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ABSTRACT

A balloon borne Cerenkov-scintillation counter system for
the monitoring of the primary cosmic radiation was designed and
built, This detection system combined low cost and light
balloon package weight with a fairly high counting rate
(approximately 5 counts/second at altitude). Four flights
were made with this system, at times spanning the recent
eleven year maximum in cosmic ray intensity as determined by
ground level monitors.

The presence of a large number of background counts of
uncertain origin limited the usefulness of the data, but
several conclusions could still be made. The proton differential
rigidity spectra were seen to be similar to that measured near
the previous solar minimum by Webber and McDonald (1964), and
earlier in the present minimum by Balasukrahmanyan and McDonald
(1964). An upper limit to the 'rollover point' in the alpha h
particle rigidity spectra of 2.5 GV was obtained for all flights.
An absorption length for alpha particles in air of 51 t 3 g/cm2
was determined. The mean alpha flux for the flights was seen
to be in agreement with that measured near the previous solar
minimum, for rigidities greater than 4.5 GV (Waddington, 1963).
Measurements of the ratio of protons to alpha particles were
made. The data was not sufficiently accurate or did not extend
over a wide enough range of energies to discriminate between a

velocity dependent or rigidity dependent common form for the

(1)



primary proton and alpha particle spectra. For each of the two
flights made from the Calgary vicinity, a geomagnetic cut-off in
the neighbourhood of 1.0 GV was inferred. One of the two
Churchill flights showed an unusual decrease of low rigidity
protons which was not apparent on ground level monitor records.
The origin of this decrease is thought to be in the primary
radiation, although instrumental effects cannot be completely

disregarded as a possible cause.

(11)
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INTRODUCTION
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The study of cosmic radiation is revealing, not only of
the nature of the radiation itself, but also of the interactions
it suffers before reaching the observer. These interactions
fall into two broad classes, macroscopic electromagnetic inter-
actions and microscopic particle-particle interactions. Their
regions of application may be conveniently divided into the
extrasolar and solar vicinities, the magnetosphere, and the
terrestrial atmosphere.

The extrasolar region refers to the portion of the universe
that the cosmic radiation passes through before reaching the
solar system. Both electromagnetic fields and particles are
thought to exist in this region, in such intensities as to exert
a noticeablie influence on the cosmic radiation. The region in
which the cosmic radiation is affected by solar-associated
phenomena extends out from the sun to a point well past the
earth. Solar plasma and the associated magnetic fields play a
large part in the cosmic ray modulation in this region. Here ‘
the interactions are expected to be mainly of a macroscopic
electromagnetic nature. Cosmic ray particles approaching the
earth come under the influence of the geomagnetic field, as soon
as the magnetosphere is reached. Microscopic interactions in
this region are negligible. The atmospheric region changes the
nature of the cosmic radiation drastically. Particle-particle
interactions give rise to many secondary types of particles not
evident in the original primary radiation, and cause absorption
of the primary component. On the ground, all that is detected is

the secondary radiation.



2

A theory dealing with the.cosmic radiation can investigate
any one of these modulation regions separately. However, because
of their inclusive nature as far as the point of observation is
concerned, present experimental techniques can only examine the
radiation after it has passed through the extrasolar and solar
regions. In order to examine many of the parameters of the
primary cosmic radiation, it is necessary that the detecting
apparatus be placed above most of the earth's atmosphere, so as
to reduce the atmospheric effects to an easily correctable level.
Satellite experiments, for which the effects of the atmosphere
are entirely removed, are costly and should therefore be
considered only for purposes for which they are essential. High
altitude balloons are feasible for most such studies, but are
limited by a small residual amount of atmosphere (usually less

than 10 g/cm2) and the short-lived nature of most balloon ‘

flights (10 or so hours). The geomagnetic modulation of the
primary radiation is easily corrected for. The radiation above

a certain rigidity (momentum/charge) is unaffected in intensity,
for a given direction, while below this rigidity for the same
direction, it is removed completely. This 'cut-off rigidity’
depends on the geomagnetic latitude of the apparatus, being much
less for high latitudes than low ones. Above 65°N magnetic, the
low rigidity limit of particle detection for measuring devices is
defined by the instrument and the atmosphere above it rather than
the geomagnetic field, for most balloon experiments. Thus, by

the use of balloon flights at high latitudes, one can remove most
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of the effects of the atmosphere and geomagnetic field on the
cosmic radiation.

Studies of the solar modulation effects on the primary
cosmic radiation are of interest to the present investigation,
both as an indicator of the physical processes that occur in the
solar system and in order to be able to correct for the modulation,
deriving extrasolar cosmic ray fluxes from fluxes measured in the
vicinity of the earth. These solar modulation effects fall into

several different classifications, which will be described in the

next chapter.




CHAPTER TWO

SOLAR MODULATION
OF COSMIC RADIATION
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2.1 Techniques of Observation

The solar modulation of the cosmic radiation is a composite
of several different effects, quite varied in their characteristics.
All the solar modulation phenomena, however, are distinguishable
from the galactic modulation by their time dependences, on the
assumption that the characteristic time constants of the galactic
modulation are much greater. In the examination of these modula-
tions, various experimental techniques are useful, each technique

being better suited for some particular area of investigation

than the others.

2.1.1 Ground-based Equipment: The Neutron Monitor

In ground-based detectors, the secondary products of the
primary cosmic radiation are observed, and thus the primary
radiation is indirectly monitored. Any change in the primary
cosmic radiation should be reflected in the observations of a
detector sensitive to the products of that radiation.

Ground-based detectors have the advantage of high counting ‘
rates and ease of information recovery, unlike the detectors
which directly monitor the primary radiation in balloons, rockets,
or satellites and space probes. Their reliability is higher
and, as they are capable of observing the radiation for a much
longer period of time than the remotely operated equipment,
they lend themselves to secular studies of the solar modulation.

However, ground-based detectors are sensitive to changes in
the atmosphere as well as in the primary flux, and must be

corrected for these atmospheric changes. Pressure and temperature
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effects are observed for most equipment. A correction for
pressure is easily made, but continuous atmospheric temperature
measurements are not feasible and therefore complete temperature
corrections cannot be made for most studies.

The neutron monitor is a device intended to monitor the
nucleonic component of the secondary cosmic radiation. The
principles of its operation were first demonstrated by Tongiorgi
(1949). The advantages of the nucleon component of the secondary
radiation as an indicator of primary changes were pcinted out
by Simpson (1951), and the neutron monitor was developed for
the detection of this radiation by Simpson, Fonger, and
Treiman (1953). As the nucleonic component consists of nearly
stable or stable particles, and the atmospheric temperature
effect arises from the instability of certain other particles,
neutron monitors do not need to be corrected for atmospheric
temperature. As well, the neutron monitor's sensitivity is
biased towards a lower energy portion of the cosmic ray spectrun‘
than is that of other types of ground-level detectors, such as
ionization detectors and meson telescopes. As the solar modulation
effects are most strongly felt in the lower energy particles, the
neutron monitor is relatively sensitive to these effects. The
good statistics and high accuracy of atmospheric correction
available with such a detector makes it a good instrument with
which to observe small amplitude changes in primary cosmic ray

intensity.
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A single neutron monitor cannot provide an accurate study
of the spectral characteristics of a solar-associated variation,
but several monitors located at either different latitudes or
altitudes and therefore having different primary energy sensiti-
vities can.

2.1.2 Balloon, Rocket, and Satellite-Borne Equipment

Certain features of the primary radiation, such as charge
spectra, cannot be examined with ground-based equipment. For
investigations of these features, more direct observations must
be used. It is necessary to locate the observing equipment above
or near the top of the atmosphere for this. This constraint has
led to the development of specialized observing equipment for
this purpose. The advantages and disadvantages of several
different techniques will now be discussed.

2.1.2.1 Photographic Emulsions

The photographic emulsion was one of the first apparatus to
come into widespread use for the detection of primary cosmic
radiation. The techniques involved and many of the early results
found with emulsions are described in a review article by
Peters (1951). Emulsion work is best suited for balloons, but
has also been carried out with rockets and even satellites.
Recovery of the emulsion after the flight is essential, making
the use of this technique in satellites difficult.

The photographic emulsion is basically an integrating
device, recording every particle that interacts with the emulsion

The data obtained cannot be divided into that taken at altitude
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and that taken while ascending or descending. This disadvantage
can be corrected for by flying a second identical set of emulsion
plates which are released as soon as the balloon reaches altitude.
The data from this set of plates is then subtracted from that of
the first set, to obtain a picture of the data obtained at
altitude only.

Both the charge and the energy of the primary cosmic ray
particles can be determined quite accurately over a wide range of
values with this apparatus. Studies of time variations have been
made, using several balloon flights. Detailed studies of inter-
actions are possible. Emulsions do not, in general, lend
themselves to studies of short-time variations in the primary
radiation. The statistical accuracy obtainable with emulsions
is limited by the number of particles any one stack can detect
and the time needed for manual analysis of each particle 'track'. )
Emulsions are still a valuable tool for studies of the

primary radiation.

2.1.2.2 Electronic Ionization Detection Devices

These devices observe the charged primary radiation by its
ionization loss in some form of electronic detector, such as
an ionization chamber, geiger counter, or scintillation detector.
They have the advantage of a high counting rate, and therefore
good statistical accuracy, which facilitates study of the temporal
variations in the primary radiation. Recovery is not necessary

with electronic devices, as the information can be transmitted
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to the ground. As these detectors utilize the ionization process,
it is possible to obtain information on particle charge and
velocity with them. The complexity of electronic ionization
detection systems varies considerably, depending on the amount
of information being conveyed. These instruments have had very
widespread use, in balloons, rockets, and satellites and space
probes.

2.1.2.3 Cerenkov Detection Devices

These detectors utilize the small amount of light radiated
by a charged particle when it passes through a medium with a
speed greater than the speed of light in that medium. The light
is normally picked up by a photomultiplier tube and converted
into an electronic signal.

As the light emitted depends upon the charge and velocity
of the particle, Cerenkov devices are capable of conveying this ‘
information. Unlike ionization detectors, they are insensitive
to low velocity particles. They do not experience the similarity
between outputs of low velocity singly charged particles and
high velocity doubly charged particles that ionization detectors
do. Cerenkov detectors have proved useful in examination of the
charge spectrum of the primary radiation (Webber and McDonald,
1955; Webber, 1956) and the rigidity spectrum of the high Z
primary radiation (Durney et al., 1964). The directional property
of the Cerenkov radiation has been utilized to determine the flux

of fast upwards moving cosmic ray albedo in balloon regions
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(Winckler and Anderson, 1954; Anderson, 1957). Uncertainty does
arise due to the equal outputs of intermediate velocity doubly
charged particles and fast singly charged particles.

2.1.2.4 Cerenkov-Scintillation Devices

These devices are a combination of the two types of detectors
mentioned in 2.1.2.2 and 2.1.2.3. By combining these two detectors,
the uncertainties between particle charge and velocity mentioned
above are removed. The theory involved is presented in Chapter 3.

The first such detector was built by McDonald (19%6), who
demonstrated its usefulness in studying the energy spectra of the
primary alpha particles in a series of balloon flights. The proton
data from the same series of flights was later presented by
McDonald and Webber (1959). This type of detection device has
also been proven capable of examining the primary charge spectrum
for particles with charge up to Z = 8 (McDonald and Webber, 1962;
Balasubrahmanyan and McDonald, 1964). ‘..

The Cerenkov-scintillation detection system has the advantage
of the retrieval of a comparatively large amount of information
concerning the particles passing through it, for an electronic
system, as well as the potential attainment of a high statistical
accuracy. Since it is an ‘'electronic' type of detector, the
information can theoretically be transmitted, thereby eliminating
the necessity of package recovery. However, up until now most
recording has been done on moving film or magnetic tape, in the
balloon package. Cerenkov-scintillation apparatus appears well-

suited for a study of the rapid temporal variations in the
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primary radiation, both of charge and energy. The complexity of
this system, however, is an undesirable feature.

2.1.2.%5 dE/dx by E Detectors

These detectors combine measurements of the ionization
energy loss (dE/dx) of particles with those of total energy (E).
They are therefore capable of determining the charge, velocity
and, from the energy, the mass of the cosmic ray particles, and
are thus useful in isotopic studies of the primary radiation.
Such detectors have been used to examine low energy portions of
the primary cosmic ray spectrum, in the ranges 15 to 75 MeV
(McDonald and Ludwig, 1964) and 80-350 MeV (Vogt, 1962; Meyer and
Vogt, 1963), extending the primary spectra inferred from measure-

ments by other devices to quite low energies.
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2.2 Slowly Varying Solar Modulation: The Eleven Year Cycle

An eleven year variation in cosmic ray intensity occurs which
is negatively correlated with solar activity. The existence of
this variation was first demonstrated by Forbush (1954), using
ground level ionization detectors. It was shown to be a
persistent feature of the cosmic radiation, not merely arising
from the contribution of transient decreases in intensity which
occurred more frequently at solar active times.

The decrease in cosmic ray intensity, following the eleven
year maximum, sometimes lags behind the increase in solar
activity following solar minimum. This delay was found to occur
and be of the order of a year for ground level ionization
detectors for the 1954 minimum (Forbush, 1958), but was not
apparent in the neutron monitor data at Ottawa (Fenton et al, 1958)
or the high latitude balloon-flown ionization chamber measurements‘
of Neher and Anderson (1958). As the two latter types of
measurement detect lower energy primaries, an energy dependence
of the 'lag time' is suggested.

The eleven year variation in cosmic ray intensity is energy
dependent, having an amplitude of approximately 4 per cent for
the ground level ionization detectors of Forbush (1954), and
20 per cent for the Ottawa neutron monitor, which is biased toward
lower energies. This energy dependence is aiso reflected in the
shifting of the cosmic ray 'knee' in the geomagnetic latitude

versus ground level nucleon intensity curve northward, as solar
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minimum is approached (Meyer and Simpson, 1955). The shift
suggest the presence of a proportionately higher amount of low
rigidity primaries at solar minimum that at other times.

A comparison of the data obtained with balloon-borne
Cerenkov-scintillation detectors between 1956 and 1959 (Webber
and McDonald, 1964) provides a picture of the changes that took
place with respect to the parameter of particle rigidity between
these times. Fiqgure 1 illustrates their results. The alpha
particle data have been multiplied by a factor of 7.2, in order
to use it along with the proton data. From this figure, the
flux at 1.0 GV rigidity changed by a factor of 5.5 between the
two times, while that at 3.5 GV rigidity changed by a factor of

1.6. The corresponding factor for the Ottawa neutron monitor is

1.13. These results, therefore, illustrate a strong rigidity i
dependence of the eleven year modulation mechanism.
Determinations of two different geomagnetic cut-off
rigidities at solar maximum and comparison with the values
measured near minimum (McDonald, 1959; McDonald and Webber, 1959)
revealed that they did not change appreciably. Therefore the
eleven year modulation cannot be due to a change in geomagnetic
cut-off. A later paper (Webber and McDonald, 1964) confirmed
the idea of a 'sharp' geomagnetic cut-off, as is expected from
the Stdrmer theory. (For a treatment of this theory, see
Vallarta (1961).)
The rigidity spectra for primary protons and alpha particles

observed by Cerenkov-scintillation techniques, were found to
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be of the same shape during 1955-6, soon after solar minimum
(McDonald and Webber, 1959). Although the rigidity spectra
changed as solar maximum approached, further Cerenkov-scintillation
counter balloon flights during 1958 revealed that the rigidity
spectra for protons and alpha particles remained similar, down
to rigidities of 1.0 GV. A study during the same period of the
heavier nuclei, Be, B, C, N, and O, having rigidities greater than
2 GV, showed that these particles also displayed the same relative
rigidity spectrum as the protons and alpha particles throughout
this phase of the solar cycle (McDonald and Webber, 1962). This
similarity is suggested by Figure 1.

More recent measurements taken in June, 1963 as the present
minimum in solar activity was being approached, by Balasubrahmanyan
and McDonald (1964) with a balloon-borne Cerenkov detector, and
simul taneously by Fichtel et al (1964) with emulsions, indicated
that the proton rigidity spectrum was similar to that measured
in 1956 by Webber and McDonald (1964). However, the alpha
particle rigidity spectrum showed a proportionately lower fraction
of low rigidity particles that the proton spectrum. At the high
rigidity end, the alpha spectrum agreed with the measurements
taken in 19%6. dE/dx by E studies aboard the IMP-1 satellite
from December, 1963 to May, 1964, by McDonald and Ludwig (1964),
in which particles in the energy range 15 to 75 MeV/nucleon were
examined, extended the flux measurements of protons and alpha
particles to lower rigidities, and added further weight to the

observed split in the alpha and proton rigidity spectra. These
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results are summarized in Figure 2. As in Fiqure 1, the alpha
data have been multiplied by a factor of 7.

