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ABSTRACT.

Most of the measurements on the primary differentizl
spectra of protons and a-particles up to 1960 suggested that they
were similar throughout the.solar cycle on a rigidity scale,
although information on the lower rigidity particles was rather
sparse. In order to obtain further experimental data on these
particles in a region where their velocity B is considerably less
than unity, bzlloon ilights have been made with a modified
Scintillator-Cerenkov telescope, with a view to determining
whether the 11 year solar moduletion of galactic cosmic rays is of
a convective or static nature. The flights were made from Kiruna,
N. Sweden (650 geomagnetic latitude) and Bedford, Englend (500
geomagnetic latitude) in 1961 and 1962, the data being obtained
by telemetry.

The integral fluxes of protons and ~-particles which were
obtained are in general agreement with the values expected at this
stage of the solar cycle.
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* statisticol and extrapolation errors.

¥ statistical and resolution errors.

The differential spectrum of protons has been measured



from 0.6 to 2.0 Gv. and suggests that in this region it is fairly
flat and different from the shape of the a~particle spectrun.
Investigation of the changes in intensity at low rigidity sugpests
a solar source of protons up to 0.9 Gv. even during recognised
quiet times, three years after the solar muximum of 1950,

The modulation of the proton rigidity interval 1.0 to 1.5 Gv.
indicates that the galactic spectrum below 2.0 Gv. is probably
better represented by the solar minimum spectrum than a continuation
of the exponential form applicable to higher rigidities.

The following fluxes were obtained for the rigidity

interval 1.0 to 1.5 Gv.

26.8.61 21.7.62
protons 115 + 20 190 + 20
a=particles 12 + 4 2% + 6

Errors include statistics and interval uncertainties.
These mecasurcments together with the few others available provide
evidence that the modulation of the galactic flux is not purely
rigidity dependent, moreover they show reasonable agreement with
the type of variation to be expected for a convective solar wind

modulation.
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CHAPTER 1

INTRCDUCTICN

1.1 General introduction,

The study of cosmic rays has made much progress in recent
years as a result of observations made with balloons, rockets and
sateédlites, Not only do these measurements add to the significance
of investigutions made at lower depths in the atmosphere by
enabling responsc functions to be determined over the latitude
sensitive region, but detailed measurcments of the primary cosmic
ray components and their energies can be made that arc not
possible at sex level. In particular, the nuclconic composition
can be mevasured directly, whereas at sea level the degradation of
primary particles on passing through the atmosphere causes the
effects of the proton flux to obscurc those due to the less
numerous cumponents with charge Z2» 1., Low ecnergy particles are
rapidly absorbed, and even at high latitudes where they are free
from the influence of the geomagnetic fileld they produce very
little response at sea level. They must therefore be measured
above the atmosphere directly or by clectromagnetic sounding
technigques.

The great sensitivity of slow particles to the environment

through which they pass renders them particularly suitable as a



means of indicating conditions within that environment. With
sufficient knowledge about the earth's atmosphere and magnetic
fiecld, their filtering effect on the primary cosmic rays can be
used to measure the cosmic ray energy spectra. In turn, these
data are a valuable source of informution on the extra-terrestial
environment as well az on the origin of the particles themselves.
Tor instance, the charactceristics of the interplinetary field are
reflected in such effocts as the anisotropy of both solar and
galactic cosmic rays, the 27 day variation, Forbush decrcases
after large solar flzres, and the 11 year cycle of intensity.
Some important aspects of these time variations of cosmic rays
have not yet beun very thoroughly investigated, particularly at
the low energy end of the spectrum, This is largely due to the
extra difficulties involved in their mecsurement.

It is particularly interesting to study the a-particle and
proton components of cosmic rays since, apart from being the most
abundant, they have a widely differing charge to mass ratio, giving
a value of EBnergy per nucleon @ Rigidity which for a-particlies is
exactly half that for protons oif the same velocity. This
fundamental difference con afiect their relative motion under
certain circumstences. TFor instance, whereas in a static magnetic
field the motion of o collision=frec particle will be governed by
its rigidity only, which defines the radiusg of curvaturc of its

path, in a convective field the rotion of a particle will also
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devend on its velocity. Qualitatively a proton and a-particle of
the same magnetic curvature will spend different times in any
region of the field and therefore if the environment is moving or
changing with time their trajectories are affected difrerently.
It has been stressed by Elliot (1962) that a critical evaluation
of the simultaneous changes in intensity of a=-particles and
protons, over the 11 year solar wodulation cycle, can provide a
crucial verification or otherwise of the extent to which this
modulation is dependent on particle energy or velocity B, apart
from the measured rigidity dependence, and hence whether or not
the gross features of the interplanstary field are convective, as
is suggested by certuin theories e.g. Parker (1953), and Singer
(1958). Such measurements imply investigation at the low energy
end of the primary spectrum as can be secn from the rigidity-
velocity relations for differcnt particles shown in Figure 1.7,
the optimum suitability of the a-particles and protons is obvious
from their divergent values of 8 and since the various other
isotopes are rarec.

At the lower energies the means of mecasuring the energy
spectra are divided broadly into two categories by whether or not
they are dependent on geomaghetic theory. A jood knowledge of the
cosmic ray thrzshold rigidities over the earth can give measurements

of the spectra between 2 and 15 Gv,., rigidity, but more direct

o 4

methods are applicable at low rigidities by determining the energy
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loss and range of individual particles. This can be carried out
by either emulsion or counter techniques, prcferably as high as
possible above the atmosphere, each method having its particular
merit. Emulsion measurements, when carefully carried out, provide
a slightly more definitive value for the primary particle energies
in view of the possibility of counter-checking the range, track
density and scattering for each particle and knowing the zenith
angle of arrival. On the other hand, although a counter detector
payload is necessarily more complex, time variations arc more
easily observed, the data can be interpreted much more rapidly and
include the possibility of automatic processing and reduction so
thereby a far greater amount can be handled, A counter balloon
flight of 100 cma. steradian hrs. will generally provide adequate
statistics on protons and a-particles to give an energy and charge
resolution equal to that obtainable from emulsions.

Recent measurements of these particles have been largely
concentrated on the spectra of solar produced particles at the
times of flares, and are thereforc more relevant to a knowledge
of their production and acceleration mechanisms, and the field
configurations between the sun and earth. A number of such
measuremncnts have been made by various experimenters using
different techniques which are wcll summarized by Fricr (1963) and
Frier and Webber (1963), They conclude that the spectra of solar

-P/P

flare particles can be described by the form J = Jo e o where
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Jo and Po are intensity and rigidity parameters characteristic of
the flare. The spectrum i: the same function of rigidity for both
a-particles and protons but with different Jo. At quiet times,

in the absence of solar disturbunces, the influence of the leérre
scale interplenetary fielu is open to observation by its effect on
the spectra of galactic cosmic rays at distences beyond the cerths
orbit. It is with such measurements that the present thesis is
largely concerned.

Before procceding with =« discussion of the e¢xperiment in
relation to previous work, a few of the parancters that will be
referred to are defined here.

Encrgy, unless otherwise mentioned, will be used to
describe Kinetic Energy per Nucleon, T.

