate system,
/

A = longitude of NP 0532 as measured in geocentric

coordinate system,
longitude of the Earth's perihelion on the

€2
I

ecliptic plane as measured in the geocentric
coordinate system, and

O(t) = geocentric true Solar longitude.

The relationship of the various angles and distances used in
this calculation is shown in Figures E-2 and E~3,

The commonly given coordinates of celestial bodies .
are the right ascension (RA) and declination (8) as measured
on the standard celestial sphere (celestial equator parallel
to the Earth's equator) (SMART, p. 37). Given the RA and
of the source position, we can calculate the equivalent
celestial latitude and longitude (using the ecliptic plane

as a great circle) B and M respectively, from the formulae

(SMART, p. 40)

cos(B) cos (M) = cos(&) cos (RA) E-7
cos(B) sin(\) = sin(¢) sin(ec) + cos(8) cos (e) cos (RA).



March 2l

V) .
June 224 /Perihelion
>
Perinelion
Semi-Major Birection

Arxis Ducembﬁr 22

Crcb Nabula

s, Septem irecti
Direction—> / sptember 23 Direction
o Vernal ¥y
Cguinon

Figure E-2.

Sketch of coordinates and angles for hellocentrlc to geocentrlc
period transformation. The drawing roughly depicts the
situation valid for flight 558P (June 7, 1970).

GoT
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“ e
Y o

Direction+ &

fo Ecliptic | ¢ Earih
Plane %/‘ Spin Axis
SN Ny Dircction
Equator of Crgb

Nebula

Ecliptic™

Directib
of Vernal
- Equinox

Figure E-3, Sketch of position of Crab Nebula as expressed
in two Earth-centered coordinate systems. One uses the

" equator as the fundamental great circle with A and B being
the longitude and latitude of the start!s position. The
second has the ecliptic as the fundamental great circle with
the right ascension (RA) and declination (§) being the

- angular coordinates. Both systems use the vernal equinox
as principal reference point.



197

~ Combining equations E-5 and E-6 gives for the heliocentric
to geocentric correction term

|

APl(t) : 27 a cos3

cT(l-ez)l/2

P®, { sin [@(#)-M—e sin( ‘c‘u’-)\)}. E-8

N and B are evaluated from equations E;7. In this formula
the minus sign was chosen to give APl(t)<:O for Vl(t)>>0 as

required for the period change due to a Doppler shift.

6. Geocentric to Apparent Correction

Thé correction for geocentric to apparent period
contains the Doppler shift due to the diurnal motion of the
Earth about its spin axis. The quantity needed for use in |
equation E-5 is V2(t), the coméonent of velocity of an ob-
server at a point on the Earth's surface in the direction of
NP 0532. A diagram of the pertinent coordinates.is shovn in
Figure E-4. .

, Once again SMART (pp. 216-217) has considered this
problem in detail, and the resulting velocity component,
V2(t), is found to be ’

2 (Re+h)
V() = —2— cos(?) cos(8) sin M(t)],  E-9
e N

where Re mean equatorial radius of the Earth,
h = float altitude of the balloon above the Earth's
surface, : '
T = rotational period of the Earth,
¢ = latitude of the ballodn,
"8 = declination of NP 0532, and
H(t) = local hour angle of NP 0532 (measured with re-

spect to the meridian of the balloon).
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Earth:
Spin Axis}

L.ocation of
observer ch
Earths surfacc

Equaior

¥ Direction of
Vernal Equino:

Figure E-4, Sketch of coordinates required in geocentric

to apparent period correction. % is the longitude of the
observer!s location and H(t) is the local hour angle between
the Crab and the observer. Vz(t) is the projection ‘of the

observerts velocity in the direction of the Crab.
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- Using equation E-~5 we obtain

2n (Re+h)P
cT
e

9]

' .APz(t) = cos(%) cos($) sin [ﬁ(t)]. . E-10

(The replacement of R, by‘(Re+h)‘in SMART!s equation (51)
(p. 217) accounts for the fact that-the observer-is a dis-
tance h above the Earth's. surface. His equation (51) is
valid for an observer on the surface of the Earth).