Spatial, rather than temporal, investigations of the
eleven year solar modulation of cosmic rays have been carried
out near solar maximum using the space probe Pioneer V. The
smallness of the cosmic ray gradient measured over 0.1 A.U.
between the earth and sun suggested that the solar modulation was
heliocentric, and occurred mainly well outside the earth's orbit
(Fan et al, 1960; Simpson et al, 1961).

During the last solar maximum an unexpectedly high flux of
protons of energy less than 500 MeV was observed for Aug. -

Sept., 1960, which had not been seen previously (Vogt, 1962).
Comparison with measurements of July - Aug., 1961 showed it to
decrease with a decreasing level of solar activity, as the higher
energy galactic flux increased (Meyer and Vogt, 1963). On this
basis, this flux was thought to be of solar rather than galactic
origin. JIonization detector measurements beyond the magnetosphere
in 1961 on Explorer XII (Bryant et al, 1962) showed agreement with
Meyer and Vogt (1963), and established that the low energy proton
flux was continuous over long periods of time.

From these experimeﬁtal results, it appears that two separate
effects make up the eleven year variation in cosmic ray intensity.
Firstly, there is the removal of galactic cosmic radiation from
the vicinity of the earth, more pronounced at times of high solar

activity. The modulating region for this effect appears to be
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well outside the earth's orbit, and likely centered about the
sun. The amohnt of 'steady state' solar modulation present at
solar minimum is as yet uncertain. Secondly, a solar injection
of low energy (and therefore rigidity) protons, not detectable
in ground equipment, is in effect at times near solar maximum.
These low rigidity protons are most likely emitted either
continuously or at least very frequently during these times and
'stored' inside the heliocentric modulating region. As can be
seen from Figure 2, the proton flux for low rigidities at
solar minimum agrees with an extrapolation of the higher rigidity
galactic radiation, and is therefore probably galactic in
origin. Thus either the solar injection of protons, or perhaps
the storage mechanism for these particles, does not seem to be
significant at solar minimum.

An early theory of the eleven year solar modulation of
galactic cosmic radiation (Morrison, 1956) postulated turbulent
'clouds' of magnetized plasma emitted from the sun at solar active
times. The cosmic ray beam was modulated by random diffusion
processes inside these clouds, which travelled through the
solar system to the region of the outer planets. This proposal
of solar-produced magnetized plasma was not startling, as
disturbances in the geomagnetic field associated with solar
activity had been observed for some time. The existence of steady
particle streams from the sun had already been noted by

Biermann (1951, 1952, 1957), inferred from the observed acceleration
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of particles in comet tails. Many satellite and space probe
meéasurements of these streams and their associated magnetic fields
have since been made. Parker used Biermann's observations to
develop the corcept of a solar 'wind', and later a detailed
theory of the state of the interplanetary medium (Parker, 1963).
Some consequences of his theory in regard to the eieven year
modulation are the following. The physical processes involved
in galactic cosmic ray modulation consist of outward convection
of the charged particles in moving magnetic fields, balanced
against inward leakage of particles by diffusion and drift. The
observed eleven year depression is the result of the total
integrated cosmic ray convection, diffusion and drift beyond
the orbit of the earth. The convection mechanism probably
extends out as far as 50 A.U. However, the configuration of
the diffusion-producing magnetic fields is as yet unknown. Along
with the observed solar wind, the expected perturbations in the ‘
interplanetary magnetic field appear sufficient to account for
at least a substantial portion of the eleven year attenuation.
The possibility of other mechanisms also contributing is
recognized. Uncertainty exists in the relative contributions
of particle drift and diffusion to the modulation. Time variation
studies of cosmic ray particles with different charge to mass
ratios, such as the protons and alpha particles, should aid in

filling in some of the details of the general mechanism involved.
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2.3 Transient Solar Attenuation Phenomena

Superimposed on the eleven year variation is cosmic ray
.intensity are attenuation phenomena having a much shorter
characteristic time scale. These phenomena range from large

(20 per cent as measured by sea-level neutron monitors),
infrequently occurring decreases, through smaller, much more
frequently occurring decreases. Two of these effects have easily

identifiable characteristics, and will be discussed in this

section.,

2.3.1 The Forbush Decrease

An examination of the records of ground level detectors
reveals the presence of short-term intensity decreases of a
non-repetitive nature. These Forbush decreases, as they are
called, are characterized by a sharp decrease, from less than

an hour to 24 hours duration, followed by an exponential ‘

recovery. The time scale of the recovery increase varies
considerably in length, from several days to many weeks. A

review article by Webber (1962a) discusses the features of Forbush
decreases.,

These decreases show a strong correlation with geomagnetic
storms, their onset times generally occurring within 1 to 6 hours
from the start of a sudden commencement geomagnetic storm. Many
of the larger Forbush decreases start one to three days after
the occurrence of a large solar flare on the sun. The decrease-
associated flares usually are accompanied by a long-lasting

intense continuum of 1low frequency radio noise. There is no
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preferred solar longitude zone for these flares, but longer flare-
decrease onset times are indicated for flares on the eastern limb
of the sun.

The rigidity dependence of Forbush decreases is quite pronounced
However, for the largest decreases, a finite intensity of low-
rigidity particles still exists. A comparison of changes in both
the proton and alpha particle intensities as measured by Cerenkov-
scintillation counters in two balloon flights, one of which was
during a Forbush decrease, indicated that the rigidity changes
in these two components were the same (McDonald and Webber, 1959).

A recent study of the heavier primary cosmic ray nuclei (Z»3)

by Freier and Waddington (1964), using emulsions flown in balloons
before, during, and after four large Forbush decreases, suggested
that these nuclei were modulated in a way similar to the alpha
particles and protons.

g

2.3.2 The Twenty-Seven Day Variation

A twenty-seven day variation in cosmic ray intensity which
is intimately connected with solar activity and the period of
rotation of the sun sometimes occurs. The rigidity dependence
of this variation is similar to that of the Forbush decreases,
suggesting that the causal mechanisms might be the same. It is
possible that the twenty-seven day variation is the result of the
superposition of a large number of small decreases, existing inside
regions co-rotating with the sun. The demarcation line between
repetitive twenty-seven day decreases and non-repetitive Forbush
decreases as seen on ground level neutron monitor records is not a

clear one.
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2.4 Transient Solar Injection Phenomena

Just as the state of the interplanetary medium outside the
earth's orbit is revealed by a study of the galactic cosmic radia-
tion, so the interplanetary medium inwards of the earth can be
examined by a study of the solar-produced radiation. In
addition to the constant presence of low energy particles
present during the active phase of the solar cycle, transient
solar particle events exist. Observations of these events have
been made at ground level, and in balloons, satellites, and
space probes. Their characteristics are discussed in detail by
Webber (1962b), and will be briefly described here.

2.4.1 Ground-Level Increases

These increases in cosmic radiation occur quite rarely,
on the average on one per year, and are seen in the records of
ground level neutron monitors. They show a sharp rise, often
over 100 per cent, followed by an exponential decrease, and are
short in duration, lasting from several hours to a day. ‘

Strong evidonce exists for the postulation of certain large
solar flares as the 'cause' of these increases. The causal flares
are generally accompanied by continuum and slow drift radio noise
emission, and X-ray emission. Both these emissions are suggestive
of the creation of fast particles.

The characteristics of the increases can differ. A typical
ground level increase is initially anisotropic in its arrival
direction at the earth, the original intensity rise being

recorded only in certain preferred 'impact' zones. Later the
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increase becomes isotropic, and contains less high energy
particles than previously. Some increases, however, do not
have the initial anisotropy. The delay time between the solar
flare and arrival time of the annisotropic particles is consistent
with the hypothesis of a nearly straight direction of travel
between the earth and sun. The impact zones for these particles
suggest a source width of t 30°, although there is uncertainty
in the source direction. The later isotropic particles have
delay times much longer than those inferred from rectilinear
travel. This fact, coupled with the measured isotropy, suggests
that the travel mechanism of the later particles is largely
one of diffusion.

The causal solar flares for the ground level increases show
a strong bias towards the western hemisphere of the sun, perhaps
suggesting the linking of magnetic field lines from this ‘
hemisphere and the vicinity of the earth. This agrees with
present theories of the solar wind (Parker, 1963).

The rigidity spectra of ground level increases are very
steep in slope and may differ from event to event. As already
indicated, this steepness increases at later times in the event.

2.4.2 Polar Cap Absorption Events

These events are often observed by the occurrence of an
increased amount of absorption of galactic radio noise in the
ionosphere, as measured by riometers. Bailey (1957) first
suggested that the causal mechanism for the enhanced absorption

was the arrival of protons, of energies 10 to 100 MeV. Various
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balloon and satellite measurements of these particles have since
confirmed this. These events, as do the ground level increases,
also appear to be strongly associated with radionoisy solar flares.
However, these flares do not show the definite western bias in
location that the ground level increase associated flares do,
although a small bias is suggested. As well, the delay times
between the soiar flares and events are much longer than those
expected on the basis of rectilinear particle propagation. Both
these facts suggest that diffusion plays a much greater role in
the propagation of the lower energy polar cap absorption particles

than for the ground level increase particles.
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2.5 Daily Variation

As well as the transient changes in cosmic ray intensity
occurring in connection with solar activity, there is a diurnal
variation in cosmic ray intensity as measured by ground level
detectors. This variation is quite small, of the order of 0.5
per cent for neutron monitors. The neutron monitor has proved
the best tool for examination of the phenomenon of the daily
variation.

Considerable variations in the phase and amplitude of the
diurnal variation may take place over periods of several days.
When the data are averaged over periods of the order of a month,
however, the phase seems to settle down to a slowly varying
parameter. The amplitude does not, although variations in amplitude
are generally of a worldwide character. Latitude studies indicate
a slow increase in the diurnal variation with latitude, if any.
A definite increase in the time of maximum of the variation, with
increase in geomagnetic latitude, occurs. . D |

Up to the present, no direct measurements of the daily

variation in the primary radiation have been made.
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2,6  Summary: State of Knowledge of the Solar Modulation and
Purpose of the Experiment

The solar modulation of cosmic radiation is a time dependent
one, consisting of a steady eleven-year variation upon which
different types of transient variations are superimposed.

A fair amount is known about the eleven year variation
in the cosmic radiation, such as the approximate change in
particle rigidity and charge. It is interesting to note that
the nature of the modulation appears to have changed from a
purely rigidity dependent one for the first part of the last
solar éycle, as the maximum in solar activity was being approached,
to a partially charge dependent one for the waning phase of the
cycle. More observations in this regard are indicated, as they
should help in establishing the relative contributions of
different mechanisms such as particle drift and diffusion to the
eleven year variation, and the time dependences of these mechanisms.
As well, it would be helpful to know the residual amount of solar
modulation left at solar minimum, in establishing the form of the
cosmic radiation outside the solar system. Comparisons of
particle rigidities measured near solar minimum from cycle to
cycle and also throughout a single minimum period can be of use
here.

The shorter-term variations are less well understood.
Although the observations of Forbush decreases indicate that
the modulation mechanism is mainly a function of rigidity, they
are by no means conclusive. More accurate experimental results

e
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than the ones presently in existence are necessary. Not many
characteristics of the daily variation other than its ground-
level shape are known. Examinations of this effect in the primary
radiation, particularly of the relative rigidity dependences of
different charge components, would help considerably in determining
the possible causal mechanisms.

Therefore, there is a need for further studies of the
rigidity and charge dependence of the solar-caused variations in
cosmic ray intensity. Further, a greater statistical accuracy
than previously obtained is desirable, particularly for studies
of the transient variations. The present experiment, designed
with this in mind, consisted of a balloon-borne Cerenkov-
scintillation counter system, having a relatively high counting
rate (approximately 5 counts/second), in which the data was
transmitted to the ground for subsequent recording. The theory

of the detectors is given in the next chapter.

-



CHAPTER THREE

THEORY OF THE CERENKOV -
SCINTILLATION PARTICLE DETECTION
SYSTEM
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A Cerenkov-scintillation detector system utilizes the
energy losses by two different processes of particles passing
through matter, ionization and Cerenkov emission of radiation.
The theory for this combination of processes was first
discussed by Linsley (1955).

The first process, that of ionization, is discussed at an
elementary level in a text by Segre (1964). More sophisticated
formulas for this process are collected by White (1965), from
calculations of Sternheimer (1952, 1953, 1956). The most
probable ionization loss of a relativistic charged particle in

a material is given as

2
_axZ E
€ = B2 (B+ 1.06 +21n {/1:52)
2
+ 1n (Eﬁé_) - B2 - %) (1)

where & is the density correction factor, given by
5 ={4.606X + C + a(X; - X)" for (X _<X<X,)
4.606X + C for X>X,;

where X = log,, (;3275?)

The symbols are x : thickness of material in g/cm2.

Z : charge of particle in units of e.

B : velocity of particle in units of c.
a, B, C, a, n, XO, Xl : constants of the material.

The specific detector we are concerned with uses a 1/2 inch
thick piece of plastic scintillator NE102 for an ionization

detector. For this material, the constants have the following
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values (Crispin and Hayman, 1964):

@ = 0.0833 MeV/(g-cm™2)
B = 18.69

cC = -3.13

a = 0.514

n = 2.595

X, = 0.044

X, = 2.0

In Figure 3a, the most probable ionization energy loss for
protons in a 1/2 inch thickness of plastic scintillator NE102
is plotted as a function of velocity. This scintillator gives
a light output which is a monotonically increasing function of
the ionization loss, enabling a determination of the ionization
loss to be made from the light output.

The second process, Cerenkov loss, is treated in a
classical manner by Schiff (1955). Cerenkov light is of a
directional nature, proceeding in a direction fairly close to
that of the causal particle. The following formula gives the
Cerenkov radiation emitted for a charged particle traversing

a material.

2
2mZ"dA 1 1
dN (1 - ) for p > = (2)
13702 B2n2 n
0 for B %
The symbols are dN : number of quanta emitted per unit

length between wavelengths of A and A+d\
n : refractive index of material for light
of wavelength A\.
Z, B : as before.
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A piece of clear lucite is used as the Cerenkov detector in the
present research. This material has a refractive index of
1.5. In Figure 3a, the Cerenkov loss is plotted as a function
of particle velocity for this detector.

An examination of formulae (1) and (2) and Figure 3a reveals
certain characteristics of the ionization and Cerenkov effects.
Both these effects are mainly functions of charge (Z) and
velocity (B), being independent of particle mass. Their charge
variation is nearly the same, being approximately equal o z2
in both cases. The lonization loss, however, is a decreasing
function of particle velocity, while the Cerenkov loss is an
increasing function of velocity.

Figure 3b shows the Cerenkov loss of a particle as a function
of its most probable ionization loss, for both sinyly and doubly

charged particles. The positions along the resultant lines ‘

corresponding to certain particle velocities are indicated.

Particles passing through a Cerenkov-scintillation detection

e =R

system will be represented by points clustered about these
lines.

From Figure 3b, the ionization losses of both B=1.0 to
0.8 doubly charged particles and B = 0.5 to 0.4 singly charged
particles are seen to lie in the same range. An ionization
device along would not be able to discriminate between these
particles, but because their Cerenkov losses are different, a

Cerenkov detector can. On the other hand, the Cerenkov losses
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of B = 0.72 to 0.5 doubly charged particles cannot be distinguished
from those of singly charged particles in the range B = 1.0 to
0.4, but the ionization losses can. Utilization of both the
ionization and Cerenkov effects in a detection device removes
ambiguities that either one alone may produce in determining
particle charges and energies.

If the particle velocities below 0.4 ¢ are considered, it
can be seen that even for the combination of effects, ambiguity
will arise between singly and doubly charged particles. Inclusion
of a particle absorber to limit the lowest energy detectable

in such a system can remove this ambiguity, however.
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CHAPTER FOUR

EXPERIMENTAL APPARATUS
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4.1 General Description of the System

The system used in the course of the present research, for
the detection of primary cosmic rays and the subsequent recording
of information on these cosmic rays is shown in Figures 4 and 5.
It can be seen from Figure 5 that the sole function of the
balloon package as far as the cosmic radiation itself is concerned
was the detection of the radiation and the transmission of the
detection information to the ground. No data was recorded in
the balloon package, thus eliminating the need for its recovery.