T =mn cz(y - 1) eV.
o)
' 82)"2

where moc2 is the rest mass of a nucleon and y = (1 -
Rigidity, P is related to the particle radius of gyration,
£ such that:
4 =-Amoﬁc§/Ze = BOOBQ volts
where Ze is the total charge on the particle, A is the. atomic
number oi the particle and B gauss is the field strength, |
Particle flux, J will refer to the omni-diroctional flux -
in units of particles / metre® seccond steradian. |
From these definitions it follows that the relation

between the differential energy and rigidity spectra is:
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daJ/apP daJ/dT .(BZ/A) R

fl

For large velocities when P~1 the two forms of describing

the spectra are indistinguishable.

1.2 Historical background.

Early evidence for solar modulation of the galactic cosmic
ray intensity was provided when Forbush (1954) demonstrated that
the variations in intensity, as measured with jion chambers at
ground level during the period 1937 to 1952, were closely
correlated with the average sunspot numbers. Since then, this
correlation has been open to a more detailed investigation due to
the installation, prior to the Internctional Geophysical Year, of
the standard neutron monitor network (Simpson, 1955) and the
standard meson telescope (Elliot, 1958). These monitors provide
a large amount of continuous data of high statistical accuracy
from which, when corrected for meteorological effects, it is
possible to study the latitude effect of the many short and long
term variations of intensity with time, including the 11 year
variation. Such mecasurements can only be related quantitatively
to changes in the primary particle spectrum from o knowledge of
the threshold rigidities over the earth (Quenby and Viebber, 1959;
Quenby and Venk, 1962; Sauer, 1963%.) and the specific yield

functions (Webber and Quenby, 1959; Webber, 1962a). These
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latter again rely on a knowledge of the difierential primary
intensities which must be cobtained at the top of the atmosphere,

Preceding and during the last solar minimum, surveys at
high altitude with various detectors made it clear that the 11
year solar modulation proces: has a far greater influence on low
rigidity particles. A large amount of this evidence came from
ionization chambers flown with balloons at difrerent latitudes,
(Neher, 1956) and aircraft latitude surveys of the nucleonic
component, (Meyer and Simpson, 1957) although it was difficult to
deduce abgolute particle spectra from these results. The main
problen in making primary particle measurements, even with
balloons, is in the extrapolation of the measurecd flux over the
last few milliibars and in this connection it is first essential
to discriminate.between the protons and a-particles.

This has been done in a number of experiments since the
discovery of heavy nuclei in the primary cosmic radiotion (Frier
et al., 1948; Bradt and Peters, 1948), and recent estimates for
the relative intensities arec not significantly different from an
early value for the ratic protons/a-particles of 7 quoted by Ney
and Thon (1951). The apparent constancy of this ratio, which is
independent of the latitude of measurement, is consistent with
identical rigidity spectra for these two components throughout the
solar cycle., Furthermore, direct simultaneous determinations of

the differential spectra, together with integral measurements from
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1955 to 1959 by licDonald and Webber (1959), suggested that the
range over which the spectra arc similar could be extended from

17 Gv. down to 1.0 Gv, In addition these investigators found that
the data for medium nuclei (6£2 <£9) were fitted by the
differential spectrum for a-particles for various stages of the
solar cycle (McDonald and Webber, 1962a), and also that the
integral flux measurements above 2 Gv. followed the same form of
long term variation as the a-particles. These findings on the
heavier elements are in agreement with those of other exXperimenters
e.ge. (Aizu et al., 1961; Biswas et al., 1960; Evans, 1960;
Fichtel, 1961.) and are consistent with similar unmodulsted spectra
for these puarticles, irrespective of the modulating mechanism, in
view of the near equal charge to mass ratios for perticles with
422,

In the case of a~porticles ond protons there appcars to be
no evidence at present to contradict the similarity of their
rigidity spectra above 1.5 Gv. although, except for a-porticles in
the range 1.5 to 3 Gv., these results rcly on integral flux
measurements which arc not sufficicently eccurate to be sensitive
to slight differences in the differential spectra. Below these
values however the conclusions can only be tentative as the data
available are rather sparse. Simultaneous measurciments of these
two components have been lacking and some of the later results

are conflicting, porticularly those regarding the shape of the
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low energy proton spectrum., A comprnrison with «-particles has
been very difficult up to now as there have been virtually no
measurenents of primary a~particles below 1.0 Gv. The only
occasion near solar minimum on which simultancous differential
fluxes of protons and a-~particles werc obtained was at Minneespolis
in 1956, and the ovef:lapping rigidity range was between 1.2 and
1.4 Gv. (McDonald and Webber, 1962b). There is possibly some
doubt whether, in this region, these results are completely frece
froth geomagnetic effects which, although not changing the
differential rigidity intensities of various nuclei rclative to
one another, would distort the shape of the gzlactic spectra.
Therc have been many occasions when the geomugnetic
threshold rigidity at HMinncapolis has béen apparently lowered
at the times of geomagnetic storms (Bhavsar, 1962; Earl, 1962;
Frier, 1962). In thesce instances the cut-off has not been sharp
but has introduced a smooth but definite bending over of the
spectrum. A similar effect on a-particles duc to the threshold
rigidity at Moberly was mcasurcd under quict conditions by
simultaneous balloon flights at two different latitudes
(Fricdlander and Spring, 1962); the measurcd threshold of 2.7 Gv.
was in good agreement with the theoretical value. DBy comp:rison
with these effects, the theorctical threshold at Minneapolis,
1.34 Gv. (Quenby and Wenk, 1962) and 1.38 Gv. (Sauver, 1963) for

undisturbed times, if operating on a specctrum extending below
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these values, would modify it to a form not unlike that found by
McDonald and Webber at FMinneapolis in 1956. It is therefore
difficult to separate the solar and geomagnetic influences with
confidence ih this instance and, in order to allow for similar
uncertainties arising from incomplgte knowledge of threshold
rigidities, it is essential for measurements of the solar
modulated galactic spectruﬁ at low rigidities to be muade at very
high geomagnetic latitudes.

THe high latitude surveys of Neher (1956) and Winkler
and Anderson (1957) with ionization chambers provided evidence
for the existence of low rigidity particles in 1955 which is
apparently in conflict with the conclusions of licDonald based on
measurements at a similar time. :ilso, results published by Webber
(1962) for a balloon flight made in 1956 from International Falls
(geomagnetic latitude 59°N.) showed a higher flux .of low rigidity
protons than at Minneapolis (geomagnetic latitude 550N.).

By comparison, an a-particle spectrum measuremant made oX
high latitude (61°N,) and at solar minimum by Frier st al. (1959)
appears to be in reasonable agreement with lcDonald und Webber (1962 b)
concerning these particles,@49ééb9 that the spectrum fulls off
rapidly around 1.0 Gv. However the air cut-off for this flight
prevented detection of particles below this rigidity if they were
arriving at the top of the atmosphere.

Most of the available data on the differential spectra of
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low rigidity a~particles for quiet solar conditions are shown in
Figure 1.2 for which the relevant flight details arz given in
Table 1.1 . In these results, which have been divided into
different pgriods during the solar cycle, the modulation can be
clearly seen, and in spite of the flattening in the region of 1.5
to 3 Gv, at solar maximum the lower rigidities are depressed even
further. The proton data seem to behave contrary to this.