This equation assumes that the observer is fixed at
the same latitude, longitude, and altitude during the flight.
The latitude, longitude, and altitude for the present calcu-
lations were arbitrarily chosen to be those values for the
 balloon location at 15" 50™ 00° UT. The balloon latitude
varied from 31.0°N to 31.5°N during float, which represents
a 0.5% correction in equatioﬁ E-10. The float altitude
fluctuated from 38.45 Km to 37.40 km which represents a << 0.1%
perturbation to the results, Both these perturbations are
completely negligible. The largest error in this assumption
results from the balloon drift in longitude throughout the .

- flight. During the 4.5 hr interval at float for flight 558p,
the balloon longitude changed from 96.3°W to 100.5°W longi-
tude., This westerly drift in longitude across the Earth

has the effect of reducing the tangential velocity at the
position specified. '

In equation E-9, Vz(t) is the tangential velocity
directed eastward at the latitude, ¢, and altitude, h, assum-
ing that there was ho balloon drift in longitude. The west-
erly balloon drift has the effect of reducing this tangential
velocity by an amount equal to the longitudinal balloon drift
speed, assuming that the altitude is approximately constant.
Including this effect, the corrected Vz(t) would be
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| V“(t) = {w -V }008(3’5 COS(G)r;in [H(t)]
N 2 T, ~ 'DR " Y ?
and the period.correction including the longitudinal balloon
motion becomes ' |

- 27 (Re+h) 'PO . .
APZ(t)' = {——-——;i,e——-— - VDR} T h?s(¢) «cos(8) sin [H(i;)].*
' . . E-11

Using the post-flight balloon position data supplied by NCAR,
the average longitudinal balloon drift. speed was calculated
to beAVDR = 2.47 x 10"2 km/sec. ‘A | -
The total period correction is obtained by combining
_equations E-4, E-8, and E-1l in equation E-3. A computer
program was developed to perform these calculations. A list-
ing of this program is given-at the end of this appendix.
The coordinates of the location of .pulsar NP 0532 were taken
to be those of the south-preceding central‘star of‘the Crab
Nebula as given by MINKOWSKI (1968). For the day of the
flight, the value of the true Solar longitude at OOh 00™ 00°

UT was obtained from Astronomical Papers, Vol. XIV, p. 625.

All further values of 0(t) were generated in the program.

_ The results of these caléulations for a time interval
bracketing the float portion of the flight are shown in
Figure E-5. The calculations were made in time increments
of 10 minutes. As Figure E-5 shows, the heliocentric to
geocentric period correction over this time period is well
approximated by a straight line with a slope of dp/dt
-2.34 nsec/hr. The total correction shown in Figure A-5

shows a sinusoidal domination of the total correction vs.

time curve. .
To obtain the absolute apparent period value for the

day of the flight, we need to know the barycentric period, P@,

for a-given epoch. This value was obtained as follows. As
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‘Figure E-5. Period corrections for NP 0532 on June 7, 1970.
The heliocentric to geocentric, geocentric to apparent, and
true pulsar slowdown corrections are given by CORR.1, CORR 2,
and CORR 3 respectively. Delta P is the total correction
(CORR 1 + CORR 2 + CORR 3) to be applied to the barycentric
period to obtain the apparent period. The solid line is the

best least square linear fit to the data from 1430 UT to
1910 UT. ~ ‘ '
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an independent check of our calculations, apparent period
and. absolute main-pulse arrival time information for the
optical emission of NP 0532 were provided for us by Dr. C.
Papaliolios at Harvard University for the epoch of the
flight. These calculations were made for the balloon loca-
éion[atﬁa,referénce time of 15" 50 30% UT.  This data in-
cluded the apparent period value at one minute increments
from 15h 00™ 00° UT to 16" oo™ 00°, and the closest optical
main pulse arrival time to 15h 50™ 30° ﬁT The Harvard re-

sults indicated that a main optical pulse occurred at

15 50™ (29.9956 + 0.0003) sec UT. To obtain the barycentric

b 50™ 3OS, I normalized my

results to the Harvard period value at 1§h 50™ 00° UT. This

period at the reference time of 15

normalization yielded a heliocentric (barycentric) period

P, = 33.111920 nsec )
at 15h 50™ 00° UT. Since the period’rate of change is <1
nsec/min we can use this value as the barycentric period at
the epoch 15h 50™ 30°, Combining this value of Po with the

total correction term AP(t) gives the final result for the
'apparent pulsar period vs. time. n