The antenna-receiver system, the magnetic tape recorder, the
pressure and temperature recording system, the crystal chrono-
meter, the balloon-borne transmitter and antenna, and the high
voltage supply for the detectors are all components originally

developed by the auroral physics group at Calgary under the

supervision of Drs Anger and Clark for use with balloon-flown
aurora detecting equipment. These components, because of their
wide versatility, have become standard equipment, and have since
been used in other researches, such as balloon-flown neutron
detectors and the present study. The signal decoding and tape
punch system, the data display system, the detector array and
associated electronics, and the pressure and temperature sensing
device were unique to the present study.

In the balloon package, information regarding individual
cosmic ray particles as they pass through the detector system
was transmitted to the ground, along with the temperature and

pressure. A radiating monopole antenna was used for transmission,
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with a crossed element ground plane to minimize feedback of the
transmitted radiation into the detector electronics.

On the ground, the signal was picked up by a double yagi
antenna, with a single receiving element and 9 guiding or
reflecting elements on each of the two limbs. This antenna,
because of its highly directional reception pattern, was attached
to a driving motor which would point it in any desired
azimuthal direction. The angle of elevation of the antenna was
fixed, normally preset to approximately 5°. After passing
through a preamplifier, the received signal was demodulated by
an F.M. tuner. The demodulated output was fed to a magnetic

tape recorder, which acted as a '"" backup'' system from which

the received signal might be recovered if any part of the <
remainder of the ground station broke down during a balloon i
|

flight. The output of the receiver was also fed to a pressure
and temperature recording system, and to decoding electronics.
The decoding electronics separated out the information on the
individual cosmic rays which passed through the balloon-borne
detectors, and put it into a form in which it could be punched
out on paper tape. This electronics also put the data into a
display system consisting of an oscilloscope and recording
camera.

The next three sections of this chapter examine in greater

detail the various components of the system outlined here.
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4.2 Detection Apparatus

The cosmic ray detection apparatus for this experiment is
illustrated in Figure 6.

The detectors consisted of two 4-inch diameter by % inch
thick NE102 plastic scintillators mounted 8 inches apart in a
vertical line through their axes of symmetry, and a 5-inch diameter
by l-inch thick lucite Cerenkov detector placed below the
scintillators in such a way that any particle passing through both
the scintillators in a straight line also passed through the
Cerenkov detector. A cosmic ray event was defined by the
simul taneous occurrence of a flash of light from both scintillators.

Looking at each scintillator was a 2-inch CBS 7817

photomultiplier tube light-coupled by means of an air cavity,

the walls of which were covered by white reflecting paint.
clear lucite particle absorber was placed in the air cavity above‘

the bottom scintillator to remove the possibility of low energy
protons being counted. Such protons woulu have a Cerenkov

output (zero) and a scintillator output equal to that of some
non-relativistic alpha particles, and thus would be indistinguish-
able from these particles.

Light-coupled to the lucite Cerenkov detector by means of
optical coupling grease was a 5-inch CBS 7819 (sometimes RCA 8055)
photomultiplier tube. For the last 3 of the 4 flights made with
this equipment, the sides and top of the lucite Cerenkov detector
were coated with white reflecting paint. This was found to

improve the light-collecting efficiency of the photomultiplier
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cathode, and hence the mean number of electrons emitted by the
photocathode, which was at a critically low level otherwise.
However, this coating did have the disadvantage of destroying

the directional properties of the Cerenkov detector.
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. Balloon-Flown Detector Electroni

The balloon-flown electronics associated with the detectors
i1s shown as a block diagram in Figure 7. Details of the actual
electronic circuits used are given in Appendix I.

The outputs of the three photomultiplier tubes, after being
amplified in the charge preamplifiers and amplifiers, were
handled in the following way. The two pulses originating in
the scintillators went to a coincidence system, which gave an
output upon the simultaneous arrival of signals from both
scintillators. Such an occurrence was considered a cosmic ray
event. The coincidence output was used to open two gates, which
passed the signals received in the top scintillator and Cerenkov
detector, suitably delayed to account for the finite time needed
for the coincidence circuitry to work, to height-to-time convertors.
These height-to-time convertors changed the input pulses into
square output pulses, the lengths of which were proportional to
the logarithms of the original pulse heights. The circuitry
could pass pulses of up to 11 millisecond output length. The
output pulses were used to open gates that passed oscillator
outputs of 32 and 14 kc¢/s frequency. These two gated oscillator
outputs, representing the scintillation and Cerenkov signals,
were then added together and used to frequency modulate the
transmitter.

A refinement in the coincidence circuitry was used to
prevent the arrival of a second cosmic ray event while the

height-to-time convertors were busy with the first event. This
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may be seen in the details of the coincidence circuitry shown
in Figure 7. After the first cosmic ray event occurred, and a
coincidence signal was produced, this signal passed through a
normally open gate to a 4 microsecond univibrator, the output
of which was used to gate open the signals from the top
scintillator and Cerenkov detector. To prevent further cosmic
ray events giving rise to an output while the first event was
being '' processed'!, the output of the 4 microsecond univibrator
was used to turn on two 10 millisecond univibrators, one after
the other, the outputs of which were used to shut the normally
open gate described earlier. Two univibrators in succession
were employed rather than a single univibrator because of the
finite time needed between signals from a single univibrator
and the possibility of a third event right after the single
univibrator had switched off. The coincidence circuitry thus
produced a 4 microsecond long square pulse upon the simultaneous
arrival of signals from both scintillators and then ' turned
itself off'" for 20 milliseconds following that event, so that
no more events could be seen until the first event was processed.

Details of the height-to-time convertors are shown in
Figure 7. The initial signal passed into a pulse-stretching
circuit which basically consisted of a diode through which
charge was dumped onto a capacitor. The charge was allowed to
leak off the capacitor through a resistor. If the voltage
across the capacitor as a function of time is considered, it
can be seen to consist of an initial sharp increase to a peak

proportional in height to the charge dumped onto the capacitor
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and in this case the original pulse height as well, followed

by a long exponential drop-off, the time constant being given by
the resistor and capacitor used. The time from the beginning of
this output pulse until it decreases below any arbitrary fixed
voltage level can be seen to be directly proportional to the
logarithm of the original pulse height. After passing through
the pulse stretcher and a following amplifier, the pulse then
passed through a Schmidt trigger circuit, which is basically a
""flipflop' which changes state when the input signal rises
above a certain D.C. voltage level, and changes back when the
signal drops below a fixed lesser D.C. level. Thus the output
of the Schmidt trigger circuit was a square wave, the length of
which was proportional to the logarithm of the height of the
exponential pulse which was fed into it, and therefore the

height of the original pulse which arrived at the pulse-stretching

circuit.
The operation of the balloon-borne electronics may be ‘
summarized as follows. When both the top and bottom scintillator

in the detector array gave an output pulse, which would happen
when a charged cosmic ray particle traversed both, the outputs
of the top scintillator and Cerenkov detector were transformed
into square pulses, the lengths of which depended on the
magnitudes of these two detector outputs. These pulses were
used to open gates to pass oscillator signals to a mixer, which
provided the modulating signal for a frequency modulated

transmitter. This modulating signal then consisted of two different
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frequencies, which were present only when the system defined a
cosmic ray event, the durations of which were proportional to
the logarithms of the outputs of the Cerenkov and top scintill-
ation detectors.

The modulating signal going into the transmitter also carried
information on the temperature and pressure at the balloon
package on a third oscillator frequency (5.6 kc/s), but as the
pertinent system for this was not part of the actual primary
cosmic ray detection equipment and consisted mainly of

purchased devices, it has not been described here.
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4.4 Decoding Electronics, Display System, and Punch Tape Recorder

The ground-based equipment is shown in Figures 4 and 5. The
most complex part of the system was the decoding electronics,
which is shown as a block diagram in Figure 8. Reference to
Figures 5 and 8 may be found useful in obtaining an understanding
of the following discussion.

This decoding electronics performed several functions. It
took the demodulated signal from the receiver and separated the
cosmic ray information from the pressure and temperature
information. It then punched this information onto paper tape.
The cosmic ray information punched out consisted of a scintill-

ation output and Cerenkov output for each detected cosmic ray,

and was punched out each time an acceptable event was seen in

the balloon package. The decoding electronics was also coupled
to a display system consisting of an oscilloscope and Polaroid
recording camera. Each event recorded on paper tape was also
displayed on the oscilloscope screen.

The input signal, arriving at the decoding electronics
from the F.M. tuner, was a mixture of three frequencies: 5.6,
14 and 32 kc/s. These frequencies respectively represented
the pressure-temperature information, the Cerenkov outputs, and
the scintillation outputs of cosmic ray events. The two detector
output representations each consisted of a train of oscillations
which occurred each time a cosmic ray event was defined by the
balloon detector system. The lengths of these oscillation

trains and therefore the number of oscillations in each were
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proportional to the logarithms of the two original detector
output pulse heights.

As the demodulated input signal entered the decoding
electronics, it was filtered through two parallel tuned circuits
which separated out scintillation and Cerenkov information when
a cosmic ray event was transmitted and received. This information,
which was then in the form of a train of sine waves in both cases,
passed through pulse shapers, which changed the signals to two
series of square waves. These signals were scaled by factors of
four and two and then each signal was fed to a system consisting
of two decade counters. The decade counters counted the number
of square waves in each train after scaling. The number in
each pair of decade counters then represented the logarithm
of the height of the scintillation or Cerenkov output for the

cosmic ray event which was just detected in the balloon and ‘

received by the ground equipment.
Both sets of decade counters were '' looked at'' by decade to i
D.C. convertors, which converted the numbers contained in the
counters into proportional voltage levels. These voltage levels,
i.e. the scintillation and Cerenkov output representations, were
put on the X and Y plates, respectively, of an oscilloscope.
When it was certain that the event had finished being received
by the decoding electronics, the oscilloscope beam was intensified
for 100 microseconds, yielding a point on the screen the position
of which was determined by scintillation and Cerenkov light

outputs for the particular cosmic ray event being considered. A
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Polariod camera was left open to look at the oscilloscope screen
for periods of approximately ten minutes, to get a collection
of points representing many cosmic ray events. From the discussion
on the theory of the Cerenkov-scintillation counter, it can be
seen that these points should be clustered along certain preferred
lines similar to those shown in Figure 3 (with allowance for the
logarithmic nature of the oscilloscope representation). By taking
pictures of the display system from time to time throughout the
balloon flight, a running check could be made on the correct
operation of the balloon-borne equipment and the ground-based
equipment up to the point of observation.

It was necessary to know when the reception of a cosmic ray
event had ceased, for the further operation of the decoding

electronics and, as already mentioned, for the display system.

This was achieved with the knowledge that the transmitted signal
could only lasl as long as 11 milliseconds, and that a second
event could not occur until 20 milliseconds after the start of
the first (see section on balloon-borne electronics). Following
the pulse shaper for the scintillation signal mentioned earlier
was a system comprised of a normally open gate, two end-of-pulse
selectors, two 6 millisecond univibrators, and a 100 microsecond
univibrator which yielded a signal 12 milliseconds after the
detectors saw the start of an event after 12 milliseconds, when
the event should have ended and no other event could have started.
A system of 100 microsecond univibrators, end-of-pulse

selectors, and start-of-pulse selectors were used, following the
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end-of -event signal, to yield a sequence of pulses which would
perform the next series of operations to be described here, in
the right order. A set of sixteen flipflops was used as a

" buffer register' to store information to be later punched on
paper tape. A '"'flipflop indicator' was used to indicate whether
or not an event was stored in the buffer register.

If the flipflop read '' empty', the end-of-event signal
initiated a signal which set the buffer register to the same
configuration as the decade counters containing the information
on the cosmic ray event which had just been read in. At the
same time, the oscilloscope beam for the display system was
intensified, as mentioned earlier. After the buffer register had
been set, the flipflop indicator was set to the full position,

and the decade counters were reset to zero so that they would

be ready for the next cosmic ray event. ‘
If the flipflop indicator read '' full', the only one of

these operations that was carried out was the resetting of the {

decade counters to zero. In this case, the event was lost.

The information in the buffer register was read out onto
paper tape in the following manner. The tape punch produced an
'""accept' signal 110 times a second, at which times it was at the
right phase of its operation to punch out information. If the
flipflop indicator mentioned earlier read ''full'!, there was
information in the buffer register ready to be punched, and the
accept signal was passed to an electronic stepping switch. The

electronic stepping switch initiated four 4.5 millisecond
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univibrators in turn, the outputs of which passed through sets
of gates that were open or closed, depending on the configuration
of the output register. After passing through the gates, the
signals punched on the tape, in order, the tens and units digits
representing the scintillation output and the tens and units
digits representing the Cerenkov output of the event being
processed. At the same time, for each digit, the accept signal
initiated a 4.5 millisecond univibrator which drove the punch.

Each digit was punched on the tape in binary-decimal
form. The tape consisted of a series of ''lines', one after
the other, consisting of eight positions or ''bits'. Four of
these bits were used in the representation of a decimal digit:
the one, two, four and eight bit. The digit punched out could
be found by adding the characteristic numbers of the bits containing
a punched hole together. The first digit in the sequence of four
to be punched for each event also had a ' flag'" bit punched along

with the appropriate numbered bits, to identify the start of an ‘

event. After the fourth digit was punched, an end-of-signal
pulse selector on the output of the fourth 4.5 millisecond
univibrator to be triggered by the electronic stepping switch
reset the flipflop indicator to ' empty', so that no more accept
signals could trigger the stepping switch, and also set the
buffer register to zero, so that it was ready for transfer of the
next cosmic ray event from the decade counters.

The punched tape produced was later processed by an I.B.M.
1620 computer, which had the parity requirement that an odd

number of holes be punched for each line of tape it read. To
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comply with this requirement, a special ''parity bit'' was reserved
on the tape. In the decoding electronics shown in Figure 8 is a
parity gate system which produced an output pulse whenever an

even number of input pulses was read into it (and also onto the
tape), thus making the output tape of this system compatible with
the I.B.M. 1620.

A time signal was put onto the tape every minute by the
following technique. When the time signal came in from the
crystal chronometer, it set a ''minute flipflop' which, as soon
as the buffer register was denoted by the flipflop indicator to
be empty, allowed an end-of-line character to be put on the paper
tape by the accept signal. The minute flipflop was then reset.
The end-of-line character is another essential feature on punched
tapes acceptable to the I.B.M. 1620 computer, as this is the only
signal that will automatically stop the computer reading tape
once it starts.

A short summary of the decoding electronics is as follows.
When a cosmic ray event was received, this event entered the
decoding electronics as two pulse trains of different frequencies
and lengths mixcd together with a third pressure-temperature
signal. The electronics separated out the two pulse trains,
counted the number of pulses in each, and then transferred the
two resultant numbers to a buffer register, provided another
event wasn't already stored there. The event was also plotted as
a point on an oscilloscope screen in which the X and Y coordinates

represented the two numbers in question. The oscilloscope, along
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with a Polaroid camera which recorded many such points on a
single picture, formed the display system. When the tape punch
was ready to accept an event from the buffer register, and when
the buffer register contained an event, it was punched out as a
series of four digits or lines onto paper tape. Minute signals
were also punched onto the tape as a special character (end-of-line).
The punched tape was produced in a format acceptable to an I.B.M.
1620 computer, with the aid of parity circuitry which punched an
extra hole in each line that would otherwise contain an even
number of holes.

Details of the circuitry used in the decoding electronics

may be found in Appendix II.
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4.5 System Appraisal

This section is intended to be both a discussion of the
advantages of the experimental system used, and an examination
of its shortcomings, giving thought to how these shortcomings
may be overcome in the future.

A major advantage of the system used was the high counting
rate of approximately 5 counts per second, which earlier systems
relying on photographic recording techniques and manual data
analysis could not feasibly have. With this high total count
rate, the statistical fluctuation in the hourly proton rate should
be less than 1 per cent, and in the alpha rate, less than 3 per cent.
If a 24 hour duration balloon flights were achieved, it is then
quite possible that the diurnal variation seen previously only
at ground level would be distinguishable in both types of particles.
Other types of cosmic ray variations such as Forbush decreases
and solar flare increases would also be readily seen. Because
of the high count rate, it should be possible to observe '' fine
structure' in these two latter types of events which hasn't been ‘

seen before.

To increase the mean counting rate further, the size of the
detectors would have to be changed. As it proved desirable to
have the best light-coupling possible for the Cerenkov detector to
its photomultiplier tube, a large detector implies a correspondingly
larger photomultiplier photocathode, with the accompanying drop in
photocathode produced electron collection efficiency, as well as

increased cost and weight. However, the feasibility of air coupling
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A variation of 40° C, which is possible from day to night at
high altitudes would cause a change in detector area and hence
counting rate of close to 1 per cent.