Some results of recent direct investigations of the
differenticl primary proton spectrum, which have been free from
geomagnetic effects, are shown in ¥Fipure 1.3. Host of these have
heen obtained using counters which utilize a combination of ceither
or both range and energy loss technique. The main reason for
divergence of the very low rigidity results, if they arc not a
true reflection of the intensities at different times, possibly
depends more on the difficult interpretation of the raw data in
terms of a true primary flux than on the actual measurements.

For comparison the nean differential spectra of a=-particles,

scaled up by a factor of 7.0 for three phases of the solar cycle,
are also shown. The proton measurements which have been m«de

since solar nuaximum clearly indicate an enhanced flux below 1.0 Gv,.
compared to the tendency of the 1956 and 1958 proton results

which, as discussed, are probably not independent of the
geomagnetic field. The shape of the spectrum is quite different

from that of a-paerticles if they are extrapolated into this region
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below 1.0 Gv, In order to determine how much these effects are

due to the presence of solar produced protons or ionization losses,
which are greater for a-particles, between the source and the earth,
and whether the spectral differences are produced by the
interplanetary field, more data arc obviously required on
a-particles below 1.0 Gv. together with more extemnsive differential
proton flux measurements. With the aim of providing such
inform:tion on these particles a new form of Scintillator-~Cerenkov
detector was developed and flown in a number of balloon flights.

This will now be described in the following chapter.



Key to Figure 1.2:

Differential spectra of a-particles.

-.20 -

TABLE 1,1

B

June 1954 -

McDonald and Webber (1962b)
McDonald and Webber (1962b)
Duke (grain density and range) (1960)

Duke (multiple scattering) (1960)

@ 18.6.54 |Frier at al. (1959)
Sept. 1956 + 7e755

¢ 2.8.56
| ¢ 18.9.56
g 4 18.9.56
imay 1957 - Q? 17.5.57 |Frier et al. (1959)
Aug. 1957 Q? 30.7.57 |Frier et al. (1959)

¢ (4.,10.50)

Fowler et al. (1957)

Sept. 1957 -

Aug. 1959

H 1

@ 3.8.58 |
& 29.7.59

Key to Tigure 1.3:

fizu et al. (1961)
#cDonald and Webber (1962b)

licDonald and Webber (19562b)

Engler et al. (1961b) !

i
!

Stephenson and Waddington (1961)

e LS G e o T Y o R robt s e, s 4 e s e

Differential spectra of protons.

July 1955 -
July 1958

(Minneapolis)

& 7.7.55
& 22.8.56
® 16.2.58

¢ 247458 gMcDonald
-t

EMcDonald and Webber (1962b)

}
ilicDonald and Webber (1962h)

iMcDonald and Webber (1962h)

and Webber (1962b)

e e Nt

ySept. 1960 -

Sept. 1962
*,.
# 7.7 .61

iVogt (1962)

Vogt (1962)

]
tleyer and Vozt (1963)

{Bryant et al. (1962)

Fichtel et al. (1963

—— g

iBrunstein (1963)
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CHAPTER 2

P MODTFIND ChAikKCV SCIWTILLATOR DETECTOR.

2.1 The energy resgonse oi a miced detector.

The detection o:x particles by a Scintillation-Cerenlkov
coincidence device is limited to those with a velocity above the
Cerenkov threshold, 8 = 1/n . Tor a typical solid radGiator much
as persyex, for which the refractive index'n’is about 1.5, this
threshold corresyuonds to a p;rticle energy of 350 Hev./nucleon
(proton rigidity 0.83% Gv.). In the present experiment it was
desired to extend the response to lower proton energies and for
this purpozc a Cerenkov radiator which displayed a significant
residual sintillation was consids;ed. o

The differential mumber of ;hotons radiated at a given
wavelength per unit path lenzgth of a charged particle passing
through a meterial is given by the claésical relction which was
first derived by Frank and Tam: (1937).

ﬂ'— = 2]1_.?3[1 N
df I\ 137 @znz(}\)] % erererees 247

where t.(cms) is the path length of the particle, with charge Ze.
@5 is the particle velocity in units of c emevfses. .

rd))is the refractive index of the msterial.

% (cms) is the wavelength of the Cerenkov radiation.
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With a radiator having a finite transmission window for
which n varies by only 1 » 2% over the range of wavelength,
dispersion mey be neglected, and the integral light intensity as
a function of particle rigidity is obtained as in TFigure 2.1 for
8/C = O and taking n = 1.58. Since the form of the emission
spectrum is independent of B, a relative response similer to
Tigure 2.1 is expected when the light from perticles traversing a
constant thickness of rodiator is measured with a photomultiplier.
The results of a number of workers have confirmed the theoretical
relation in this way within the accuracy of their exveriments.

In particular VWinkler et al. (1955) have wade weasurements over a
range of B<€0.85 using T!i resons from the Chicago synchrocyclotron
and FMiller and Hinrlks (1957) have tested the light output saturation
at higher relativistic velocities. The dependence on z2 is also
well emtablished from numerous balloon flights that have been made
to investigate the charge composition of the primary cosmic
radiation. (Linsley, 1955; Horwitz, 1955; Webber, 1956;

McDonald and Webber, 1955.)

Tigure 2.1 (S/C = ©0) also shows the most probable encrgy
loss by ionization for a charged particle passing through material and
calculated from the expression:

2 4

c xZ2

1 - 52 + jj..a.a

B -.Ep = 20m.cx . Log[ LCmg
(1 - 62)13
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E, (Mev.) = Initial energy of the incident particle.
Ep (Mev.) = The most probable encrgy of the particle after
traversal of a thickness x gms./cmn. of absorber.
C cma/gm. = 0.150Z /A2 s this is a measure of the electron collision

cross sectlon of the absorber with atomic mass Ap and
charge Z25.

meca(Mev.)= Rest mass of an electron.

B = Velocity of the p.rticle in units of the velocity of
light, ¢ cus./sec.
Z4q = Charge of the incident particle.
I, (Mev.) = averase ionization potential of the absorbing material.
2 g
X gm/cm2 = Thickness of absorber traversed, taken as 1.32 for
Figure 2.1.
j = A universal dimensionless correction term which is a

function of B.

This formula was first derived for fast singly charsed
particles by Landau (1944) using the basic theory on the mean
collision loss of energy of particles passing through matter which
has been extensively investigated and is well covered by Bethe (1930)
and Williams (1931). The form of the distribution in energy loss
about the most probable value riven in the above formula, together
with the values for the parameter j have been computed by
Symon (1948) as functions of the incident particle velocity 8 and
the absorbing thickness x. figuation 2.2 is only valia for energy
losses less than 10% of the initial energy of the incident
particle which, for a radiator thickness of approximately 1.5 5ms/cm2.,

requires a proton rigidity of greater than 0.45 Gv. it the higher



- 28 -

energy losses hovever, the most probable loss approcches the niean
energy loss and for rigidities less than 0.45 Gv. tley are
indistinguishable. The airves in Figure 2.1 have therefore been
calculated at the low rigidity end using the computed ronge-energy
figures given by Sternheimer (1959).