Data analysis requires that we track this apparent

period during the observation time. In the present analysis,
data from 14 32™ 01° UT to 19 11™ 00° UT was analyzed.
Note that from Figure E-5°' a linear approximation to the
period change gives a fairly good fit to the total correction

curve. We can write this linear fit as
P, (t) = PA(to). + M(t-.-to),

where t = 15h 50™ 30° UT. Thus, times earlier than t are
' con51dered as negative in this fit. A least squares 11near

fit to PA(t) vs. t over the above time interval gives
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P,(t_) = 33.112308  0.000001 ms,
and : -

M = (2.25 + 0.05) x 1072 ms/sec.

as the best fit parameters. ' These values were then used as

the optimum parameters in the final phase alignment computer

program. Note that the above errors are obtained -only from

the least squares fitting procedure. The total error in the:

determination of the expected pulsar period must include

the errors involved in calculating each correction term. It

is not unreasonable to assume,that‘we'éan calculate each’

term to an accuracy of 1%. If this is true, the error for

each correction becomes

O(APl).= + 0.015 ns,O(APZ) =% 4 ns,9(AP,) =+ 0.2 ns.

3)
. These coﬁbine to give a most probable total correction error
of ot = 4 ns. Combining this error with the fitting error
expressed above, we arrive at an uncertainty of + 5 ns for
the calculation of the apparent period value for NP 0532.
This error applies to the period value at any point during
the flight.

A final comment concerns the reference time chosen
in the analysis. The knowledge of the absolute starting time
of the superposition analysis is important for obtaining ab-
solute arrival time information from the data. In adding the
data together, one time had to be arbitrarily chosen as the
zero phase time to which all phase-aligned data is referred.
The epoch 152 50™ 30° was chosen above as the reference time
for zero period slowdown corrections. The ninth multiscaler
run was started 3 ms before this time, and all ‘final phase
plots are referred to the start of this run, at the epoch

157 50™ (29.9970 + 0.0002)° on June 7, 1970, as the zero
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phase time. Consequently, when a period value is mentioned
" in the text, it refers to the value at this epoch. To obtain
the period at some other time during the data interval, the
linear approximation developed above is used.
*f‘ ‘: 7.j Computer Pfogram"for Period Correction
L E Calculations ("PERIOD") '

The "PERIOD" program was writtén to make the period
correction calculations described in this appendix. The
program listing which follows is rather self-explanatory.
The input information used for thé presént correction calcu-
lations is also included in the program. The program was
written in the FORTRAN language for operation on the Dart-
mouth Time Share System. By“sﬁitably changing the input
information, the apparent period of any pulsar at any ob-
server location on.the earth can be obtained for any given
day. The program generates a daily ephemeris of the -

apparent pulsar period.
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PERIOD . 01 SER 71 16:01

. 10C
.. 15C

20C
25C
30
35C
40
45C
50C
55C
60C
65C
70C
75C
80C
85C
90G
95C
100C
105C
.107C
108C
110C
115C
120C
125C
130C
135C
140C
145C
150
155
160
170
180
-190
200
210
220
230
240
242
244

- THIS PROGRAM PERFORMS A CALCULATION OF PULSAR PERIOD

CHANGES
OVER ‘A TIME PERIOD SELECTED BY THE OPERATOR (MUST BE
LESS THAN 24 HRS,). INCLUDED ARE CORRECTIONS DUE TO. (A)

-CONVERSION OF HELIOCENTRIC TO GEOCENTRIC PERIOD, (B)

CONVERSION OF GEOCENTRIC TO APPARENT PERIOD AND ()]
TRUE PULSAR SLOWDOWN.,

-INPUTS ARE (IN THE ORDER REQUESTED IN THE PROGRAM):

RA = RIGHT ASCENSION OF SOURCE (RAD:)

DECL = DECLINATION OF SOURCE (RAD.)