From the sizes of the possible errors given, it can be
seen that a change in counting rate should be accompanied by a
refinement of the parts of the system where the possible errors
originate, so that either these errors are made smaller or can
be corrected for. A possible change in the pressure system is
the inclusion of a type of ballast device, designed to keep the
balloon at a constant pressure. With the present system it was
possible for the combination of a faulty pressure correction
of the data and a changing pressure level to give rise to an
apparent change in the primary cosmic ray rate. A constant
pressure level would eliminate any chance of this.

An important parameter of a system such as the one under

consideration is the maximum counting rate it can sustain. In ‘

the event of solar increases of the cosmic radiation, both at

ground level energies and the lower energies manifested in polar é
cap absorption events, determinations of the nature of the
increases are quite useful. During these events it is possible
that the counting rate of the apparatus would increase substantially,
and unless the rest of the system could handle this increase its
usefulness for such events would be limited.
The maximum possible rate of the system reported on here
was given by the tape punch, as this was the slowest component

in the system. A synchronous motor allowed the punch to produce
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a large Cerenkov detector to a smaller photomultiplier should not

be discounted.

<

An advantage of the present system was the relative lightness
of the balloon package compared with other experiments of this
type, which enabled it to be carried to acceptable altitudes
by means of small (176,000 cubic feet), manually launched
balloons. An increase in detector size, and therefore weight,
would have necessitated the use of larger balloons.

Increasing the mean count rate would also mean that the rest
of the system in addition to the detectors would have had to be
modified. The maximum possible counting rate, which was at the
time limited by the tape punch, would have had to be increased.
Methods for doing this are considered later on in this section.

In the system that was used are certain errors, of a nature
other than statistical, which, if the mean count rate were
increased very much, would be left the chief contributors to
experimental inaccuracies in the system. One such error lies ‘..
in the pressure detecting device, which in this case was of
the order of 0.25 millibars at maximum altitude. This meant
that the mean count rate, when corrected for pressure, would
have a possible error from this source of 0.2 per cent for
protons and 0.5 per cent for alpha particles. These errors were
equal to the statistical fluctuations encountered for a 24 hour
period with the present system. A second possible error is
that of temperature fluctuations causing a change in the detector

area because of the large coefficient of expansion for plastics.
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110 characters per second and, since the recording of a cosmic
ray event required 4 characters, 27.5 events per second could be
recorded at most. When a second event arrived before the first
one was recorded, it was lost. This '"'dead time' of 1/27.5
or .0363 seconds per event resulted in a non-linear response to

changes in the counting rate, of the form

Rate = Rate (1 - .0363 Rate

recorded detected detected)’

where the rates were given in events per second. The fraction
of the counts recorded for a mean detected rate of 5 counts
per second was 0.818. If the detected rate was increased to
10 counts per second, the fraction recorded became 0.636. This
type of change limited the mean rates at which changes in rate
could be seen with any reasonable sensitivity.

On the other hand, the dead time per event in this system
was determined by a synchronous motor and was therefore constant.

If the tape punch had been made much faster, then the balloon ‘

electronics would have become the slowest component in the

system. The dead time determined in the electronics was slightly 3
dependent on the battery voltage and ambient temperature. Changes
in these two variables would have yielded apparent changes in a
cosmic ray rate which might actually have been constant.
There are several ways of speeding up a system such as the
one used lL.cre. These include the following:
l. Use a faster tape punch. This has the disadvantage mentioned
in the last paragraph, and also the added disadvantage of cost.

Tape punches much faster than the one presently in use
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2. Add a buffer memory to the system. With this memory, a large
number of events could pile up in the ground station before
being actually recorded. This technique has the disadvantage
mentioned in the last paragraph, and also that of complexity.

3. Play back the magnetic tape recording at a slower speed than
recorded, into the decoding electronics and tape punch system.
In this way the tape punch would have a longer time to punch
out the same event than previously. Again the disadvantage
of having the dead time determined by the balloon electronics
occurs. However, very little extra cost or electronics is
incurred by this method.

In all these methods, the dead time becomes that of the balloon

electronics, provided the speeding up is great enough. However,

the last method is such that it need be invoked only when
considered necessary. For most cosmic ray data, the time varia-

tions should be small and the importance of eliminating non-real

variations are therefore great. For such data the present system‘
sufficed. If large increases which make the present data recording
system much more nonlinear were seen, then it was possible for
the last method (3) to be invoked, using the magnetic tape from
the backup system. During these large increases, much larger
fluctuations than usual can be expected to occur, and therefore
for such events any small changes in dead time per event would
be negligible.

If it were considered desirable to speed up the system more
than that allowed by changing the mode of data recording, then

the dead time of the balloon electronics would have to be decreased.
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The method of transmitting pulse lengths from balloon to
ground is such that the minimum dead time is limited by the time
ot response of the ground-based electronics to changes in amplitude
of the subcarrier frequencies which convey the cosmic ray
information. This response time depends on the Q of the initial
tuned circuits in the decoding electronics, which has to be large
enough to eliminate cross-talk between subcarrier frequencies
and also noise signals. In the present system, a Q of 8 was used,
thus limiting the response time to approximately 0.3 milliseconds
for the 32 kc/s signal. For reasonable accuracy of transmission
this meant that the maximum signal length had to be at least
10 milliseconds, and therefore the dead time slightly larger, or
about 11 milliseconds. If higher subcarrier frequencies were
used, the response time and therefore the necessary dead time
would decrease. However, the present subcarrier frequencies
were limited by the response of the tape recorder in the backup
system, and also by the bandwidth of the transmitter.

An alternate method of decreasing the dead time lies in ‘

changing the transmission technique altogether. Instead of

s

transmitting the cosmic ray information as time-length pulses,
information could be transmitted in coded digital form. This
technique is already used by researchers in similar balloon and
satellite experiments (Hubbard, 1962). For this method,

however, a large amount of additional balloon electronics was
required, thus raising the cost of a balloon package considerably.

Major revisions in the decoding electronics would also be necessary.
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The present system had an advartaqge over older systems in
that data was analyzed automatically. The higher count rate
made this more essential. With the system reported on here, the
recordings produced showed each individual event, and the
subsequent automatic analysis required some time (about 12 hours
I.B.M. 1620 computer time for 24 hours data) to put it into a
more useable form. However, if a two-dimensional pulse height
analyzer were incorporated as part of the decoding electronics,
its output would already lie in this more useable form. As
well, the dead time of the system would not be limited by the
tape punch. However, two-dimensional pulse height analyzers are
at present extremely expensive and therefore out of the range
of most small research groups.

The detector arrangement itself should be commented upon
in this section. One needs to consider the various types of
cosmic ray events in addition to single primary cosmic rays, and
the corrections necessary to account for these additional events.

Such events are as follows: ‘

1. Accidental coincidences. These depend on the total counting i

rates and the resolving time of the electronics. A calculation
of their expected rate, given later in Chapter 7 of this
thesis, yields a value of 5% for the fraction of the total

rate expected to be due to accidental coincidences.

2. Secondary particles produced in the air above the detectors.
These particles should fall about the lines shown in Figure 3
and should therefore not cause any difficulty in the initial
analysis of the various particles. Later on, of course, it

was necessary to make correction for this.
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3. Showers occuring above the apparatus. These events, as they
consist of more than one particle were expected to cause
points off the single particle lines shown in Figure 3.
Correction for this effect would therefore be difficult, as
statistical fluctuations in the detectors also caused a spreading
of points, and both effects had to be removed. However, earlier
experiments by MacDonald (1956) with Cerenkov scintillation
counters having a large shower detecting area in comparison
to the scintillation detector area used have shown that events
such as this are few in number at balloon altitudes.

4. Nuclear collisions in the detector system. These events,
similar to 3, were expected to cause difficulty in the initial
analysis.

Effect 4 could be lessened by making the top scintillator
as thin as possible, so that this effect would happen only rarely
in this scintillator. On the other hand, the output of the top ‘

scintillator, as already mentioned was used in the subsequent p
analysis. Its thickness, therefore, had to be sufficiently great i
to yield a reasonable amount of light four all events, so that
hard-to-calculate photomultiplier statistics did not play too -
great a role. Further work on the best thickness of the top
scintillator is clearly indicated.

A change in the detector system used here from earlier systems
used by other workers was the presence of a clear plastic absorber
between the two scintillators. This absorber limited the lowest

particle energy that could be detected to 60 MeV for protons, and
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in this way removed the possible ambiguity that could occur between

very low energy protons and medium energy alpha particles. It was

expected to have the effect of removing part of the albedo electron
contribution to the data obtained. The addition of an absorber

was also a feature of the Cerenkov-Scintillation counter detectors

recently reported on by Hedgecock (1964).

The relatively low cost of the present type of system is an
important advantage, particularly for small university groups

with limited resources. The cost was kept to a minimum by several

features:

1. All the recording apparatus was on the ground. This made the
balloon package lighter and less expensive, and also had the
added advantage of eliminating the need for recovery. The
cost of flying light packages is much less than that of
heavier packages, as the amount of helium and the size of the
balloon needed are much less than that needed for only

slightly heavier packages, and manual balloon launches are ‘

possible only with the smaller balloons. The loss of a

balloon package was a very probable occurrence in the isolated
regions in which these packages were normally flown, and the cost
of immediate recovery of the ones that could be found,

i.e. the ones that could be located and have fallen in an
accessible area, could be more expensive than the value of

the recovered balloon packages. It was therefore advantageous,
from the points of view of economics and data recovery, to

have as little as possible in the balloon package, thus

keeping its cost and weight fairly low.
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2. The data was analyzed automatically. Because of the high
counting rate, manual analysis would have been lengthy and
therefore expensive.

3. The scintillators used were plastic, as compared to the more
expensive sodium iodide detectors used in earlier studies.
As well, plastic scintillators are easier to work with. The
nonlinearities of plastic scintillator (Prescott and Rupaal,
1961) are not too important in studies of primary protons and
alpha particles at velocities detectable with the present
system. If this system were to be adapted for a study of
heavy nuclei such as that carried out by MacDonald and
Webber (1962), then the nonlinearities of plastic would
require that it be replaced by sodium iodide or some other
sufficiently linear scintillator.
The system developed in this study had the advantage of

versatility. Various types of detection system could be flown

using the same transmission and decoding-recording system with

only slight modifications. Some possible experiments making use

of the same system are as follows:

1. dE/dx by E detectors. These are normally used to look for
particles with energies below 100 MeV, and thus are very
useful in studies of polar cap absorption events.

2. Cerenkov-scintillation studies of heavier nuclel.

In general, any detection system with at most two outputs of

which it is necessary to know the size and which is meant for

operation at balloon altitudes or less, could be adopted for use

with the present system.



PREFLIGHT ADJUSTMENT AND
CALIBRATION OF THE APPARATUS
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Although the Cerenkov-scintillation system used was basically
a self-calibrating one, it was still necessary, owing to the mode
of data retrieval and electronic limitations, to make certain
ground measurements on, and adjustments to, this system.

Such a measurement was involved in the examination of the
height-to-time convertors. Theoretically, the output should be
a logarithmic function of the input with the appropriate conversion
parameters being given by the values of the electronic components
used. However, the convertors were by no means ideal, and the
values of the electronic components not known to an accuracy
greater than 10%. To derive an exact relationship between input
pulse height and output pulse length, the output of each convertor
was examined over a wide range of inputs. The relationship
found was then graphed, and later used in analysis of the data
at altitude. A check was made on the temperature stability of
the height-to-time convertors as well, and any necessary adjust-

ments made on a special compensation circuit incorporated into ‘

the convertors. Finally, the 'zero output' of the convertor, i

]

i.e. the output corresponding to the gating pedestal arising %
from the firing of the coincidence circuit alone, was adjusted
so as to be approximately 0.5 milliseconds in length. This was
more than sufficient to allow for any shifts due to changes in
hbattery voltage and temperature.
The gains of the individual detectors in the system had to
be adjusted for each flight. This adjustment ensured that the

output pulse heights of interest were not so large as to be
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distorted in the electronics, or, on the other hand, so small

as to lose their resolution in the transmission. For this
purpose, the detection system was placed under 10 cm of lead, so
that nearly all the particles traversing it were relativistic
muons. The output of each detector was examined with the aid of
a 400 channel pulse height analyzer, gated by the balloon
coincidence circuitry. Knowing the detector output distributions
for this 'control group' of relativistic muons, the output
distributions for all particles of interest, in this case protons
and alpha particles of energies down to the cutoff defined by

the detecting system, were inferred. The detector gain in
question was then adjusted so that these outputs fell within an
allowable range, with a safety factor of 2 times to take care

of any temperature changes in photomultiplier gain. The discri-
mination levels of the event-defining coincidence circuit were
also suitably adjusted on this basis.

A final test run of each balloon package was made, again

under 10 cm of lead, to check the overall operation of the system.

§;
i
§
;

This run was used to look at the resolutions of the detectors
in the system as well. The data for this run was recorded using
the ground-based electronics and tape punch unit intended for

use later on during the actual balloon flight.
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In the course of this research, four balloon packages were
assembled and flown. The first flight was made from the Calgary
region on December 9, 1964, and the second and third from
Fort Churchill on March 29 and April 6, 1965, and the fourth,
from Calgary on July 27, 1965. All four flights had radar
coverage, and pressure and temperature were measured by a
"" baroswitch'' contained in a small package separate from the main
detector pack. The balloon train assembly for a typical flight
is shown in Figure 9.

The pressures and flight path for each flight are shown in
Figures 10 and 11. Table 1 gives the radar position as a
function of time for each flight. A summary of each flight is
given below.

Flight 1
Flight 1 was launched at 2122 LT, December 9, 1964. A

135,000 cu. ft., 3/4 mil polyethylene balloon was used. The
time of this flight was limited by air regulations, and for
this reason the cutdown timer was set to operate at 0400 LT the
next day. The package reached an altitude corresponding to 9 mb
pressure, and later settled to a pressure of 13 mb by 0400 LT.
lhe lowest temperature recorded was -58° C, towards the end of
the flight.

The operation of the balloon package was good for the most
part, but there were shortcomings. The baroswitch signal did
not modulate the appropriate subcarrier as it should have,

possibly due to the baroswitch signal cable becoming disconnected
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at the time of launch. However, pressure and temperature data
was still obtainable, as the D.C. level of the receiver discri-
minator output was seen to shift slightly when the baroswitch
contacts closed. The system was observed to be susceptible to
ignition noise from automobiles as well. The modulation level
was less than it could have been. A fading in signal occurred
when the balloon was about 100 miles away, at which point the
noise signal was able to compete successfully with the information.
It was later discovered that this decrease in signal was a
feature of either the transmitting or receiving antenna patterns,
as it occurred for every flight at about this distance. After
100 miles, the signal would improve again and would remain at a
reasonable level until the balloon was close to the horizon,
about 350 miles away. However, for this particular flight, the
cutdown timer operated at 0403 LT, when the balloon was only
120 miles away, and the signal strength had not yet come back
up to any great extent. The equipment flown on this flight was
found and returned to che university four months later, in
surprisingly good condition.

About three hours of useful data at altitude was obtained
on this flight.
Flight 2

Flight 2 was launched from Fort Churchill at 1939 LT on
March 29, 1965. A 170,000 cu. ft., 3/4 mil polyethylene balloon
was used for the flight. The cutdown timer was set to operate

24 hours from the time of launching. An altitude corresponding
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Table 1: Supplement to Figqure 11

Times of radar readings shown in Figure

Reading No. Time No. Time
Flight 1 1 2205 LT 5 0055 LT
2 2250 6 0143
3 2320 7 0220
4 2357 8 0245
(Launch time 2122 LT)
Flight 2 1 2000 LT 7 2130 LT
2 2015 LT 8 2145
3 2030 9 2200
4 2045 10 2215
5 2100 11 2230
6 2115 12 2245
(Launch time 1939 LT)
F ht 1l 0930 LT 9 1130 LT
2 0945 10 1145
3 1000 11 1200
4 1015 12 1215
5 1030 13 1230
6 1045 14 1245
7 1100 1% 1300
8 1115 .
(Launch time 0914 LT)
Flight 4 1 2318 LT 5 0341 LT
2 2350 6 0641
3 0128 7 0740
4 0210 8 0802

(Launch time 2246 LT)

Dotted parts of balloon flight paths are inferred from
ground antenna directions, along with the assumption of a constant

balloon speed.
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to a pressure of 13.5 mb was reached, and eventually the balloon
settled back to a pressure of 15.5 mb. The lowest temperature
recorded was -48° C. Extremely fast high altitude winds prevailed
at this time, and the package was carried beyond the horizon 3 hours
from the time it reached altitude.