The relation between the light output in a scintillator
to the eneryy lost by a particle pessing through it is in general
non-linear. One of the empirical forms of the relaticn which has

been derived by Wright (1953%) is given as:
dL/dx = A Log(1 + B dR/ax) cevesetssense 23

Here dL/dx is the specific response off the scintillator

. : . ae A ;o - \ =1 2
as a functicn of the specific energy loss dE/dx (llev. gm. cm™.)
where A end 13 are constants which devend on the scintillotor
considered. Thies methematical form ic derived theorctically on
the idea of the ecxcited column of molecules in the absorber
transfering energy between themselves and particly quenching the
available visible rodiation enerzy. It can be seen that the
relation becomes increasingly non-linear at larger values of
dE/dx. The formula has been fitted to the experimentsl data over

3 -1 2 .

a range of dE/dx from 1.0 to 1 .10” Mev. gm. cm . These data
were obtained from ertificially accelerated electrons, protons
and a-particles possing through anthracence for which the velue of

the constant B was taken as 20 (mg. em™2 Mev-?), (Brooks, 1956).
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Protons were used up to an encrgy 17 lMev. having values of d4E/dx
of around 25 lev. gm-? cma., and above these losses the specific
response is certainly not linear.

More recently Gooding and Pugh (1960) have mede
measurenents using NE 102 plastic scintillator which confirm the
form of this equation 2.% for protons up to 150 Mev. (dE/dx down
to 4.5 hev. gm“? cma.) and requiring © = 25 cmZ. mgm-? Since this
type of relation is v:lid for electrons down to their minimum
ionization loss it iz reasonable that the equation can be extended
to cover minimum ionizing protons for which di/dx is of the order
1.5 Nev. gm—? cma. Using the value of B for N&E 102 it can be
shown that for protons ol rigidity sreater than 0.5 Gv. the
specific rcsponse of the scintillator relative to tie minimunm
ionizing responsc will be linearly proportional to thie specific
energy loss within 5.0%. The linearity will be increasingly
better for particle rigidities auproaching minimum ionization.
From thece considerations the form of the most probablc encrgy
loss curve S/C =o0 in Figure 2.1 is a good represcntation of the
relative lipght output response of a scintillator as a function of
particle rigidity down to 0.1 Gv, This has been verified to the
order of precision of the present experiment au will be shown in
Section 2.5 .

The response of a mixed Cerenkov-Scintillation radiator

viewed with a single photomultiplier will depend on the proportion
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of these two comnponents. The curves in Figure 2.1 show the
rigidity responses of such a combined detector for different ratios
of Scintillation / Cercnkov lisht output S/C &t B = 0.996 .

Curve S/C = o0 igfa pure scintillator and curve S/C = 8?; pure
Cerenkov detzctor, the effects of light saturction have becn
ignored here. Also drawn are the responses for a-particles taken
to be 4 times the proton response at the same velocity B. It can
be secn from these curves that for a single detector of given
ratio 8/C the response for a-perticles becoimes indistinguishable
from that for protons below a certain rigidity P . TFor a pure
scintillator this occurs at P = O.45 Gv. but is rcduced to less
than 0.3 Gv. for values of S/C between 0,1 ané 1.0 . Such values
of S/C provide a better c¢iscrimination betwe:n protons and
a-particles than a pur: scintillator and yet enable cetection of
particles below the normal Ccrenkov threshold as sewn in curves
where S/C = O. The use of such a mixed detector C + S' operating
in coincidence below a thin scintillation detector S will give a
two dimensional response distribution which will in principle
separatc and resolve the rigidities of the proton and x-particle
components in the avbsence of protons below about 0.3 Gv. rigidity.
This cen be arranged by observation at a suitable letitude and
altitude. In view of the Cerenltov component the response of this
detector will be directional to an extent depending on the ratio

S/C and also on the value of B for the particle being weasured.
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The theoretical response of the detector used in the present
experiment is given in Figure 2.2 for different incident proton
and a=particle rigidities and is described in Section 2.5 . 1In
practice a stetisticel spread in response will be observed for
any given rigidity and will be discussed in Section 2.4 .

-

242 The gondola electronics, telemetry anu recording.

The requircnents of the gondola electronics reduce to
measuring and telemetering the individual pulse sizes from each
photomultiplier for every particle passing through both detecting
elements. A schematic block diagram of the system adopted is
shown in Figure 2,3 .

The light outputs frow the gecintilletor and Cerenlkov
radiators.are amplified with the photomumltipliers to produce
voltage pulses of 1.2)4 secs duration. The pulses in cach channel
arce then infegrated and amplificed and gated by the coincidence
circuit for 10 J secs so that they pess to the pulse'height to
time' converter. This 10,; sec, gating pulse is however, inhibitcd
during the dead time occupicd by the transmission of each pulse,
thus preventing overlap of information in the'height to time'
converter., This latter producces a rectenpular geting pulse of
duration proportional to the volteage wwuplitude. The time

duration of this pulse is then digitised by using it to switch
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on a fixcd-frequency continuously-running oscillator, and two
oscillators, one for each channel, are then transmitted as
subcarriers., The range of the'height to time converter is shown
in the calibration in Figure 2,.9b where the pulse size units
correspond to the number of cycles of a 6 kec./sec. oscillator.
The time scale is largely determined by the degrec of accuracy
to which the pulse heights are required. Fast times requiring
high frequency oscillators ure not possible using available
commercial tape recorders and are also limited by the bandwidth
of the telemetry, whercas the longer times introduce an increase
in the electronics dead time during which the detcctor system is
effectively insensitive. A subcarrier frequency of 6 ke./scec.
was used as the best compromise which implies an accuracy of 10%
for a 1,7 m. sec. pulse comprising 10 digits. In order to
separate two subcarriers with a rejection ratio 1 : 10 and yet
have a sufficicntly low Q factor in the filters so that tle
transients do not smooth out more than one cycle, the other
subcarrier was taken at a frequency of 34 kkc./sec.

Two other narrower band subcarriers werc used in order
to transmit pressur:e and temperature conditions. A continuously
running 400 c./scc. oscillator was switched on and off in a morse
coded sequence determined by the air preésure and tenperature
inside the gondola. The Olland cycle system producing this code

£
is shown diagremmatically in Figure 2.4a .
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FIGURE 2.4ka
h
larker rpessure coue Temperature code
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FIGURE 2.,4b
ST ce¥d 180
ms.
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For discussion of tape playback see 3ection 2.2

FIGURE 2,42 Olland cycle and morse gating sequence.
FIGURE 2.4b Pulse height data as recorded on two channel tape.
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A temperature sengsitive voriable frequency oscillator was also
used to monitor the temperature of the batteries and to obtain
some measure of the thermal time-constants of the gondola insulation.
A pingle-valve frequency modulated transmitter andireceiver
system has been developed by Hedgecock (1962) for the requirements
of the present experiment. The transmitter radiates approximately
0.5 watts operating at 130 volts and has a transmitting frequency
of 153 mc./sec. An Tddystone 770R receiver was used which
required an antenna gain of approximately +18 db,., in order to
extend the limit of useful range of the transmitter to the optical
horizon of approuimately 280 wmiles. A low noisc preamplifier
together with an & eleuwent yagi receiver cntenna were employed
and both ground plane and turnstile radiators were used in the
gondola on different flights. The former was found to be more
free from fluctuations in signal strength caused by rotation when
the elements were not quite matched, but suifered in signal to
noise ratio on occasions when the balloon flouted above the
receiving station. The latter, as expected from the polar
diagram, gave much better recepticn under thesc conditions.
The layout of the receiving and recording system is shown
in Figure 2.5 . Pressure and tempercturc readings on the 400c,./sec.
*  The device i. one which h.os been developed by the Max Tlanlc