PO = HELIOCENTRIC PERIOD AT T-O

OMEGA = LONGITUDE OF EARTH PERIHELION ON ECLIPTIC (RAD )
ECL = ANGLE BETWEEN EARTH SPIN AXIS AND ECLIPTIC (RAD.)
GSOLON = GEOCENTRIC SOLAR LONGITUDE AT O HR. UT FOR DAY
OF CALCULATION (RAD.) :

E = EARTH!'S ORBITAL ECCENTRICITY

A = SEMI-MAJOR AXIS OF EARTH!S ORBIT (KM.)

RADE = EARTH'S EQUATORIAL RADIUS (KM)

EPER = PERIOD OF EARTH'S ORBIT (SEC.).

T = PERIOD OF EARTH'!'S ROTATION (SEC.)

ALAT = LATITUDE OF DETECTOR (RAD.)

H = ALTITUDE OF DETECTOR (KM)

VDR = BALLOON DRIFT SPEED (EAST = +, WEST = -) (KM/SEC)
RAMS = RIGHT ASCENSION OF MEAN SUN FOR DAY OF FLIGHT (RAD,)
XLPAL = LONGITUDE OF THE DETECTOR (RAD.)

PRATE = SLOWDOWN RATE OF PULSAR (MS,./HR.)

C = SPEED OF LIGHT (KM./SEC.)

L, M 'START AND STOP TIMES FOR CALCULATIONS (IN MULTIPLES
OF XX MINUTES).

XX = TIME INCREMENT FOR PERIOD CALC, (MIN.)

TSUBO = REFERENCE TIME FOR ZERO SLOWDOWN CORRECTION

DOUBLE PRECISION PO, PERIOD
RA = 1.44644
DECL = 0.383681"
= 331119.230000D-04
OMEGA = 1.78464
ECL = 0.409279
GSOLON = 1,32325
E = 0.016726
A = 1.49674E+08
RADE '= 6378.417
= 38.4
VDR = 0,0247



250
260
270
280
290
300
310
320
330
340
350
352
353

400
410
420&
430
450
470
480
482
483&
490
500
510C
520
530
532
534
535&
540
550
552

560
562
563&
570
572
580
590
600
610
620
622
630
640
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EPER = 3,15581E+07
= 86164.0

ATAT = 0.545939

RAMS = 1.30463

XLPAL = 1.67115

PRATE -= 1,5217E-06

C = 299800.0-
=78
= 132

XX 10.

TSUBO = 15.84167

WRITE ("",20) PO

20FORMAT(1X 30HBARYCENTRIC PERIOD AT TSUBO = Fl4.10,
1X, 5HMSEC. ) .

VORB = (2.,%3.14159%A) /(EPER*SQRT(1. -E**Z))

'TANL = (SIN(DECL)*SIN(ECL) + COS(DECL)*COS(ECL)*SIV(RA))/

(COS(DECL)*C0S (RA) )
ALAMB = ATAN(TANL)
COSB = COS(DECL)*COS (RA) /COS (ALAMB) .
TERMO = VORB*COS*PO/C . . ,
WRITE (" ",60) TERMO
60 FORMAT(lX 39HMAXIMUM PERIOD CORR., HELIO. 'TO GEO. =
,F10.7, 1X,5HMSEC.,)
TERML = E*SIN(OMEGA - ALAMB)
TERM2 = (2.%3.14159% (RADE+H) /T - VDR)*COS(ALAT)*COS (DECL)
W = ANG. RATE OF CHANGE IN GSOLON (RAD/MIN)
= 2.,%¥3.14159/(365.2564%24 ,%6Q)
PROT = TERM2*PO/C
WRITE (" ",65) PROT
65 FORMAT(IX 30HPEAK CORR., GEO. TO APPARENT = ,F10.7,1X,
5HMSEC.) :
TERM3 = RAMS - RA - XLPAL - 3.14159
WRITE (" " 70) TERM3
70 FORMAT(lX,29HTERM3 (HRANG = TERM3 + UT) = ,F8.4,1X,
7HRADIANS) ‘
WRITE (" ",80)
80 FORMAT(//&X 2HUT,5X,7HCORR, 1,5X,7HCORR, '2,5X,7HCORR, 3,
5X, 7HDELTA P,5X 6HPERIOD//)
DO 200 I = L,M

SUT = O.
UT = O.

Y = I.

SUT = SUT + 2.%3.14159%Y*XX/1440.,
UT = 24.*SUT/(2.%3,14159)

LUT = UT

ALUT = LUT

XLUT = 0.