Operation of the equipment seemed satisfactory for this
flight, although the counting rate was 1 1/2 times faster than
on the other flights. A strong signal, fairly well above the
noise level, was received for most of the flight, even through
the ' 100 mile decrease' noted earlier.

About 2 3/4 hours of useful data at altitude was received
on this flight.

Flight 3

This flight was launched from Fort Churchill at 0914 LT, ‘

April 6, 1965. A 170,000 cu. ft., 3/4 mil polyethylene balloon i

{gx

was used. The cutdown timer was set for a 24 hour flight. The E

lowest pressure reached was 8.4 mb, and the balloon remained
very close to this pressure for the entire time that it was at
altitude and a signal being received. The lowest temperature
recorded during this daytime flight was -22° C. Fast high
altitude winds carried the balloon beyond the horizon at about
1700 LT.
The operation of the balloon package was Very good tor this
flight. The signal was above the noise level, even through the
"' 100 mile dip" in signal strength, until the horizon was reached.
Five hours of useful data at altitude was obtained on this

flight.
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Flight 4

This flight was launched from Calgary at 2246 LT, July 27.
(A previous attempt had beer =72 o launchh this balloon
package, but it had failed to reach altitude and came back down.
The equipment was recovered the next day and found to be in
good working condition.) A 135,000 cu. ft., 1/2 mil polyethylene
balloon was used. The cutdown timer for flight 4 was set for
24 hour operation.

A pressure of 10.9 millibars was reached on this flight.
After initially reaching this pressure at 0300 LT, July 28, the
balloon settled back to a pressure of 14.6 millibars by 0400 LT,
to rise again after sunrise to a pressure of 12.4 millibars. This
latter pressure was maintained throughout the daytime part of
the flight.

High altitude winds were fairly slow at the time of flight

4, and a signal was received from the balloon pack until 1500 LT,
July 28, at which time it appeared that the balloon had dropped
beneath the horizon.

Signal reception was not good. The initial part of the
flight was marred by the fact that the balloon was very nearly
overhead, and in this position could not be received very well,
because of the design of the ground station antenna. For this
reason no useful data was obtained until sometime after the
balloon reached altitude. Later in the flight, several dips in
signal strength were experienced, where the noise level rose
sufficiently to interfere with data recording. Thunderstorms and

motorized vehicles also caused some interference.
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Despite the difficulties in reception, a considerable

amount of useful data extending over a 12 hour period at altitude

was received during this flight.




CHAPTER SEVEN

ANALYSIS OF THE DATA
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Analysis of the data taken with the Cerenkov-scintillation
counter system is an involved process. From the data, originally
for each cosmic ray event in the form of two numbers representing
the scintillation and Cerenkov outputs of different detectors,
such things as an absolute counting rate, charge spectrum, and
energy spectra must be obtained. The derivation of these
representations of the data is complicated both by the statistical
nature of the detector outputs and the presence of cosmic ray
interactions, both in the atmosphere above the detector and in
the detector itself.

Owing to the large number of events, manual analysis would
be an extremely lengthy process. For this reason, an I1.B.M. 1620
computer was used in nearly all phases of the analysis. The
output of the experiment, on punched paper tape as mentioned

earlier, lent itself well to this.
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7.1 Organization of the Data into an Easily Analyzable
Representation

The first phase of the data analysis put the individual cosmic
ray events into a more collective representation. At this point,
the data was in the form of two two-digit numbers, representing
the Cerenkov and scintillation light outputs, for each cosmic ray
event. An area in the memory of the computer was defined, consisting
of an array of 100 by 100 positions, each position capable of
holding any number of events up to 9999, Depending on the values
of its two detector output numbers, an event was entered into one
of these positions. In this way, the computer was made to act
like a two-dimensional pulse height analyzer, and the individual
data grouped together into a collective, more easily analyzable
representation. This representation could be plotted on paper
and compared with the theoretical lines shown in Figure 3 (b).

A modified example of such a representation is given for flight 1

in Figure 12. The paper was divided into a grid. The channel

number along the x axis represented the scintillator output, and
along the y axis, the Cerenkov output. The number in a square

was the number of events having the two particular outputs the
square corresponded to. In the example shown in Figure 12, the
counts can be seen to be clustered about two points, corresponding
to the combined outputs for relativistic protons and alpha
particles. A third cluster, occurring at the points of combined
saturation of the scintillation and Cerenkov detectors, most
likely owes its existence to fast particles of charge (2)

greater than 2.
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The computer output for this representation was in the form
of 400 punch cards. Using this representation, the data at
altitude was put into approximately 1 1/2 hour intervals, and
the data during ascent, into 10 minute intervals. A representation

for the total data at altitude was also drawn up, for each flight.
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7.2 Calibration of the Scintillation Detection System
The second phase of the analysis involved an examination of
the scintillation part of the data. Using the computer output
of the first phase, scintillation distributions for various
Cerenkov intervals were plotted. These distributions for
flight 1 are shown in Figure 13. In this figure, peaks corresponding
to the relative proton and alpha distributions emerge quite clearly
when the Cerenkov output gets sufficiently large. The scintillation
outputs at these peaks approach asymptotic values for large
Cerenkov outputs. These values were taken to be the most probable
scintillation outputs for relativistic protons and alpha particles.
From these two values, the knowledge of what their ratio
should be, and the preflight calibration on the height-to-time
convertors, a ''zero voltage', i.e. a voltage corresponding to a

zero time output of the height to time convertors, could be

inferred for each flight. This zero voltage was subtracted
from the input voltages deduced from the height-to-time graph to
obtain the actual detector output voltages. With this information,
the voltage corresponding to each scintillation output channel
during the flight was deduced.

This procedure was not repeated for the Cerenkov output
channels, as it was not necessary to use this information in an
exact form in this experiment.

The scintillation output channels were then grouped together
into particle energy intervals, for both protons and alpha particles,

on the basis of most probable scintillation light output. The
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formulae used in this calculation were (1) appearing in Chapter 3,

for the most probable ionization loss of particles in a medium,

and also
ae

Lout = 1+ be /x (3)

P

for the light output (Lout) of a scintillating material of thickness
x in terms of the ionization loss, taken to be the most probable
energy loss (ep). 'a' and 'b' are constants of the scintillation
material. This formula was originally given by Birks (1951) and

is qualitatively explained in a text edited by Ritson (1961). It
was not necessary to know the value of 'a' as this was merely

a proportionality constant. The value used for 'b' was .0091

g cm™2 MeV'l, found by Prescott and Rupaal (1961) for plastic
scintillator NE102.
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7.3 Preliminary Examination of the Cerenkov Distributions

To aid in the identification of particles, the Cerenkov
distributions for the scintillation intervals derived as mentioned
in the last section were plotted. An example (flight 1) is shown
in Figure 14. An examination of this figure proved enlightening,
both in regard to the operation of the apparatus, and the
corrections to be made to the counts in these intervals in order
to derive a primary spectrum, both for protons and alpha particles.

The relativistic proton curves show two peaks, corresponding
to a Cerenkov output of zero (situated at 3 on the output scale)
and a Cerenkov output situated at 10. Judging by its pronounced
presence only for the fast proton intervals, the 10 peak corresponds
to the Cerenkov output for relativistic protons. In flight 1, the
Cerenkov detector was directional, so that upwards-moving particles
would not be seen by it. Since a cosmic ray albedo, for the most
part consisting of fast electrons, exists in reasonable amounts

(McDonald and Webber, 1959), it should contribute to the zero

Cerenkov peak. Other effects, such as chance coincidences between
the two scintillators in the detector telescope, may also contribute
to this peak. Such effects will be discussed more fully later on.
In the lower energy proton intervals, the relativistic peak
disappears, and the zero Cerenkov peak remains. This is to be
expected, as the particles falling in these intervals will not
have a resolvable Cerenkov output. (A slight amount of scintill-
ation occurs in the lucite Cerenkov detector, but for singly

charged particles it is not sufficiently large to be resolved.)



68

The lowest energy interval defined for the protons shows a new
peak at 34, owing to the appearance of relativistic alpha particles.

The high energy alpha particle intervals have several
interesting features. As well as the alpha peak at 34, there is
a zero Cerenkov peak. This may be partly due to low energy protons
but, as it extends past the detector cut-off energy for such
particles, the zero peak must also contain other events. Speculation
on what these events might be is included later. A slight peak at
about 10 also occurs. This may be due to the Landau tail in the
scintillation distribution of relativistic protons.

As the alpha energies decrease, the alpha peak tends towards
a lower value, but not zero. This may be expected because, as
mentioned earlier, a small amount of scintillation occurs in the
Cerenkov detector. It appears that, for the doubly charged lower
energy alpha particles, a sufficient amount of light is emitted
to partially distinguish them from zero output events.

The zero Cerenkov peak also persists throughout all the

alpha energy intervals. In fact, this peak is quite large in
comparison with the rest of the counts in each of the alpha energy

intervals. ’
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7.4 Initial Correction of the Data

In deriving primary cosmic ray spectra from distributions
such as those shown in Figure 14, several corrections were necessary.
The first type of correction was applied to these distributions, and
transformed this data into a spectral representation of the cosmic
radiation as seen by the detector. The second type of correction
was made upon this spectral representation in order to derive the
actual form of the primary cosmic radiation at the top of the
atmosphere. This section will consider only the first type of
correction, the second being considered in a later section.

At this point, the data-was in the form of Cerenkov output
distributions for different particle energy intervals, defined in
terms of the most probable light output of the scintillation
detector, both for protons and alpha particles. It now became
convenient to consider protons and alpha particles separately,
applying different corrections to each of them.

7.4.1 Background Correction in Alpha Region

The large 'zero output peak' which is apparent over the

entire alpha particle region as shown in Figure 14, is symptomatic

of a large number of 'background events' of uncertain origin which !

occurred in the detectors during all balloon flights. McDonald
(1956) has also noted the existence of similar events but, for
the particular apparatus and balloon flights he was concerned

with, they do not form as large a fraction of the total number

of counts as they do here. (See Figures 15 and 17.) This

increase was perhaps due to the higher geomagnetic latitudes at
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which the present flights were made, but much more likely due to
the composition and configuration of the detectors used, and
perhaps certain electronic parameters.
Possible mechanisms which may have given rise to these
background events are the following:

Accidental coincidences between the two telescope elements.

The fraction of such events depends on the total counting rate of
each of the two scintillators in the telescope, and hence their
areas. It also depends on the resolving time of the coincidence
circuitry. The vertical particle flux found by Winckler and
Anderson* for the 1955 solar minimum period, at a latitude of
64.5° N. magnetic and an altitude corresponding to 10 g.cm.2 of
air pressure, was 0.52 particles/cm2.sr.sec. If the flux is
assumed to be isotropic, then this measured value leads one to
expect a total count rate of 162 counts/second for each of the
scintillators in the present experiment. The resolving time of

the coincidence circuitry was typically about 5 microseconds.

With the expected total rate, this yields a value of 0.26 counts/
second for accidental coincidences. This number of accidental

coincidences is only 5 per cent of the total expected particle

rate and therefore cannot account for most of the observed

background counts.

i mic
Electrons in the cosmic ray beam. A certain number of cos

ray electrons passing through the telescope, but stopping

* Winckler, J. R., and Anderson, K. A., 1957, Phys. Rev., 108,
148.
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before or in the Cerenkov detector will produce some of the
background events. These electrons may be either primary
electrons, re-entrant albedo electrons, or secondary electrons
produced in the air and material above the detectors. A crude
spectrum of the re-entrant plus secondary electrons has been
determined from the results of several workers by Schmoker and
Earl*. These authors find only a negligible contribution from
primary electrons. From their work, the total flux of downwards
electrons for the present experiment ic estimated to be 0.02
particles/cm2.sr.sec. Of this flux, 40 per cent should stop before
the Cerenkov detector, thus having no Cerenkov output, 20 per cent
should stop in the Cerenkov detector and thus have an
" intermediate' Cerenkov output, and the remainder will pass
through the Cerenkov detector, and therefore have an output
similar to that of relativistic protons. The downwards -moving
electrons can account for approximately 4 per cent of the
total counting rate of the present experiment.

Nuclear interactions of cosmic rays in the scintillator.

These events are expected to form 2 or 3 per cent of the total

counting rate. They are likely to have large scintillation

outputs which would place them in the alpha regions. Their

fraction of the total rate is independent of the detector area,

but depends on the thickness and type of material used in the

detectors, being greater for lighter materials. For this reason,

* Schmoker, J. W., and Earl, J. A., 1965, Phys. Rev., 138,
B300.
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the fraction of such events should be about 2 1/2 times greater
than those seen by McDonald. This is not large enough to

explain the difference in fraction of background between the

two experiments.

Showers above the detectors.

In McDonald's experiment, multiple particle events were detected
with an efficiency of 0.5, and the number of such events found
to be reasonably small in comparison to the rest of the events
in each scintillation output interval. The generally lower
pressures achieved for the present experiment should tend to
reduce the shower rate to a value below what McDonald detected.
His results are shown in Figure 15.

Thus it is not feasible that the background is composed

entirely of these four phenomena alone. The total intensities
particles

in [ at floating altitude for the four flights,
tcm .sec.ster .

with the transmission noise counts removed where possible, are

shown below along with the rates observed by Winckler and

Anderson (reference at bottom of page 70) for similar geomagnetic

latitudes.
Present results minus Winckler
Present results 10 per cent and Anderson !
Flight 1 .49 .44 .46
Flight 2 .78 .70 .52
Flight 3 .62 .56 .52

Flight 4 .67 .60 .46
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An extra contribution to the rates of the present flights
comes from the accidental coincidences (5 per cent) and the
presence of extra material in the detectors. An upper limit
to the contribution of nuclear interactions in the extra
detector thickness to increases in the counting rate is 5 per cent,
neglecting evaporation particles, as they will not be able to
pass through the telescope absorber and be detected as events.
Thus, a 10 per cent excess at most can be expected for the
present flights over those of Winckler and Anderson. Agreement
is found for flights 1 and 3, but the other two flights show
total rates significantly higher than expected. For these
flights, an additional source of background not present in the
other two flights, or in Winckler and Anderson's flights, may
have existed. Noise originating in the electronics is a likely
such source.

It is, in any case, extremely difficult to make a theoretical

calculation on the amount of background in any scintillation

output interval, and the accuracy of such a calculation would
be doubtful. Experimental techniques show more promise for

inferring the background rates.

McDonald (1956), in making a correction for the background

radiation in the alpha particle region, observed that the shape

of the background Cerenkov distribution remained the same across
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the alpha region. From the similar Cerenkov distributions on

both sides of the alpha scintillation output region, he determined
the shape of the background correction. The alpha particle
Cerenkov output peaks in each energy interval were then identified,
and the background correction normalized to this interval on the
low Cerenkov output side of the alpha peaks. Figure 15 shows
examples of his work.

A similar procedure was attempted for this experiment. The
shape of the background Cerenkov distribution was inferred from
the scintillation output region just above that corresponding
to alpha particles, and compared to that of the region just below
the alpha particles, to check the constancy of the shape of the
background correction. The results for flight 1 are shown in
Figure 16.

In normalizing the background distribution to each of the

alpha energy intervals, for each flight, the zero Cerenkov output
peaks were used, except for the highly relativistic intervals
where proton contamination could occur. From the results, shown
in Figure 17, the background curves seem a reasonably good fit

to the data, except of course for the alpha peaks. For the |
highly relativistic alpha region, the portion between the alpha

and zero Cerenkov peaks was used for normalization. Only the

counts above this portion were considered to be due to alpha

particles. The certainty of this correction in the low energy

intervals appears dubious, as the alpha particle resolution here

is low, as can be seen in Figure 17.
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7.4.2 Background Correction in Proton Region

In the relativistic proton region, the background correction
problem was a little different. The majority of the background
counts in this region were thought to be some form of 'noise'
originating in the transmission of data, and also accidental
coincidences between the scintillators. Most of these events
could not be expected to have a large Cerenkov output, and were
therefore separated from the relativistic protons on this basis.

A background Cerenkov distribution was determined from the
scintillation output region immediately below that of the relativisti
protons. The fast proton scintillation output region was corrected
for background by normalizing this distribution to the counts in

the low output Cerenkov channels, and then subtracting it from

the fast proton region. A systematic error in the background
correction arose in flight 1, in which a directional Cerenkov

detector was employed, yielding a contribution to the low output

Cerenkov channels in the fast proton region from albedo particles.

This is discussed in the next chapter.