Institut and is manufactured by the Albin Sprenger Co., W. Germany.
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are interpreted and ftaliten manually during the balloon flights

X
. ¢
although the level recorded on the tape, =34 db. x%§QQ9 the

telescope channels, iz sufficiently high to be replayed and heard
with a funed amplifier. The telescope subcarriers arce separated,
the higher 34 kc./sec. frequency then being mixed with a 28 kc./sec.
crystal oscillator to obtain the 6 kec./6ec. beat frequency which
is then filtered out. Both channels are then rccorded at the
same frquency of 6 kc./sec. A typical record of the two telescope
channels is shown together with the pressure and temperaturc code
in Figures 2.4. Continuous monitoring.of tho'signal strength
facilitated& adjustinent of the receiver and steering of the
antenna and also gives an indication .of the drift and range of
the balloon.

An automatic system for recovering the data from the
tape was developed and is shown in Figure 2.6 . This was
designed to print the number of recorded digits in the two
channels which represent a measure 0i the response of the ftwo
telescope detector elements for each inciviuual perticle. A
Hewlett-Packard digital printer type II 42-565A was used having
a print time of 130 m. sec. (Maximum print rate 5/sec.) 1In order
that the fraction of information lost due to the finite print
time could be made small, a commercial tape deck was modified to
give replay speeds of 1/6, 1/12, 1/24, and 1/48 of 3 3/4 inches

per second which wag the original recording specd. The percentage



3%g wHOTd

: . To
Disc. > Gatejyi Amp S3-dDiff Scaler -
AZP - Trigger-)_E'F' >{Amp Printer
¥
Integrate| . scaler A n
L\ Rectify haper ——f5c
4
Diff.p>-fGate P4inp .}——{Univib .|[-¢4\mp. Diff J-p—Reset
* i '| Holdl'
Tape ] -&
Recorder Adder $ A Y
E.F. »—)-IDiff.fﬂ.JBp. Gatef—d=.F. TrIint
A Command
Y Integrat < I « ¥ ¥
Rectify [~ shaperfydscaler
Disc { Diff Scaler To
. > > tef>—{anp.>—Diff. c —trInter?
AmP"*Trigger"'E‘F' Amp >- Gate P rrinter

FIGURE 2.6

Block diagram of the automatic printout elec’ronics.

{
W
0]
{



-39 -

of the data lost as a function of the tope slowing factor for
typical counting rates at altitude gave an optimum playback speed
of 1/12 when about 10% of the data were lost. This method of
recording in digital form has the advantage of being independent
of tope speed variations. TFrom the tape pleyback a discriminator
rejects background noise below 50% of the full signal amplitude.
The time sequence of the automatic printout is illustrated by
Figure 2.4b which shows &« typical rucord of the digitised data as
they avpear on the tape playbaclk. With reference to the figure:

1) Start of a pulse train initinted by a coincident particle.
The leading edge opens a gate which allows the number of cycles
to be counted by scalers which are coupled to the digital printer
by 10-line outputs produced from a diode mutrix.

2) ¥®nd of the shorter pulse train.

3) ©End of the longer pulse train. Scaler gate is closed and
printout cycle is initiated lasting 100 m. sec. during which the
scaler gate is helad closed.

L) A further coincident purticle arrives within the printer
dead time end is omitted.

5) End of print cycle, scalers are reset to zero and systen
is rcady to azccept the next pulse train.

6) Scaler gate opens.

?7) Trint cycle commences s at 3).

A second sct of scalers i usad to count the total nurber
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of particles in order to correct for the number which are omitted

by the printout. These are read visually.

2.3 The gondola telescope ~ environmental tests and calibrations.

The relatively lower abundance of a-particles compared to
protons requires a fairly large geometry if good statistics are
to be obtained from a balloon flight lasting a few hours. In
addition because of the low specific photon yicld from a Cerenkov
detector it is desiroble to couple the radictor cirectly to the
viewing photomultiplier tube. The configuration used utilized
a 2" by 41" diameter disk of polyvinyltoluene coupled to a 5%
diameter photomultiplier tube (E.l.I. 9530) as a mixed C + S'
detector, and a 1/4" by 6" diameter disk of N.E. 102 scintillator
viewed centrally by a 2" diameter photomultiplier (B,M.I. 6970)
using a conical dazrvic reflector. These two elements give an
isotropic geonetry factor of approximately 25 cma. steradian when
separated by 10", The calculation of the geometry of =
non-cylindrical telescope is treated in the Appendix A, To
provide a protective shield, both electdical and physical, the
tubes were encased in light-tight brass shect cans, and in order
to leave a minimum of material above the scintillator the
electronics and battery supplies were attached beneath the

detector. The pressure measuring device and transmitter wers



- 41 -

mounted below the battery box. A photograph of the detector is
shovn in Fipure 2.10 .

The electronics were tested under the pressurc and
temperature conditions to be expected during a flight at altitude.
Since the gondola was not pressurized, araldite was used for
potting the E.H.T. dynode chain and the 1200 volt batteries were
sealed in paraffin wax. Later flights have utilized an E.H.T.
voltage converter. Soch unit was tested for absence of corona
down to prcsoures of 1 gm./cmz. The combined detector and
eclectronics system was testzd for changes in gain with temperature
using }1-mesons in the laboratory and they were found to be stable
within 5% over the range 10° C. to 40° C., the gain dropping off
to an increasing extent beyond these limits. It was necessary
therefore to control the gondola temperature to lie within these
limits and an expanded polystyrene cover together with a polythene
bag were uscd to reduce convective cooling. In addition it was
found that blackening 60% to 70% of the surface produced an
equilibrium temperature at altitude of between 10° ¢. and 20° C.
during the day for the air inside the gondola. In order to
conpensate for a 20° c. drop in goncdola air temperature during
the ascent the cquipment was warmed to betwecn 300 C. and 350 C.
prior to the launching. With these precautions the battery
temperature was mcintained boetween 150 C. and 250 C. during the

day due to their larger heat capacity end small amount of heat



- Lo -

gencrated within., This é%%::L of battery temperature was
important for saticfactory life times cf the mercury cells used.
In all the flights reaching altitude the temperature was kept
within the operational limits but cropped quite considerably when
the balloons sanlk to denser air regions.,

The pressure and temperature Olland cycles were calibrated
in the respective environmental enclosures since the pressure
coefficient of the temperature device is negligible, and the
pressurc device calibration does not change by a detectable amount
over the range of temperaturc uscd. The sensitivity of the
pressure nmncasurement varied from 0.5 Mb. at 200 Mb., to 0.3 lib.
at 0 Mb., although on occasions the absolute calibration was
subject to an error + 1 Mb. due to mechanical hysteresis. In
later flights an additional ancroid bellows was included so that
the range 1000 Mb., to 200Mb. was also measured to within 3 Mb.
Temperature measurement was to an ceccuracy of 1° ¢. which was
more than adequate.