XLUT = ALUT*100.
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6l60
670
680
690
700
710
720
730

740
800
810
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JFUT = XLUT + (UT - ALUT)*60

HRANG = SUT + TERM3 -

DELP1 = -TERMO * (SIN(GSOLON+XX*W*Y - ALAMB) - TERML1)
DELP2 = PROT*SIN(HRANG)

DELP3 = (UT - TSUBO)*PRATE

DELP = DELP1 + DELP2.+ DELP3

PERIOD = PO + DELP | |

WRITE (" ",100) JFUT,DELP1,DELP2,DELP3,DELP,PERIOD

100 FORMAT(1X, I6,2X,F10. 7,2X,F10.7,2X,F10.7,2X,F10.7,3X
F12.8)

200 CONTINUE

STOP -

END
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APPENDIX F

TIMING UNCERTAINTIES IN THE PULSAR ANALYSIS

1. Introduction

In this appendix a discussion of the timing errors
encountered in performing the present analysis is presented.
In particular, we will considér two topics, the synchroniza-
tion. accuracy required between the:synthesized period signal
and the pulsar signal, and the error assigned to the absolute
arrival time of a gamma ray event. The requirement of pre-
cise timing in this method is so stringent that 6verly large
synchronization errors can easily render the results un-
reliable. The magnitude of the uncértaint§ in knowledge of
arrival time of a gamma ray event directly affects the amount
of time detail that can be observed in the final superposition
results, A large time-of-arrival uncerfainty implies very
little time resolution, while a small tiﬁihg error allows one
to observe finer detail in the pulse profiles. First, we
shall develop a basic equation used to determine the syn-
chronization accuracy needed in the present analysis. Then,
timing errors which contribute to the uncertainty in the

absolute time-of-arrival are presented..

2. Period Synchronization Requirements

The superposed epoch analysis method chosen for the
present pulsar search has been used by numerous investigators
for analyzing pulsar data. It is by far the most often used
method for observing the pulsar NP 0532 in the optical and
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gamma ray bands. This method requires that artificial syn-
chronism with the period of the object must be achieved and
maintained to a high degree.of accufacy during the data
integration time. The importance of maintaining this accu-
rate synchronization can be seen from the following argu-
ments. If the error in synchronism is éiven by eb (time
error/period), and P is the true pulsar period, at the end
of the data integration time, T, there will be an absolute
time phase shift, At, given by.
: e T .
A= 2, | © F-1
P

For example, if synchronism is made to a preciéion of 1 ﬁs
per 33 ms period, an integration time of only T = 33 sec
can be used before the absoluté phase has drifted by'nll
ms. Fbr longer integration times .this synchronism must be
maintained to a much higher accuracy, or the resulting phase
‘drifting will create a smeared result. For the present ex-
periment, these considerations imply the following constraints.
The data integration time span used for the present analysis
is 16,739 sec (from 147 32™ 01° UT until 19" 11™ 00° UT).
In order to keep the phase drift < 1 ms over this time span,
we find from equatioﬁ IV-1 that ep must be < 2 ns/period
for P = 33 ms. The requirement that the total phase shift
be £ 1 ms is based on the calcplation of the absolute time-
of-arrival error given below. If the data were overlayed
using the superposition analysis in one long 16,739 sec run,
period synchronism would have to be maintained to better than
2 ns/period to keep the absolute phase drift £ 1 msec during
the integration time. This resolution implies a required
long term time stability of 7 parﬁs in 108. In the
present analysis this stability. was provided by the WWV signal
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recorded,onﬁthe magnetic tapes during the flight. 'Jitter in
. the. transit timeS‘of‘thelWWV signals to Texas does lower the
- basic. timing accuracy of the WWV signal as generated at the
transmitting station. ‘Even so, the long-term stability of
t?g WWV signal as received in Texas is more than sufficient
tb.provigg the necessary timing accuracy. Note also that -
calculatfdns using equation F-1 were used to justify the
subdivision of the multiscalar analysis into 32 short runé,
and also used to calculate the maximum éllowable length of

each run.