For the lower energy proton region, combination of both

'noise' and nuclear interaction background pulses were expected. ,
Furthermore these pulses could not pe removed on the basis of

their Cerenkov distributions as before, since the protons were

also expected to have low Cerenkov outputs in this region. For

lack of a better method, an interpolation of the background rate

was used. The background used for other regions of scintillator

output was plotted and a smooth line drawn petween the relativistic
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proton region, and the alpha regions, to get the background for
the low energy proton region. An example for flight 4 is shown
in Figure 18. As the number of proton counts was quite high,
the accuracy of the background correction for the proton region
was not as vital as that for the alpha region.

7.4.3 Detector Correction

Because of the statistical nature of ionization losses and
therefore light output in the scintillators, there was not a one-
to-one correspondence between particle velocity and light outputs
for any one velocity distributions for any flight; it was necessary
to know the output distributions of the system for fixed particle
velocities. Calculations of these distributions have been carried
out by Symon (1948) and are discussed in a text by Rossi (1956).

The theory of the convolution procelure used to obtain particle

spectra from detector output spectra, using distributions such as

mentioned above is now given.

Suppose a particle velocity Bi. Write the output distribution

of this velocity as fj(Bi)’ corresponding to a detector output

of Oj' If there are N(Bi)ABi particles with velocities between

B.

+ AO.
; and B; + AP, then the number of outputs between O, and 0 A0 .

is given by

[ N(ogaos 1y = £5(B;IN(B;)ORy

for this particular small range of velocities. To include all

velocities, sum:

N(0,)204 = ? £4(B;IN(B 0By



Set cyy = {fj(ﬁi) for i = j "
fj(B ) -1 for i = j.
Then, N(oj)Aoj = N(Bj) ABj + ZicjiN(Bi)ABi .
Therefore, N(Bj) = N(Oj)AOj -z cjiN(Bi)ABi
= N(Oj)Aj - Zicji(N(Oi)AOi
- Tcq N(B AR, ).
Continuing this procedure, we get the infinite series,
N(Bj)ABj = N(0,)a05 - ZicjiN(Oi)AOi + Zi’kcjicikN(Ok)AOk
= I3 ko1 S5iC1kCraN(01)80)

This equation gives the original velocity spectrum N(Bj) in
terms of the output spectrum N(Oj). If the intervals
AOj, ABj are such that the 53 are small, then we can approximate:

N(B.)aB, = A0, - Z.c..N(0,)AO;. (5)
(B;)0B, N(0,)80; - Zicy;N(0;)A0;
From equation 4, this is seen to happen when the fj(ﬁi)

are large for i = j, and small for other values. Now the

scintillator output is in the form of numbers, so the AO.l can

be taken to be 1. fi(Bi) is largest when the AB; interval

is that corresponding to the AO; interval on the basis of

most probable scintillation output. However, even with this
representation the detector output distributions fj(Bi) for a
fixed P are sufficiently wide compared to a single scintillation
output channel that some c; are still fairly large. When

several channels are taken together, and equation 5 applied to
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these groupings of channels, the size of the Cy3 is reduced
considerably.

The elements fj(Bi) for the detector correction were found
from ionization distribution curves drawn up for different
particle velocities by Symon (1948), a knowledge of the
nonlinearity properties of plastic scintillator NE10O2
(Prescott and Rupaal, 1961), and the calibration curves found
for the scintillation outputs for each flight (Section 7.2).
The positions of the most probable outputs of relativistic
protons and alpha particles found as outlined in Section 7.2
were also instrumental to this calculation. These elements
were found for each channel of scintillation output.

The next step was the division of the output channels
into intervals, several channels per interval, for each flight.
For the higher velocity intervals, between .95 and 0.8 c where

the output distributions were wide and the number of counts high,

the interval widths were about half to two-thirds that of a
theoretical single velocity distribution in this region. Slow
changes in the primary spectrum for these velocities could
therefore be reasonably well produced, but the first order |
correction would not be sufficient to resolve abrupt changes
in a single interval. For the lower velocity regions, the
intervals were wider in general than the distributions, thereby
allowing abrupt changes in spectra to be observed.

Then, using the fj(Bi) found for each channel, and

equation 5, the contribution to each velocity loss interval
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was ascertained from the output rates of each channel.

As a check on the theoretical light output distribution,
fj(Bi), the calculated distribution for fast singly charged
particles was compared to the experimental distribution found
for ground level muons, as mentioned in Chapter 5, for all four
flights. An example for flight 1 is shown in Figure 19.

7.4.4 Recordiny Correction

A small amount of uncertainty arose in the changing of
the analogue pulse length transmitted to the ground into a
digital number, owing to the electronics involved in this
process. A pulse whose length under ideal conditions should
have yielded a certain number had a 50 per cent probability

of yielding that number, and a 25 per cent probability of

yielding each of the two adjacent numbers. This uncertainty
was taken into consideration by including it in the detector
correction. The distribution element fj(Bi) then became

0.5f.(By) + 0.25f,_;(B;) + 0.25f4,,(B;).

J 1 J
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7.5 Atmospheric Correction of the Data

The data at this point was in the form of two velocity
spectra for each flight, those of the singly and doubly charged
particles present in the vicinity of the detector. Because of
the occurrence of various types of cosmic ray interaction in
the atmosphere above the detector, it was necessary to make several
different corrections to this data in order to arrive at spectra
for particles above the earth's atmosphere.

7.5.1 TIonization Loss in the Atmosphere

This type of correction applied to both protons and alpha
particles. The velocity intervals for the particle and flight
concerned were put in terms of particle energy. Then, using the
measured pressure alcng with range-energy curves for particles

in air (Ritson, 1961), the energy intervals were corrected for

ionization loss to the top of the atmosphere. This correction
neglected the effects of fluctuations in ionization loss, which
were generally smaller than other uncertainties in the energy
intervals arising from instrument calibration.

7.5.2 Alpha Particle Absorption

The alpha particles were corrected for absorption in the |

air and material above the detector. By using the data taken

while the balloon was ascending, a mean interaction length could

be found. The technique used for this is described in a later

section. Using the value found, the alpha particle data was

corrected to the top of the atmosphere for this effect.
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Owing to a large number of competing effects for protons, the
proton data was not corrected in this manner, but rather in a
manner described later on.

7.59.3 Production of Alpha Particles by Fragmentation of Heavier
Nuclei

A significant number of alpha particles is produced in the
interaction of the heavier cosmic ray nuclei with the atmosphere.
As the absorption lengths for these nuclei are less than that for
alpha particles as well as there being a reasonably large differ-
ence in intensity, this effect should not cause any large error
in the determination of the absorption length of alpha particles.
However, in determinations of absolute alpha particle counting
rate, the production effect is large enough at balloon altitudes
to warrant correction. This correction was combined with the
absorption correction, in the manner outlined theoretically

bel ow.

A traditional experimental division of cosmic ray nuclei with
charge (Z) greater than 2 is the following:
light nuclei (L) : 3gZ¢5
medium nuclei (M) : 6<Z<9

heavy nuclei (H) : 10¢Z

Let the ratio of light, medium, and heavy nuclei to alpha particles

be RLa, R and R respectively; their interaction mean free

Ma’ Ha

and A\y; their alpha fragmentation parameters (mean

paths, A\ A

L ™M

number of alpha particles produced in one interaction with an

"average' air nucleus), Py 4+ Pyq» 27 Pua:

Consider the flux of light nuclei, Ng(0) Rpq4 at the top of

is the flux of alpha particles at
RSSSSRE

the atmosphere, where Nu(O)
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the top of the atmosphere. The fractio? interacting between 0 and
-x/N
x g/cm2 depth of atmosphere is (1 - e Ly

, and the number of
).

interactions, NQ(O)RLa(l - e Therefore the number of alpha
particles produced in x g/cm2 of atmosphere by interactions of

light primary cosmic ray nuclei is

-x/\
Njg(x) = N (O)R P, (1 - e X Ly (6)

La" La

Similar expressions to (6) may be found for the medium and heavy
nuclei-produced alphas, NMa(x) and NHa(x)’ if the production of
alpha particles in second or higher reactions, e.g. the fragmen-
tation of a heavy nucleus producing a medium nucleus and the
interaction of this medium nucleus producing an alpha particle,
is neglected.

The number of original primary alpha particles at a depth
x is given by

-x/Ka

N (x) = N_(O)e (7)

aa a

where N\, is the mean interaction length of alpha particles in

the atmosphere. |
If the absorption of fragmentation alphas in the air is

neglected, as this is a second-order effect, the total number of

alpha particles present at depth x is given by !

Na(x) = Naa(X) + NLa(X) +NMa(x) + NHa(X) (8)
Substituting (6) and (7) igiﬁx(B), we obtain -x/XL
Ng(x) = Ng(o)e % + Ny ()R 4(1 - e
-x/)\M
+ Na(O)RMaPMa(l - e
-x/)\H

+ Na(O)RHaPHa(l - e ).
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Rearranging,
-x/)\ -
Na(O) = Na(x)/(e ¢ RLapLa(l - e X/xL)
-x/)\M
+ RMcxpMcz(l - €
-x/)\H
+« R, P, (1 -ce )) (9)

Ha" Ha
Equation (9) gives the alpha flux at the top of the atmosphere

in terms of the measured flux at a small depth x in the atmosphere.
Equation (9) was used to correct the measured alpha flux for

absorption and production by fragmentation of heavier nuclei to

the top of the atmosphere. Values for the interaction lengths

and alpha fragmentation parameters for the L, M, and H nuclei

found by Noon and Kaplon (1955) from emulsion studies were used.

The values given for the ratios RLa’ RMa’ and Ryg in terms of

energy per nucleon by Waddington (1963) were used. Implicit in

the usage of these ratios was the assumption that the fragmentation

alpha particles emerged from the collision with the same energies
N

per nucleon or velocities as the primary parent particles. a’

the alpha particle interaction length, was determined experimentally |
as outlined in section 7.6.

7.5.4 Secondary Effects Involving Singly Charqed Particles

As the production of secondary singly charged particles, which

could not be distinguished from protons by the apparatus, arises

from several different processes involving complex and uncertain

calculation, the proton data was not corrected for either

absorption or production of secondaries by any theory-based method.

Instead, the data taken while going to altitude was divided into

three proton energy intervals on the basis of proton scintillator
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output. The counts in these intervals were plotted as a function
of atmospheric pressure, and the resultant curves extrapolated
to the top of the atmosphere. An example is shown in Figure 20.
This method was similar to that employed by McDonald and
Webber (1959). However, it was hampered by the existence of a
large background in the present study. As statistics were not
good enough to allow a separation of the particle counts and back-
ground to be made, it was assumed that these counts varied in
the same way as the protons. The curves obtained during the three
flights used were compared, and average correction factors obtained
for the three energy regions. Flight 4 was not used here, as
signal reception difficulties occurred during ascent of this
flight.

No correction has been made to the data for albedo protons,

or electrons. The electrons are expected to be highly relativistic

and therefore have outputs in the relativistic proton region

(MacDonald and Webber, 1959). The protons, on the other hand, |
should lie in the slow proton region, and should be partially
distinguishable on the Calgary flights, as some of them should

extend below the geomagnetic cut-off, down to the lowest observable |
energies. An examination of these two flights gave an indication

of the magnitude of this effect for the Calgary vicinity.
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7.6 Determination of the Alpha Particle Mean Free Path in Air

Using the data obtained during balloon ascents, it was possible
to calculate a mean free path for alpha particles in the atmosphere.

As the number of counts in each interval chosen for this
calculation had to be necessarily small, it was essential to use
a portion of the combined Cerenkov scintillation output spectrum
(see Figures 3b and 12) which consisted nearly entirely of alpha
particles. The only such region was that corresponding to
relativistic alphas. By examining diagrams similar to Figures
13 and 14, the boundaries of this region were chegen for each
flight. In each of these relativistic alpha regions, the non-
alpha particle counts were less than 3 per cent of the total
counts at altitude.

The number of counts in this chosen region of the Cerenkov-
scintillation output spectrum was taken over 10 minute intervals
as the balloon was ascending and, from these numbers and the
counting time of each interval, alpha rates computed. The
logarithms of the alpha rates were plotted against the mean pressure
recorded in each interval, and a straight line fitted to the data.

An example is shown in Figure o1, From the slope of the straight

line, the alpha particle mean free path was determined. This

procedure was carried out for Flights 1, 2, and 3.




CHAPTER EIGHT

EXPERIMENTAL RESULTS
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8.1 Scintillation Output Calibration and Particle Energy Intervals

The data taken on the ground were compared with the
theoretical scintillation distributions calculated with the aid
of the relativistic proton and alpha positions at altitude, as
described in Section 7.4.3. The first three flights showed a
reasonable fit, as typified by Figure 19, except for the small
fraction of the distribution in the higher output channels.

The fourth flight, however, yielded relativistic proton and
alpha points which indicated a substantially higher zero
correction (See Section 7.2.) than the other flights. The
resultant theoretical relativistic particle distribution was
appreciably wider than the experimental one, suggesting that
the mode of zero correction was in error, and that the
calibration for this flight was incorrect. Very little zero

correction was needed on the other flights, so that the error

introduced for them must have been quite small. A new relativistic
distribution was calculated for flight 4 on the basis of the |
half-width of the ground distribution. However, there was no

obvious way of inferring a new energy calibration for the

scintillator output regions for this flight. Examination of !

the Cerenkov distributions for the various ccintillation output

intervals, such as those shown for flight 1 in Figure 14,

particularly of the point at which the proton Cerenkov outputs

become zero, yielded agreement for all four flights, with a

he
value somewhere between 300 and 400 MeV as was expected on t

basis of theory. From this inspection, it was concluded that
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the energy calibration for flight 4 could not have been out by
more than 60 MeV, at the 350 MeV point. As the theoretical
distributions were extremely sensitive to small changes in
calibration, they were considered a good check on the accuracy
of the calibration. For flights 1, 2, and 3 it could be
concluded that the calibrations were accurate to within one
channel of scintillation output, and for flights 4, to within
2 or 3 channels at a point midway between the relativistic
proton and alpha particles, decreasing to 1 at these two points.
Table 2 gives the energy intervals used for the protons
and alpha particles for all four flights, both at the balloon
altitude, and corrected for ionization loss to the top of the

atmos phere.
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Table 2: Particle Energy Intervals, Defined in Terms of Most
Probable Scintillation Output

Interval Energy at Rigidity, corrected
No. Channels Velocity (B) detector to top of atmosphere

Flight 1 Protons:

1 10-17 1.00-.925 o0 -1520 o -2290
2 18-19 .925-.880 1520-1020 2290-1738
3 20-21 .880-.830 1020- 740 1738-1414
4 22-24 .830-.768  740- 520 1414-1145
5 25-27 .768-.716 520- 402 1145- 992
6 28-30 .716-.658  402- 304 992- 857
7 31-33 .658-.605 304- 238 857- 764
8 34-36 .605-.533  238- 186 764- 690
9 37-39 .533-.505 186- 147 690- 631
10 40-42 .505-.459  147- 115 631- 584

(10.7 g/cm2 of

Flight 2 Protons:

1 6-10 1.00-.915 oo -1380 oo -2145
2 11 .915-.860 1380- 891 2145-1599
3 12 .860-.810  891- 656 1599-1322
4 13 .810-.767  656- 519 1322-1152 |
S 14-15 .767-.698 519- 368 1152- 956
6 16-17 .698-.644  368- 286 9%6- 849
7 18-19 .644-.580 286~ 211 849- 746
8 20-21 .580-.530 211- 167 746- 684
9 22-23 .530-.478 167- 129 684- 625
10 24-25 478-.439 129- 105 625- 595

(14.1 g/cm2 of atmosphere)
c MeV MV
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Table 2 (cont.)