The electronicg circuitry wis calibrated using
photomultiplier type pulses from a mercury relay millimicrosecond
pulse generator by measuring the digital output from the complete
system for & range of pulsc amplitudes at the emitter follower
input. A typical exomple of the calibration for one of the
telescope channels is chown in FPigure 2.9b which, althaough

obtained at altitude from the particles of different charge,
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of z*
is of the same form if 20 unitﬁAare taken as 5.0 volts. By

sclecting the photomultiplier voltage the gain was adjusted so
thet the most probable response from a fast meson produced an
output in the region of 20 to 30 units. The outputs duc to
protons and a-particles therefore lay on the linear part of the
overall response calibration. The cxistence of o small threshold
voltage merely entailed adding a constant number of cycles to the

final output in order for it to represent the detector roesponse.

2.4 Statistical fluctuzstions in response.

Pulsce height distributions wer: obtained using }J—mesons
in order to test the degree of resolution of each detector. The
results of the scintillator detector response for threc of the
telescopes is shown in Figure 2.7, these have been normalized for
convenience of comparison. It can be scen that within the
statistical errors they can be fitted by a single distribution
with a full width at half heipght of 40%.

In general the fluctustions in response from particles of
any given rigidity are duc to a combination of the following
effects in a photomultiplier-radiator system:

a) Statistical fluctuations in the iénization energy loss.
b) Fluctuétions in porticle p.th lenpth - (geometry effect).

c) HNon-uniform light collection from all areas of the radiator.
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d) Non=-uniform conversion efficiency over the photocathode
of the photomultiplier, and collection at the first dynode.

e) Statistical fluctuations in the number of photoelectrons.

f) Multiple particle events such as stars or accidental
coincidence.,

g) Thermal noise and dark current in the photomultiplier.

The first two instances are fairly stongly asymmetric and

the other variations will be gaussian to a first approximation
with the exception of f) which is irregular. The -predominant
effects for a scintillator detector are a), b), ¢ and e),
Calculation gives an average of about 4500 photons from 1/4" of
N.E., 102 for a minimum ionizing rl-meson. Taking a quantum
conversion efficiency of 15% and an estimated light collection
efficiency of 50% as an upper limit leaves 330 available
photoelectrons, These will contribute 12% half-width. The
relative contributions of the various factors are estimated to be
as follows in the detectof employed. a) 26%, b) 8%, c¢) unknown
but small, d)~10%, e) 12%, f) negligible, g) small. These
effects are independent and combined must give an overall half-
width of 40% which suggests that some of the factors have probably
been underestimated. It has been found since however that a small
spread in final output is obtained for identical photomultiplier
pulse amplitudes photographed from an oscilloscope, although the

output for a certain test input pulse is stable. Unless this is
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due to statistical crrors in neasurement, it is possible, bket in
view of the large factor of integration by the‘height to time'
converter, that o slight variation in pulse shape for a certain
anode charge due to durk current anc thermal noise would lead to
a small variation in output.

The mixed C + S' detector was blackened on the upper
surface for the flights in order to obtain a better indication of
the fast splash albedo. Under these conditions the number of
available photéns in the C + S!' detector is about 500 for fast
seca lcvel |» —resons. The contributions of the various factors are
estimated to be as follows in terws of hualf widths,

a) 13%, b) 8%, ¢) + d) + e) 40i950%, f) negligible, g) smoll,

2.5 Particle and churge resolution.

The ressonse of the mixed detector wos investigated for
upward and downward moving particles by inverting tie telescone.
This was carried out with a clear disl of P.V.T. und then with
the surface farthest from the tube blackened, the disk being
coupled directly with o thin film of vaseline to the 5" tube.
Figure 2.8 shows distributions obtaincd in this way, normalized
to the stme number of puarticles. The degree oi separation for
the two cases can be seen to be improved by blackenines aithough

there is some loss of pulse height duc to the diminished reflectad
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scintillator component when upright. The assymmetry of tho case
when blackened end inverted is significont in that the blackening
has also considerably diminished the re¢flected Cerenkov component.
The distribution is entirely due to direct residual scintillation.
(See Equation 2.6 below). An anclysis of the most probable pulse
sizes for the four cases can give a measure of the Scintillation
to Cerenkov ratio and the fraction of light reflected from the
clear face.

Let the contributions to the most probable pulse size for
P ~mcsons be C for the Cerenkov and Ck.for the scintillator
componentg~éhﬁited in the direction of tiie tube foce. Introducing
the average rceflection fuctors for light cmitted away from the
tube face Ty rc' and T rs' for the two components C and 5 where

the primes r.fer to the blackened condition, then:

14 Clr  + k(1+r ) ) = 2.45 + 0.05 ceeee. 2.4
2)4 c(1 +x(M+r ) ) = 3.05 * 0.05 coenes 245
1)B Clr '+ k(1+rl) ) =. 1.20 £ 0,05 ~Ck =5  ..0... 2.6
253 c(1 + k(1+r!) ) = 2.60 * 0.05-~C + 8 ceveee 2.7

Taking rc' and r_' to be small(< 0.1,) to reduce¢ the
number of variables, and solving,gives 5/C = 0,86 + 0.10,and values
of r_ = 0.40 + 0,20, r, = 0,60 + 0,20 . This value of S/C can be

compareda to the value 0.9 for relativistic protons which is
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obtained from data on the two dimensional pulcse height distributions
at altitude. A value S/C = 0,9 + 0,05 for P.V.T. alone has been
measurcd by Pringle (1961). It must be noted that the response

of the detector includes light produced in the glass face of the
photomultiplier whereas this was negligible in the measurements

of Pringle. There is evidence,however, from cxperiments with

pyrex glass,that the ratio 5/C for pyrex alonc lies betwcen 0,5
and 1.0, and this has been confirmed by some tests communicated

by D.R. Nicoll (1963). The presence of the tube face in these
circunstances does not therefore appreciably affect the ratio S/Cy
although its thickness must be talten into account when determining
the response from very slow protons which are nearly stopped.

It is essential to be able to calibratc the responsc of
the detector in terms of the particle ecnergy or rigidity. By
using two detectors with different characteristic responses as in
the present experiment, provided the responses are knogn, a
calibration is obtained by plotting one response against the other
on a two dimensional grid. The scintillator response can be
confidently expected to follow the ilonization enerygy loss from
the consilderations discusszed in Section 2.1 . The mixed detector
consisting of « relatively weok raediator which is scaled to the
rlass face of the photomultiplier consists essentially of four

clements since the lizht contribution from the glass iz appreciable
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especially for highly ionizing particles. In order to measure the
light contribution from this glass a series of pulse height
distributions were obtained using }x-xesons and diffcrent
thicknesses of perspex radiator and glass. Pcaks were obtained
in the pulse height distribution for ;.-mesons passing normally
through the 6 mm. face of the photomultiplier and correspondaed to
a residual scintillation output in the glass in adcition to
€erenkov light which was of the same order as that in the P.V.T.
for equal thicknesses. The mixed detector responsc can therefore
be calculated although it becomes rather complicated for slow
particles which arc near the end of their range.