3. Uncertainty in Photon Absolute Time of Arrival

The absolute arrival time unceftéinty is of great
importance because its value determines how detailed a time
study can be made on the data. 1In additiorf, its magnitude
puts certain design constraints on the analysis procedure.
For example, the choice of a 1 ms/bin channel advance rate
for the multiscalar was based on an estimate of the accuracy
with which an absolute arrival time could be assigned to
each photon event. In this section this timing accuracy is
considered. |

The error in measuring the absolute photon arrival
' times consists of two components, a) a fixed delay, and b)

a variable component (or jitter). A fixed time delay com-
ponent merely introduces a constant phaée shift to all of the
events and therefore does not affect the present error analy-
éis. The following factors contribute to the variable
timing error.

1. The variable conversion time of the flight pulse

height analyzer

2. The variable delay due to buffer storage and

periodic data transmission rate



D S 212

- 3. . The errors experienced in recording the 80 kHz.
signal in synchronization to the WWV signal

(including tape recorder speed fluctuations).

The variable delay in the PHA is due to the photon
energy dependenée of the pulse-height analysis time. The
éonvergion time of an event varies from ~ 5 ps for an event
in channel 1 to ~ 30 ps  for an event requifing;full scale
conversion (256 channels). This i§ true for conversion on
both the LER and HER ranges. Thié delay is mdch smaller than
the bther sources of timing error énd.was therefore neglected.

| One of the two major sources of error is the variable
delay between entrance of an event .into the;bﬁffer and its
transmission to éround. The minimum buffer delay occurs when
~an event is loaded into a completely empty buffer and.is
_immediately read out upon reaching the last étage; This delay.
is approximately 15 ps. The maximum delay‘of 1.1 ms occurs
when the event fills the buffer and therefore is delayed four
readout periods (4 x 280 ps/period = 1.1 ms) before being
transmitted to ground. Any delay between these minimum and
maximum values is allowable. This variable delay gives a
jitter in the arrival time of events. A measurement of the
buffer time delay distribution is difficult, but if we assume
the average to be the mean of the maximum and minimum values
(~ 0.5 msec) we can assign a rough timing uncertainty of

+ 0.5 ms maximum to these buffer effects. The most probable
error, however, is more likely to be + (0.2 - 0.3) ms because
the buffer only becomes full a small percentage of the time.

The second important source of timing uncertainty
which affects the assignment of an absolute arrival time to
an event is the error in synchronization of the 80 kHz oscil-
lator signal to the WWV signal. Due to fluctuations in WWV

signal transmission and tape recorder speed fluctuations,
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‘there is considerable jitter in the recording of the WWV
seconds markers. When synchronizing the 80 kHz signal to
-these markers, short term phase.fluctuations did occur, but
efforts were made to hold them to £ 1.0 ms at any given time.
This process was hampered by the poor WWV signal which was -
récorded .on some sections of the magnetic tape.. On some sec--
tions of the tape the phase synchronism was in error by more
than + 1 ms. These sections were rejected for use in the data
analysis. “~

It is important to realize that this synchronization
uncertainty of + 1 ms maximum is independent of the length of
interval over which the synchronization process was carried out.
It is a non-accumulative jitter type of eﬁfect. Thus the abso-
lute phase error at the end of .10 seconds” could be S =
and at the end of 10,000 seconds it would still be £ + 1 ms.
Because of its non-accumulative nature, thib.synchronization
scheme has poor short-term stability ( ~ 1 part in 104 over a
ten second interval) but very good long term stability (~ 1
. part in 2 x 107 for the entire data integration time). It is
this long term stability that is absolutely essential in the
superposition method of analysis. When the reéorded WWV
signal was strong, synchronization could be maintained to an
uncertainty of £ 0.5 ms. This was the case for approximately
90% of the data interval. Otherwise, the error was >+ 0.5
ms but always & + 1.0 ms. _

By combining the above two sources of timing error,
we find that the apparent time of arrival of a photon, as
recorded on the magnetic tape, is measured with + 0.7 ms
resolution with an absolute maximum error of + 2.1 ms (ob-
tained by adding the worst case errors of each type).