Interval Energy at Rigidity, corrected
No. Channels Velocity (B) detector to top of atmosphere
Flight 3 Protons:
1 8-16 1.00-.947 o0 -2105 0 -2905
2 17-20 .947-.895 2105-1160 2905-1892
3 21-24 .895-.838 1160- 775 1892-1452
4 25-28 .838-.783 775- 566 1452-1197
5 29-32 .783-.734 566- 440 1197-1038
6 33-37 .734-.674 440- 328 1038- 885
7 38-42 .674-.616 328- 252 885- 775
8 43-47 .616-.560 252- 194 775- 693
9 48-52 .560-.495 194- 141 693- 607
10 53-57 .495-.430 141- 101 607- 544
(8.8 g/cm2 of atmosphere)
Flight 4 Protons:
1 6-15 1.00-.960 oo -2380 oo -3210
2 16-18 .960-.933  2380-1652 3210-2435
3 19-21 .933-.905 1652-1260 2435-2008
4 22-25 .905-.863  1260- 908 2008-1617
5 26-29 .863-.822 908- 708 1617-1381
6 30-34 .822-.760  708- 503 1381-1130
7 35-40 .760-.690 503- 354 1130- 938
8 41-47 690-.595  354- 227 938- 759
9 48-54 .595-.495 227- 141 759- 630
10 55-61 .495-.411 141- 89 630- 555

(12.8 g/cm2 of atmosphere)

MeV

MV




88
Table 2 (cont.)

Interval Energy at Rigidity, corrected
No. Channels Velocity (B) detector to top of atmosphere
Flight 1 Alphas:
1 37-43 1.00-.943 oo -1860 oo -5300
2 44 -45 .943-.880 1860-1028 5300-3496
3 46-47 .880-.816 1028- 679 3496-2638
4 48-49 .816-.755 679- 488 2638-2208
5 50-51 .755-.702 488- 377 2208-1918
6 52-54 .702-.624 377- 258 1918-1592
7 55-57 .624-.551 258- 184 1592-1372
8 58-60 .551-.482 184- 131 1372-1218
9 61-63 .482-.416 131- 92 1218-1108
10 64 -66 .416-.353 92- 62 1108-1034

(10.7 g/cm2 of atmosphere)

Flight 2 Alphas

1 20-25 1.00-.943 oo -1600 oo -4760
2 25-27 .943-.847 1600- 818 4760-3024
3 28-29 .847-.774 g818- 540 3024-2362
4 30-31 .774-.711 540- 393 2362-1986
5 32-33 .711-.648 393- 290 1986-1708 !
6 34-35 .648-.598  290- 229 1708-1538
7 36-37 .598-.549 229- 182 1538-1412
8 38-40 .549-.480 182- 127 1412-1254
9 41-43 .480-.410 127- 90 1254-1156
10 44-46 .410-.356 90- 66 1156-1100

(14.1 g/cm2 of atmosphere)
c MeV/nucleon MV



89
Table 2 (cont)

Interval Energy at Rigidity, corrected
No. Channels Velocity (B) detector  to top of atmosphere
Flight 3 Alphag:
1 48-56 1.00-.949 oo -2170 oo -6040
2 57-58 .949-.892 2170-1122 6040-3736
3 59-60 .892-.838 1122- 774 3736-2998
4 61-62 .838-.780 774-556 2998-2366
5 63-65 .780-.699 556- 369 2366-1882
6 66-68 .699-.622 369- 258 1882-1568
7 69-71 .622-.552 258- 186 1568-1366
8 72-74 .552-.489 186- 136 1366-1196
9 75-77 .489-.431 136- 101 1196-1090
10 78-80 .431-.377 101- 74 1090- 990
(8.8 g/cm2 of atmosphere)
Flight 4 Alphas:
1 50-58 1.00-.952 oo -2100 oo -5810
2 59-60 .952-.900 2100-1204 5810-3886
3 61-62 .900-.850 1204- 838 3886-3070
4 63-65 .850-.781 838- 559 3070-2398
5 66-68 .781-.717 559- 403 2398-2000
6 69-74 .717-.596  403- 228 2000-1520
7 75-83 .596-.447  228- 110 1520-1186

(12.8 g/cm2 of atmosphere)

MeV/nucleon

MV
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8.2 Background and Detector Correction; Particle Counts at the
Detec tor

Table 3 gives the total counts, background counts, particle
counts, and redistributed particle counts after correction for
the detector and recording statistical distributions, for each
of the intervals defined in Table 2. The errors included are the
resultant of statistical error and uncertainty of the background
correction, amplified by the convolution procedure necessary to
correct for detector-recording distributions. The number of
'zero' Cerenkov output counts used in determination of the
background distribution magnitude 1is indicated for the pertinent
proton regions. As well, the background magnitude-determining

counts are shown for all alpha particle regions.
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T e 3: unt r Interval: Total, Backgroun Particle, and
Particle after Correction for Statistical Spreads in Qutput
Interval Background in Particles after
No. Total particle zone Particles statistics correct.

Flight 1 Protons:

1 19991 6426 8738 11331 t 570
2 6038 1968 2898 3114 280
3 4835 1766 2240 2032 230
4 5351 3075 2276 1644 390
5 3524 2320 1204 355 150
6 2385 1737 648 20 100
7 1590 1295 295 -55 100
8 1114 990 124 -10 90
9 988 864 124 123 80
10 1253 1142 111 100 70

Flight 2 Protons:

1 25017 4915 7012 8830 * 710
2 5769 825 2519 2773 290
3 4358 665 1808 1619 210
4 3285 2050 1235 934 180
S 4306 2950 1356 705 140 .
6 2602 2000 602 97 80
7 1608 1370 238 92 80
8 1187 1112 75 -6 70
9 1073 1030 43 29 60
10 1070 966 104 103 60



92
Table 3 (cont.)

Interval Background in Particles after
No. Total particle zone Particles statistics correct.

Flight 3 Protons:

1 24904 7821 12753 17181 t 850
2 12391 3915 6881 7805 720
3 9993 3909 5268 4944 550
4 7875 4075 3800 2781 400
5 6629 3510 3119 2030 350
6 6838 4332 2506 1423 260
7 5208 3195 2013 1237 230
8 3626 2286 1340 708 180
9 2850 2235 615 327 160

10 2801 2415 386 242 110

Flight 4 Protons:

1 49753 10397 19473 24502 t 980
2 14350 1820 8916 9676 450
3 12534 1690 7636 7330 720
4 13664 5920 7744 6582 730
5 9998 4715 5283 3866 600
6 10430 5905 4525 3320 680 |
7 9088 6135 2953 1819 700
8 7194 6045 1149 611 450
9 5458 5333 125 99 200
o 150

10 5680 5680 0
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Table 3 (cont.)

Interval Background in Particles after
No. Total particle zone Particles statistics correct.

Flight 1 Alphas:

1 2733 208 725 948 T 72
2 873 100 366 418 48
3 770 97 282 260 45
4 599 141 206 155 39
5 509 137 122 45 35
6 568 166 99 13 33
7 402 112 86 60 26
8 393 120 53 36 25
9 275 80 48 47 25
10 246 72 43 42 20
Flight 2 Alphas:
1 3330 56 641 793 1 76
2 965 19 397 463 48
3 708 15 290 274 50
4 509 146 167 90 40
5 442 142 107 45 36
6 309 102 73 33 30 !
7 256 76 79 noa
8 201 o1 89 72 30
9 250 76 71 69 2
10 270 75 85 8 24
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Table 3 (cont.)

Interval Backgrounddﬂh? Particles after
No. Total -paxticle zone Particles statistics correct.

Flight 3 Alphas:

1 5056 362 805 1025 T 97
2 1144 455 477 601 60
3 1007 79 402 408 58
4 1059 117 455 475 60
5 1225 362 471 342 55
6 999 311 309 168 48
7 757 242 219 151 40
8 639 204 154 125 35
9 496 179 86 76 30
10 436 135 120 123 27

Flight 4 Alphas:

1 6976 641 937 1186 - 114

2 1676 185 555 704 71

3 1606 178 500 553 70

4 2089 345 675 678 75

S 1843 323 515 396 70 |
6 2901 1107 629 367 70 '

7 3924 677 358 281 75
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8.3 Atmospheric Corrections

8.3.1 Proton Correction

Flights 1 and 3 were used for the proton correction of the
data to the top of the atmosphere. An inspection of flight 2
ascent data revealed that a change in gain took place during
the ascent, so that this data could not be sensibly used. The
results are listed in Table 4a.

The proton change was found to be reasonably linear over
the last 30 mb of air, so that extrapolation to the top of the
atmosphere seemed reasonable. However, the errors in the
Table 4a results for each flight were considered large enough
to remove the significance of any difference petween flights.
For this reason, the mean values were used. Multiplying
factors were deduced for each proton region for all four
flights. These factors are listed in Table 4b.

8.3.2 Alpha Correction

The values for the alpha particle absorption length

found during the ascents of flights 1, 2, and 3 are listed 1n

Table 5a, along with the output region of the Cerenkov-scintillation

s : : value is
representation used for this investigation. The mean

also listed, along with values obtained by Webber and McDonald (1955),

and McDonald (19%6). These values are€ in agreement within the

given errors, although the mean value is consistently higher.

The mean value was used, along with the fragmentation

parameters and mean free paths given by Noon and Kaplon (1955)

and charge ratios by Waddington (1963), to deduce correction
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factors for the alpha data, as described in Section 7.5.3. A
check showed that the difference in experimental absorption
lengths quoted in Table 5a produced little change in any of
these correction factors (.025% at most). The correction factors

are given in Table 5b.
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Table 4a: h n ton Rate from 20 to 10 mb Pressure
Velocity (B)

loo - 020 020 - 072 -72 - 045

Flight 1 -6.7 -6.7 -21.1
Flight 3 -9.3 -13.7 -20.3
Mean values -8.0 -10.2 -20.7

% % %
Table 4b; Proton Atmospheric Correction Factors

Velocity (B)

1.0 - .90 .90 - .72 .72 - .45
Flight 1 (10.5 mb) .92 .89 .79
Flight 2 (13.8 mb) .89 .86 .72
Flight 3 (8.6 mb) .93 .91 .83
Flight 4 (12.5 mb) .90 .87 .75

(mean pressure)
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Table Sa: Observed Alpha Particle Absorption Lengths

Output Region Boundary Absorption Length
Observed in Output
Scint. Channels Cer. Channels Region

Flight 1 37-45 26-70 53 * 5 g/cm?

Flight 2 20-27 44-70 45 * 3 g/cm’

Flight 3 48-60 30-70 55 * 3 g/cm®

Mean value: 51 * 3 g/cm2

Webber and McDonald (1955): 43 * 8 g/cm®

McDonald (1956): 45 % 7 g/cm?

Table 5b: Alpha Atmospheric Correction Factors

Fragmentation

Absorption _Production Total

Flight 1 (10.5 mb) 1.233 -.073 1.160

Flight 2 (13.8 mb) 1.300 -.100 1.200

Flight 3 (8.6 mb) 1.190 -.060 1.130

-.089 1.194

Flight 4 (12.5 mb) 1.283
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Table 6: B F t Parameter

Flight 1 Flight 2 Flight 3 Flight 4

Location Calgary Churchill Churchill Calgary

Date (U.T.) Dec. 10, Mar. 30, Apr. 6, July 28,
1964 1965 1965 1965

Geomagnetic cut-off* 1.2-1.3 0.19 0.19 1.2-1.3 GV

Mean pressure at 10.5 13.8 8.6 12.5 mb

altitude

Total counting time 7822 5051 12111 20480 sec.

at altitude

Duration at altitude 3 2-3/4 5 11-1/4 hr

Geometric factor: 1.43 x 10'3m2 sr for all flights.

# Given by Quenby and Webber (1962) I
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8.4 Proton and Alpha Particle Integral Rigidity Spectra

8.4.1 Proton Integral Rigidity Spectra

The proton integral rigidity spectra for all four flights,
corrected to the top of the atmosphere, are shown in Figure 22.
Table 6 gives the counting times and geometric factors which
were essential to the calculation of these spectra, along with
other parameters of the flights. In the figure, the data below
the geomagnetic cut-off for the Calgary flights, 1 and 4, have
been omitted.

Towards the high rigidity end, flights 2, 3, and 4 were
in agreement within their limits of error. Flight 1 was
consistently lower. An examination of the Sulphur Mountain

neutron monitor rate, which is reasonably sensitive to primary

particles in the pertinent rigidity range, showed that the
ground level nucleon intensity at the time of flight 1 was

0.5 per cent less than that of flight 2, 1.2 per cent less than
that of flight 3, and 1.8 per cent greater than that of flight 4.
It therefore seems that this difference petween flight 1 and

the other flights was ins trumental, rather than real. As well,
the Cerenkov detector for flight 1 was directional, and had |
poorer resolution than for the other three flights. Both these

things would contribute to an overly large background correction

for the relativistic protons, as the background distribution was

normalized to the particular relativistic proton scintillation

output interval at the low Cerenkov output end, and for flight 1,

albedo particles and poorly resolved fast protons could be expected
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here as well as background counts. The effects of poor Cerenkov
resolution on the backgrounds of the other three flights was
not thought to be too great, as differences in the resolutions
of these non-directional detectors produced little change in the
relativistic proton intensities measured.

Flight 1 was normalized to the other flights at the high
rigidity end, and a new background in its relativistic proton
region inferred from this. This new background correction was
then used in a reinterpolation of the background counts over the
lower energy proton region, to obtain a more reasonable correction
for this region. Figure 23 shows the corrected integral data
for flight 1, along with that of the other three flights.

The data in Figure 23 contains both primary cosmic ray
protons and cosmic ray albedo. This albedo is expected to consist

mainly of fast electrons and therefore yield a contribution to

the apparent high rigidity proton flux.
Determinations of the intensity of the fast upwards albedo |

by McDonald and Webber (1959), yielded a value of 89 t 8

particles/mzsr.sec. at 55°N magnetic. An increase of upwards

albedo with latitude from near the equator to this value was |

L3 : S
also indicated, although the magnitude of such an increase wa

. bove
uncertain (McDonald and Webber, 1959; Anderson, 1957). Abov

i i i ase
this latitude, however, there should be little, if any incre

. . cientl
in fast electron production, because all the primaries suffici y

nter
fast to produce such particles would be already allowed to e

. . . th
the earth's atmosphere at 55°N. The steeper inclination of e
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magnetic field lines at high latitudes, on the other hand, should
constrain the production of upwards moving albedo to the cosmic
rays coming in at large zenith angles, as is indicated in a
study made by Anderson (1957). It is unlikely that upwards fast
albedo will increase much above 55°N., and, in fact, at very
high latitudes, it should decrease considerably.

The re-entrant albedo at the top of the atmosphere, as
it was originally upwards albedo at the conjugate geomagnetic
position, must be less than or equal to the upwards flux. There-
fore twice the upwards albedo is an upper limit to the total
albedo. The argument in the last paragraph also suggests that
the upper limit of 178 particles/m2sr.sec. determined for 55°N.
magnetic is also a good upper limit for all latitudes further
north.

Application of any fast albedo correction to the data in
Figure 23 would lower the whole curve by a fixed amount, as this
correction applies to the high rigidity end of the spec trum

only. The lower limits to the proton curve, based on the solid

line drawn through the measured data and the fast albedo upper

limit, is shown by the dotted curve in Figure 23. The real

s rves.
curve should lie somewhere 1n petween these two cu

An examination of the Calgary flights for particles below

the geomagnetic cut-off, which should reflect in part the low

energy proton albedo, was indefinite. An indication of protons

in the 100 to 200 MeV range was suggested for flight 1, but not
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flight 4. The background correction was sufficiently inaccurate
to mask any small contributions to this region, however. More
is said about this in section 8.5.1.1.

The value for the primary proton intensity at rigidities
greater than 4.5 GV has been inferred by Waddington (1963)
from observations of several workers during the last solar
minimum period, 1955 to 1956. This value is plotted in Figures 22
and 23. A rather uncertain extrapolation of the present data,
in Figure 23, suggests a lower value for this cycle.

8.4.2 Alpha Integral Rigidity Spectra

Figure 24 shows the alpha particle integral rigidity spectra,
corrected to the top of the atmosphere, for all four flights. A
fair amount of difference between the flights occurs which does

not correlate with the proton differences, or ground level

neutron monitor differences. Also shown is the flux value,

gg t 2 particles/mgsr.sec., found for alphas with rigidity
greater than 4.5 GV during the previous solar minimum (Waddington,
1963). An average of the four flights yields the value 99 * 26
particles/m°sr.sec., which is in agreement with Waddington's

figure. [

A change in slope is noted for all the four balloon flights,

at a point well above the geomagnetic cut-offs of any of the

flights as given in Table 6. The reality of this change in

slope is doubtful, because of the possibility of poorly resolved

alpha Cerenkov outputs causing an overcorrection of the very
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large background. (The mode of correction is described in
Section 7.4.1.) This would reduce the apparent number of low
rigidity alpha particles, thus changing the slope. The point
at which this effect is expected to become noticeable is that
at which the Cerenkov-emitted light becomes zero and the only
output from the Cerenkov detector is due to a small amount of
scintillation, which is utilized in the same way as the Cerenkov
light to discriminate against background. This point corresponds
to a primary alpha rigidity of approximately 1.8 GV and agrees
with the roll-over seen in Figure 24. Flight 1 seems to have the
flattest slope at this point, which is expected on the basis of
the poor resolution of the Cerenkov detector. A later increase
in slope occurs, which is also expected, as the scintillation
light emitted in the Cerenkov detector will increase, therefore
causing a better separation between particles and background.
For flights 3 and 4 these later increases do not occur, and the
slopes at 1.8 GV rigidity are comparatively steep. This suggests

that the particle removal via background is not as pronounced

for these flights as the others.