The theoretical two dimensional response of the dotoctor
for protons and a-particles is shown in ¥Vigure 2.2 together with
the observed pulse heipht distribution peoks. These have been
obtainecd by taking pulsc height distrbutions in the mixed detector
C + 8" for fixed intervals of scintillator response, and also from
diagonal distributions which corrcspond to intervals where the sum
of the scintillator and mixed detector outputs are constant.
the agrecment between the thecretical locus and experimental points
is very good except for very slow protons near the a-particle
region., This is probably due to both highly ionizing knock-on
electrons with small range produced in the lower detector and the
statistical weight of the fast z~particle diétribution. The range

of pulse heights shown does not accomodatc the heeavier pzrticles
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some of which still lie within the dynamic range of the elecctronics
before amplifier saturation. An indication of the depgrec of
resolution of heavicer particlcs iz shown in Figure 2.9a. For
similar energy spectra the nuclei will produce peaks in the
response distribution which increese approximately as the sgquare
of the nuclear charge. In Figure 2.9b the veals outputs have been
plotted against the squarce of the integral charges so that it is
possible to identify the nuclei. The pocition of the beryllium
point verifies that the response is linear over the proton and
a-particle region although the boron and carbon pealks lie in the
non~linear region of tho'height to time' convertor. <The clectronics
gaturate for all particles heavicr than carbon and it is not
Possible to resolve lithium from the slow g=particles and
background. The data for the particles with ZP2 are derived
from a pres.urc range 10 to 30 gm./cm2 heowe to give all available
statistics, Isotopes of hydrogen and helium in principle produce
distinguishable responces when B iz less than about 0.7, houever
they could not be separated with the degree of resolution ol tae
present detectors and in the =snalysis they arce included with the
cormmoncst isotope.

The detection of other radiation must be considered,us
sone Y Tays, nesons and cloctrons are capable of producing &
response of the some order as thet from protons. The low y ray

flux (Charkhchyan, 1961; Kidd, 1963) together with the low
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probability of producing a fast electron poir in the countors,
which arc about 5% of « radiation length,is expected to produce
a negligible contribution to the altitude counting rate. Tast
mesons will produce responses identical to protons of the same
velocity and therc is no means of distinguishing these with the
detector. From the rusults of Clark (1952) typical fluxes of
mesons relative to protons are 7% at 20 gms/cma. and 12% at
50 gms/cma. increasing rapidly with atmospheric depth. However
by extropolating the observed intensities of fast particlces to
0 gms/cma., where the meson flux is effectively zero, their
contribution cun be elfiminated; such an extrapolation will also
include tie rare fast downword moving secondary electrons.
Recently results of Barl (1961) and Meyer and Vozt (1961), obtained
with balloon flights at periods of guiet solur cctivity,bave
suggested the presonce of a non-negligible flux of primary
electrons below 2.0 Gv. rigidity. From their figurcs it ic
estimated that for the higher lotitude flighte made at a threshold
rigidity of 0.5 Gv. the primary clectron flux will amount to
2% + 1% of the intensity of protons greater than 2 Gv.

In general the fluxes of particles other than nuclei can
therefore be neglected. The corrections for cecondary nuclei will
be discussed in Section 3.2c together with interoctions in the

telescope and the albedo particles.
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CHAPTER

ANALYSIS OF THE RESULTS FROM THE BALLOON FLICHTS

%l The balloon flights.

Neoprene expunsible rubber balloons were used to 1ift thre
apparatus to altitude., 1In order that they would float at =
constant pressure and to prevent bursting they were fitted witi a
hingeu valve over the neck of the balloon which was controlled by
a fixed length of tape runnineg di.cetrically through the balloon
so that its cianeter was limited. Leby et al. (1957) have
calculatea the floating altituce to be reached by such o constant

volune balloon to be given by the following formula:

.. P
Pa = [ . 1 .VE "~ 2 oP e e s e 0
h

Py (gm./cma.) is the pressure at the floatingz altitude.
P (gm./cmz.) is the excess pressure inside the balloon talte
as O.b4 .

2.)

Pg (gm./cm is the pressure at $.T.P. taken as 1015.

d and dh (gm./cms.) are the densities of air and,hydrogen _
- respectively at $.0.P, : 1.22 .1077 , 8.5 .10

L2 (gms) iz the balloon weight + payload,

1 (gms) is the gross 1ift = freelift + L2'

T, and Tg ( °K ) are the external cir temperature at altitude

3.1

n

5
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(1, = 2330 K), and the temperature at the ground on inflation

1 (T = 270° K).
8
vy (cmB.) is the maximum volume of the balloon assumed spherical.
Curves of pressure altitude PZ against nayload have becn
constructed on the basis of this formula,assuming the above figures
for the variables,in Figure 3.1 . The balloon weight was 6.75 Kgnm.
These curves siaow that, for light payloads, high altitudes can be
achieved which are actually higher than is attainable with the
equivalent volume of polyethylene balloon. This is due to the
generally larger volume to weight ratio of neoprene balloons when
they are fully extended at altitude. Polyethylene balloons can
however be made much lurger and are obviously superior with heavy
payloads. The payload in the present experiment was apgroximately
11 Kgm. and the actual altitudes achieved in some of the flights
are shown with the respective tape lenpth in lipure 3.1 . 1In
general they fell below the theoretical altitude and for a few
flights (not shown) the valves did not operate satisfactorily
and caused hydrogen leakage at a considerably lower altitude.
Pressure altitude versus local time profiles are shown in Figure 3.2
for the three flights which provided most data. In these flirhts
the balloons were filled with suifficient hydrogen tc give a free-
1ift of 10% - 15% of the pgross 1ift which produced an ascent rate
of nearly 1000 feet per minute, and the diesneters were taped to 45
feet.

The balloons did not drift apprecicbly in geomagnetic
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latitude for the period of the flights cduring which dato were
obtained. Particulors of the balloon flights are given in the

followinyg Table 3.1 .

e —

TABLE 3.7
Flight number | 1E. | 28, : 2B. |
t -~ 1 e S SO
Date of flight 26.8.51 | 20.5.62 21.7.62
Launching site ' Kiruna, Sweden. ' Bedford, Eng.%Kirunm, Sweden.;

1
i
i

Geograph. coords.i 67°50'N,20°26'E | 52,1%,4.5% {67°50'W,20°26'E

Geomag. coords. 64.6%, 115.9°E | 50°8,79.2% !64.6°N, 115.9°E
Threshold Rig. 0.5 + 0.05 Gv. 2.5 = 0.1Gv.] 0.5 + 0.05 Gv.,
Eo. of protons, | 10,000 i 15,000 40,000
No. of alphas 650 ! 1,500 3,000
analysed at high ;

altitude. ;

3,2 Raw data corrections - Introduction.

In the rest of this chapter the reduction of the raw data
will be discussed; this comnsists mainly of interpreting the
neasured pulse height distribution for the two detectors in terms
of the en:rgy spectrum of primary particles.