An additional timing error which is important is the

jitter in the phase alignment of the starting time of each
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fun to a precisely known WWV second marker. This jitter does
not directly affect the assignment of an arrival time to -each
~event .on the tape and was therefore not included above. But
it does introduce a timing uncertainty when the 32 runs are
superposed to obtain the final phase plot. Its effect is to
s&ear an, otherwise sharp peak appearing in the data. A
measure of this uncertainty was obtained by generating a test
tape with a 2 ms wide simulated pulsar type signal, as shown -
in Figure F-1, A 1000-second portion of this data tape was
then analyzed using the superposition technique in two ways,
1) one long 1000-second run was made at the exact simulated—
pulsar frequency, and 2) the data interval was subdivided
into ten 100-sec long runs, and each run made at the exact
simulated pulsar frequency and superposed u31ng the computer
- aligning program. The results of these analyses are shown in
. Figure F-lband c. The subdivision into short runs with the
resynchronization error at the start of each run has smeared
the 2 ms wide peak into three or four channels giving it a
Gaussian-like shape. From the results of several of these

~ test runs, this particular type of timing uncertainty was
estimated to be + 0.5 ms maximum. When this effect is combined
with the absolute arrival time error discussed above, we ob-
tain a total time uncertainty of + 0.9 ms.

The basic phase resolution of the multiscaling sweep
process used in the present analysis is equal to the width of
one channel. Because of the + 0.9 ms absolute arrival time
resolution, a 1 ms channel width seemed to provide sufficient
phase resolution for the analysis and was therefore chosen as
the basic channei width. In fact, since a + 0.9 ms jitter
would tend to smear a narrow peak ( § 1 ms wide) into two or
more channels, the final phase plots were obtained by adding

adjacent channels in groups of two. This has the effect of
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Figure F-1

Results of using the pulsar search technique on simulat-
- éd pulsar test tape. (a) Parameters of the artificially
generated pulsar signal: a 2 ms wide pulse with a signal-
to-background ratio of S/B ~ 0.05. The signal was

' generated by gating in random pulses for 2 ms every
33.112300 ms, on top of a random background signal.

(b) Phase diagram resulting from the pulsar analysis
when one 1000-second multiscalér run of the data was’
used. (c) Phase diagram resulting from the pulsar
analysis if data is divided into ten 100-second multi-
scaler runs. Smearing and lowering of the peak ampli-
tude compared to (b) is due to errors involved in
synchronizing the start of each multiscaler run to an
exact second of absolute time.
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~improving the counting statistics per channel and increasing
the chances of seeing a wedk pulsar signal. However, this is

Zchieved at the eﬁpense of 'losing detail in the information
about the time profile of the pulsed signal.

In summary, we can say that in order to optimize the
pulsar search, the period synchronization must be maintained
to a stability of 2 ns/period or better (7 parts in 108)
over the complete data interval. Also, the + 0.9 ms uncer-

" tainty in the knowledge of the absolute arrival time of photon
events indicates that we can expect to obtain only crude pulse

shape structure from the final phase diagrams.



: B S 217

BIOGRAPHICAL DATA

Name Larry Eugene Orwig

. . Date of Birth

Place of Birth |
Collegiate Institutions attended . .

Lebanon Valley College; Annville, Pa.

'B.S. (Summa cum laude) - Physics June 1965
Honors or -Awards ' -

Physics Achievement Award
Lebanon Valley College, 1962

Max F. Lehman Memorial Mathematics Prize,
Lebanon Valley College, 1962

Alumni Scholarship Award, :
Lebanon Valley College, 1964-65

Phi Alpha Epsilon Honor Society,
Lebanon Valley College

U.N.H, Fellowship,
University of New Hampshire (1965-68)

4

Associate Member, Society of the Sigma Xi,
University of New Hampshire

Publications

'Orwig, L.E., E.L. Chupp, and D.J. Forrest, "Gamma
Rays (250 keV-2.3 MeV) from NP 0532", Nature, 231,
171, 1971.

Orwig, L.E., A.P. Wood, and P.E. Lavoie, "A Pay-
load Stabilization and Attitude Control Platform

for High Altitude Balloon Experiments", Proceedings,

Sixth AFCRL Scientific Balloon Symp031um, AFCRL-70-
0543, No. 105, 49, 1970

Forrest, D.J., P.R. Higbie, L.E. Orwig, and E.L.
Chupp, "An Electronically Gated Gamma and X-Ray
Calibration Scheme", submitted for publication to
Nuclear Instruments and Methods, 1971.