8.4.3 Determination of FpQ(R) r

A rough estimate of the ratio of protons to alphas above a

fixed rigidity, Fpa(R), can be made with this data. It is
limited by the observed differences between alpha particles 1in

. + i
the different flights. The value found is 5.9 T 2.1, for particles

in
with rigidities greater than 2.5 GV. The proton value used

i e
this calculation was one lying halfway between the solid curv
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and the lower limit dotted curve, both of which are given in
Figure 23. The ratio found is in agreement with the value given
by Waddington (1963) of 6.2 * 0.7 for such rigidities. For
reasons which will be made clear in Section 8.5.2, ratios for lower

rigidity ranges cannot be determined from the present data.

PR
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8.5 Differential Rigidity Spectra

8.5.1 Protons

8.5.1.1 Churchill Flights

Figure 25 shows the proton differential rigidity spectra for
Fort Churchill. Also shown is a curve obtained by Webber and
McDonald (1964) from the combined proton and alpha particle
spectra measured during a balloon flight on September 7, 1956
(See Figure 1, as well.). Both the present flights show
approximate agreement with this curve at rigidities greater
than 1.0 GV, although uncertainty on the points between
1.3 and 2.5 GV rigidity exists, owing to the inaccuracy of
the first-order detector correction for statistical fluctuations
in this region (See Section 7.4.3.). An examination of Figure 1l
shows that this portion of the curve was originally obtained
with alpha particle data, multiplied by a normalizing factor
(Fpu(r)) of 7.2.

Flight 3 shows agreement with the Webber and McDonald
curve down to 0.7 GV rigidity, below which decrease occurs.
Flight 2, on the other hand, shows a decrease immediately below
1.0 Gv.

It is possible that these decreases could be due to an
overly large background correction, particularly in the region

below 1.0 GV. The present equipment cannot discriminate against

low energy upwards moving albedo, which can yield scintillation

outputs corresponding to rigidities below the downwards cut-off

of the detector, approximately 0.4 GV. As this large
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scintillation output region is the one at which the high output
end of the proton background is determined, for a subsequent
interpolation across the low energy proton region (see Figure 18),
very low energy upwards moving particles may cause an overly
large background correction, particularly for the low energy
proton region. If this were the case, the low rigidity
difference between flights 2 and 3 would suggest a difference
in upwards moving albedo between the two flights, leading to a
difference in the 'overcorrections' of their backgrounds.
Examination of the background scintillation distribution for
flight 2 shows however that this effect (the removal of a flux
greater than 200 counts/mzsr.sec.) is far too large to be
explained on the basis of a difference in upwards albedo.
However, the upwards albedo could perhaps explain the removal

of particles below 0.7 GV for flight 3.

It is possible that a linear interpolation of the background

is not the correct procedure for all flights. The difference

between flights 2 and 3 could then be explained by a decrease

in the background level for flight 2 of 30 per cent from the

. . . . t t
interpolated background, over the pertinent scintillation outpu

region. 1t is unlikely that such a differencé€ petween flic:7s

. . The jh
would occur, but the possibility cannot be overlooked

in the low
ratio of extrapolated background to proton counts 1n the€

. s idi £ et 73
erergy proton region severely limits the validity of ther

for these particles.

-

The difference in low rigidity proton flux between flight =

and 3 may be due to an actual removal of primary particles below

1 GV. A difference of 0.7 per cent in the 3ulphur Mountailn
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neutron monitor rates between these two times was noted, but
this effect was not evident for neutron monitors at Deep River,
Churchill, Climax, or Dallas. However, no ground level monitor
is expected to be very sensitive to primary protons of 1 GV
rigidity, and the Sulphur Mountain monitor, because of its
combined low geomagnetic cut-off (app. 1 GV) and high altitude
(7500 feet above sea level) may have just seen the upper edge
of this low rigidity variation. No outs tanding geophysical
pher.omena which could be related to this flight 2 decrease
was listed in the NBS-CRPL F-Series Bulletins (Part B), April
and May, 1965.
8.5.1.2 Calgary Flights

Figure 26 shows the differential proton rigidity spectra
for the two Calgary flights. The Webber and McDonald (1964)

curve from data obtained near the previous solar minimum is
also shown here. At higher rigidities, both show approximate .
agreement with this curve. Towards lower rigidities, there
is a dropping of intensity, a sharp cut-of f in the vicinity
of 1.0 GV for both flights, as is indicated by the dotted line.
This cut-off is assumed to be geomagnetic in origin.

The theoretical cut-off due to the geomagnetic field,
from the calculations of Quenby and Webber (1962), ranges
between 1.2 and 1.3 GV for the vicinities of these two flights.
The proton data of both these flights indicate slightly lower

values, between .99 and 1.15 GV for flight 1, and .94 to 1.13 GV

for flight 4.
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8.5.1.3 Variation over a Single Flight

The data of flight 4 at altitude was divided into three
time intervals, and proton rigidity spectra found for each. The
results are shown in Figure 27. The proton spectra for each
of the three intervals appear similar, except for the points
at 1.25 and 1.03 GV rigidity, where there is a decided decrease
between the third time interval and the two previous time
intervals. This change can be interpreted as an increase in
cut-off rigidity. From Figure 11, it can be seen that the balloon
drifted towards lower geomagnetic latitudes (and therefore
higher cut-off rigidities) during the flight. The first two
time intervals suggest a cut-off between .94 and 1.13 GV, and
the third, between 1.13 and 1.38 GV.

8.5.2 Alpha Particles

The alpha particle differential rigidity spectra are shown
in Figure 28, for all four flights. They show an increasing
intensity with decreasing rigidity, down to 3 rigidity of
2.5 GV, then a decrease down to 1.8 GV, followed by an increase.

The relative magnitude of the decrease and later increase varies

from flight to flight.

As was mentioned in Section 8.4.2, it is thought that poorly

i i here
resolved alpha Cerenkov detector outputs 1n the region wheér

these particles cease to emit Cerenkov radiation and only a

small amount of light from scintillation processes 1S emitted in

jon of the
the Cerenkov counter, could cause an overcorrect

background in this region. For lower velocity particles, where
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this residual scintillation increases, the resolution should
improve, and an increase be noted towards lower rigidities.
The method of accounting for scintillator output statistics by
a convolution transformation (See Section 7.4.3) may make
this later increase appear larger than it should be, particularly
if there are a large number of particles removed from the
higher velocity region where the Cerenkov emission first becomes
zero. As the rigidity spread for each of the low rigidity intervals
is comparatively small, only a few extra counts are needed for
a substantial increase.

The location of the dip in Figure 28, at 1.8 GV, corresponds
to the point at which Cerenkov emission becomes zero. Furthermore,
the flight with the Cerenkov detector of worst resolution (flight 1)
has the largest dip at this point. The Cerenkov detector with
the best resolution (flight 4) appears to have the smallest
dip. The subsequent increase for flights with small dips

(flights 3 and 4) is less than that of flight 2, which has a

sharp low rigidity increase and a large dip. Saturation in

the scintillation output part of the system may have contributed
to this increase, however. Flight 1's increase is less, perhaps
suggesting that poor resolution removed particles even down to
the lowest rigidities. An examination of Figure 17 agrees with
this hypothesis. The smallest subsequent increase is that of
flight 4, which had the best Cerenkov detector resolution.

All the points in the last paragraph are consistent with

the conclusion that the 1.8 GV dip and low rigidity increase are
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caused by poor resolution. The presence of these instrumental
effects limits the conclusions one can make about the primary
alpha flux at the times of these flights. In June, 1963, a
'rollover point' at 1.9 GV in the differential alpha particle
flux was noted by Balasubrahmanyan and McDonald (1964) (See
Figure 2.). This point was observed to be at a higher rigidity
than that inferred for protons, thus suggesting a difference
in the relative rigidity dependences of these two particles,
which had not been previously observed. The present flights
are incapable of examining this difference, but can give an
upper limit to the 'rollover point’ for alpha particles, as

being that observed in Figure 28, of 2.5 GV.
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8.6 Proton and Alpha Fluxes as Functions of Enerqy per Nucleon

As the combined output of the Cerenkov-scintillation detector
is a function of particle charge and velocity only, comparisons
of the fluxes of differently charged particles can best be made
in terms of some parameter dependent on velocity, but independent
of charge. In this way, comparison is possible over the entire
measured range of this parameter, as each group of particles will
cover this range. Rigidity is not one such parameter, but
energy per nucleon is. Also, certain hypothesized mechanisms
for the eleven year variation, such as diffusion, depend on
particle velocity rather than charge. Recent evidence
(Balasubrahmanyan and McDonald, 1964) has suggested that the
solar modulation is more than just rigidity dependent during

certain phases of the eleven year cycle, thereby allowing the

possibility of purely velocity dependent mechanisms being the
origin of part, at least, of the eleven year solar modulation
of cosmic radiation. For these reasons, energy per nucleon is
a reasonable parameter with which to explore the data.

Figure 29 shows the integral proton and alpha particle .

i mparison
spectra, as functions of energy per nucleon. A comp

with Figures 23 and 24 shows that the proton and alpha spectra

e
are determined over the sameé range of the parameter energy per

i h
nucleon with a Cerenkov-scintlllation detector, but not the

same range of rigidity. As the alpha data has been demonstrated

e
to be unreliable at rigidities less than 2.5 GV, and therefor

isons between
energies less than 640 MeV per nucleon, comparis
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these two particles cannot be made below this value.
The proton to alpha particle ratio has been determined
for the parameter of energy per nucleon for three different

ranges. The results are listed below.

energy per nucleon (E/n) 0.65-0.80 0.80-1.5 >1.5 GeV/n

ratio (Ppa(E/n)) 7.7 Y 2.3 8.5 * 2.6 10.3 t 3.5

All four flights were used. The errors on the three ratios
originate mainly in the observed scatter in alpha particle

fluxes between flights, and for the highest range, uncertainties
due to fast albedo as well. The three values are seen to be

in agreement within the errors quoted, although a slight tendency
for the ratio to decrease with decreasing energy per nucleon is
noted. Thus, these results are not inconsistent with the
hypothesis of a purely velocity dependent modulation of the

cosmic radiation.
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8.7 Associated Solar and Ground Level Cosmic Ray Detector Results

Figure 30 shows data pertinent to the solar activity and
cosmic ray level for a period preceding and extending over the
four balloon flights. The times of these flights are marked on
this figure.
The solar data shown in Figure 30 are the monthly mean
Zurich provisional sunspot numbers and monthly mean 2800 mc/'s
radio flux measured at Ottawa and corrected for the eccentric
orbit of the earth. This information was obtained from the
NBS-CRPL F-Series Bulletins (Part B), 1964 and 1965. Both these
parameters are regarded as reliable indicators of solar activity.
In terms of the sunspot number and 2800 mc/s radio noise, the
eleven year minimum in activity occurred somewhere about July, 1964.
The mean Sulphur Mountain neutron monitor rates for each
month are shown in Figure 30, as an indicator of the cosmic ‘
ray level during this period. A maximum occurs for this detector
during the month of May, 1965. Comparison with the Dallas and ‘
Deep River monitors reveals a similar maximum at this time for
these detectors. A delay between the recent eleven year solar
minimum in activity and maximum in cosmic ray intensity as |
measured by ground level neutron monitors, of approximately
10 months, occurred therefore.
From Figure 30, the present palloon flights straddled the
time of cosmic ray maximum inferred from the ground level
detectors. The neutron monitor data for this period is shown

in greater detail in Figure 31. The two Churchill flights, in
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particular, were made at a time very close to the eleven year
cosmic ray maximum. It should be mentioned that a cosmic ray
energy dependence was noted for the delay time of the previous
maximum from solar minimum (Forbush, 1958), and may perhaps also
exist for the present minimum. It is possible that the Churchill
flights may not correspond to a maximum for particles of rigidity
lower than those detectable on the ground. The correspondence

of balloon flight ionization measurements with ground level
nucleon measurements (Forbush, 1958) for the 1954 minimum

suggest that this is unlikely, however.
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The four balloon flights made with the present Cerenkov-
scintillation counter system span the recent eleven year maximum
in ground level cosmic ray nucleon intensity. The presence
of a large number of background events of uncertain origin
in these flights severely 1imits the meaning of the results.
Nevertheless, the following conclusions may be made.

1. The proton results of the present experiment are consistent
with the hypothesis that the differential rigidity curve obtained
by Webber and McDonald (1964) (See Figure 1.) near the previous
solar minimum is representative of the spectrum for the present
minimum as well, over the range 0.7 to 2.5 GV. The Webber

and McDonald curve was originally obtained using proton data in
the range 0.5 to 1.0 GV and normalized alpha particle data in

the range 1.0 to 4.0 GV rigidity. The present experiment extends
the proton measurements to a rigidity of 2.5 GV. Uncertainty

(cts,
in the higher rigidity neasurements (1.3 tO 5.5 GV) exists

i i i intillation
owing to the large statistical fluctuations 1n the sci

3 ults in
detector outputs for these particles. However, the Te€sS

i eement
this range appear consistent between f1ights and show agrt

with the original curve.

i i taint
2. The alpha particle data could be examined with some ceT y

3 imit to the
in the range 2.5 to 4.9 GV rigidity. An upper 1limi

i igidi of these
'rollover point' in the differential rigidity spectrum

ights. The
particles of 2.5 GV is obtained for the present flig

i i atmosphere,
absorption mean free path of fast alpha particles in the p
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found from the data recorded during ascent of the first three balloon
flights, is 51 t 3 g/cm2. A considerable variation between the
primary integral alpha particle fluxes determined on different
flights was noted. The mean value of the alpha particle flux

above 4.5 GV, from all flights, was found to be 99 t 26 particles/
(m2-sr-sec), which is in agreement with that given by Waddington
(1963) for the last solar minimum, gg * 2 particles/(m2-sr-sec),
taken from flights made at the cut-of f rigidity, of 4.5 GV.

3. The following ratios for protons and alpha particles were

found from the combined data of all four flights.
Ratio of protons to alphas

(a) (Rigidity) >2.5 GV 5.9 % 2.1
(b) (Energy/nucleon) .65 - .80 GeV/n 7.7 % 2.3
g0 - 1.5 GeV/n 8.5 * 2.6
>1.5 GeV/n 10.3 7 3.5

iditi i n were
Comparisons at lower rigidities oT energies perT nucleo

not possible because of uncertainties in the alpha particle

i i alone are
intensities for such values. The present results

not capable therefore of distinguishing petween 3 purely

for
rigidity dependent oI velocity dependent spectral shape |
both types of particles.
jcini in the
4, A sharp geomagnetic cut-of f for the Calgary vicinity 1

i de in
range 0.94 to 1.1 GV was inferred from pboth flights made

i - it
this area. For the last fl1ight, an increase in cut of f rigidity

etic
was noted as the balloon drifted towards lower geomagn

latitudes.
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5. A removal of protons of rigidity less than 1.0 GV from the
primary cosmic radiation was inferred for flight 2, at Churchill.
This removal is thought to be real rather than ins trumental,
although the likelihood of an ins trumental origin cannot be
ignored. The time of this flight does not correspond to any
other outstanding geophysical phenomena, and is not strongly

apparent in the ground level neutron monitor records.
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List of Circuits Appearing in Appendix I

10.
11.

12.
13.

Photomul tiplier tube wiring

Charge preamplifier

Amplifier (adjustable gain)

1.2 ps delay and gate

Coincidence circuit

4 ps univibrator

10 ms univibrators and end of pulse selector
Normally open gate

Pulse-stretcher

Amplifier following pulse-stretcher

Schmidt trigger circuit with temperature compensation
network

Subcarrier oscillator and gate

Mixer-amplifier
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Tuned circuit and pulse shaper
Scale of two

Decade counter (block diagram)
a. Gate
b. Flipflop

End of signal indicator circuits (block diagram)
a. Normally open gate

b. 6 ms univibrator

c. 6 ms univibrator B

d. 100 ps univibrator

Decade counter reset circuit

Decade to D. C. convertor (block diagram)
a. Convertor

Buffer register transfer system (block diagram}
Gate, end of pulse selector, and 100 ps unlv
End of pulse selector

Start of pulse selector

Buffer indicator flipflo

End of pulse selector (C

®oQo0 U
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Ele .. otepping switch with input gates and
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1
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block diagram)
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