The Scintillator distribution is used to distinguish the

particle energies whereas the mixed C + 3' detector enables some
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resolution between a-particles and slow protons, tlhe precise form
of the responce of this detector not being used in analysis as it
is not so well defined, It is possible to normalize the theoretical
pulse height distribution, based on ti.e most probable response of
the inaividual detectors, to the peaks in the experimentelly
observed pulse height distribution (Figure 2.2). 1In particular
the positions of the lines of constent C + S' response give a
checlk on the calibration of the electronics in flight, since for
a-particles they arc expected to be at pulse sizes four times
those for protons. Each set of flipght data is normalized to the
theoretical distributions and thus the output corresponding to &
mninimum lonizing proton is determined which effectively calibrates
the response in terus of energy or rigidity. Additionally to thise
calibration of most probable pulse sise it is necessary to know
the form of the statistical variations about this value for each
particle rigidity in the scintillator.

The contributing factors have been sumrarized in Seckion 2.4
and those which depena mocst on the particle energy are the
fluctuations in ionization loss and to a lesser extent the photo-
electron statistics. 4s 15 well known a particle with a suitable
inpact parameter can lose a very large provortion of its kinetic
energy to an electron and this gives risc to the '"Williams-Landeau'
tail of the energy loss distribution. The asymmetry is most
pronounced for relativistic particles passing throurh a thin

i
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absorber and was first treated theoretically by Landau (1944), A
fuller analysis covering a wide range of porticle cnergics has
been carried out by Symon (1948) and his results have been used

to calculate the statistical variations at difierent energy losses
expected in the present detector, as well as the most probable

energy loss.

2.2a  Systematic corrections.

The raw data from teape playbacik must be corrected for the
following effects in order to obtain absolute intensities.’

1) Accidental coincidence between chonnels. This is s¢iven as
S 2R, R_t
ge of the true coincidences by 172" , 100 where
R

R1 and R2 are the individual counting rates of the two detectors,

'R'ig the coincidence rete, and 't' is the resolving time .of the

a percenta

coincidence circuit, in this case 10 Jjeecs. Subgstituting typical
values gives less than 1% at the Pfotzer meximum,

2) Accidental overlap in a single chonnel. This is given by
1OOR1t where R1 ig the individual chonnel rote and 't' is the gating
time, in this case 10 :secs. It amounts to % 0.2% for the larger
detector.

%) Due to the finite telemetry time, sone coincident countss
are lost. However, because of the inhibiting mates in the circuitry,

the percentage losses arc the canmc for all pulse cizeo and the
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correction factor can bc accurately detcormined by counting the
total nuuber oi subcarricer cycles transmitted in a fixed period.

4) similurly, counts are lost in réducing the data to pulse
height distributions during slow playback from the magnetic tape
due to the printer dead time. These are estimaeted by measuring
the total counting rate and the total number printed.

The first two ceffects can give rise to a small amount of
background counts which have responses which do not necessarily
lie witkin the theorctical distributions for single particles.
Apart from being small however, where these counts do fall within
the less densely populated part of the distribution corresponding
to slow particles, they can be largely compensated for by the
method uzed to correct for slow secondaries. (Section 3.2¢)

It is preferable to apply the cystematic correction

factors 3) and 4) after determinirg the two dimensionul distribution,

5.2b  Statistical corrections.

Sea level p-mesons provide a convenient source of
relativistic singly charged particles that can be used to give a
reasure of the overall statistical variation in response at one
particular energy loss. The pulse height distributions in the
Scintillator at sea level have been norwelized and plotted for the

three detectors which produced most informaticn at altitude in
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{fipure 2.7 . The contribution to these curves {rom non~relativistic
protons is estimated to be less than 4% even at the larger encrry
losses using the sea level proton spectrun of Mylroi and Wilson
(1951) and can therefore be neglectecd. Alco the proportion of
electrons is made negligible by a suitable amount of absorber

above the telescope during laboratory calibrations.

These curves can be compared with both the theoretical
contributions due to the Landau effect and the distributioun
obtained in a flight at altitude, where the threshold rigidity is
2.5 Gv. and the flux of particles is therefore predominantly
relativistic., These are shown in Figure 3.3 . The experimental
Gistributions are very similar, and considerably broader than the
Landau distribution due to the many additional contributing factors
mentioned in Section 2.4, these are however practically symmwetrical
and will be independent of the value of tihe most probable response.

In order to facilitate the corrections for these
fluctuations, the relativistic meson distribution measured at sea
level has been converted to a block histogram by dividing it into
intervals of detector responsz which are fixed with respect to the
minimum jonizing response, 1.05 on this scale, and correspond to
certain enersy or rigidity intervals. Similar block histogranms
were derived for particles with most probable responses lying in
the centre of other intervals by using theoretical distributions

derived frow the results of Syiion (1943), together with the further
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empirically measured broadening. The figures which were derived
and are used in the statistical corrections are summarized in
Table 3.2 . These represent the percentage distributions of the
response for particles in each rigidity range, and when applied

to the true differential intensity spectrum they must give the
experimentally observed differential response distribution. Some
of the o6rizincd intervals huve been componic:d in ordexr to contain
compurable numbers of perticles and minimiZe the statistical

uncertainties.

3.2C Secondary particle corrections.

One of the main corrections to be appliesd other than
statistical fluctuations and geometry are due to secondaries.
These are of difierent types depending on their origin and in most
cases they are very hard to evaluate.

At balloon altitudes the ecrth's shadow effectively excludes
arrival of primaries or return albedo from beneath a vertical
telescope and the flux seen will contain a larger proportion of
primaries for narrower acceptance anglces. The two main types of
secondaries in this case are a) first order splash albedo moving
upwards and b) those in the direction of the primaries, both first
order duec to interactions, and second order which includes return

albedo from the opposite hemisphere and particles scattered from
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trapped orbits. Interactions occur in both the atmesphere and in
the detector to give rise to these seconderies. Type a) can be
eldminated for various energies by a suitable desipn oi detector
having directional properties but other mcthods must be used to
work out the contribution from b). The validity of the method
adopted can be crucial to the evaluation oi the primary flux and
by introducing systematic errors possibly expleins Some of the
disagreement in very low rigidity proton. measurements, given in
Figure 1.3 . The steeply rising secondary particle differential‘
spectrum makes this problem more acute at low energies.

The first(s1)or second(SQ order secondaries can be broadly
discriminated by their energies. At a specified latitude, in
general the second order or return albedo sccondaries will be
below the geomasnetic threshold P, whereas the Tirst order
seconcaries will be at all rigidities and will decrecase with
residual atmosphere towards zero at O gm./cma. Thus for two
latitudes with thresholds P1 and P2 which are sufficiently close
that the secondary production from primaries in the rigidity renge
P1>'PI> P2 is negligible, the measured fluxes at a certain depth
are: at P1, J(:‘P1) + 52(<-P1) + 8, I =
51 J(>P2) + 32(<P2) + S’I P I T

Here J(>P) denotes the primary flux, galactic + solar, with

at F

rigidity greater than P. By extrapolation to O gm./cma. S1

becomes zero, and for a rigidity resolving detector enables limits
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to be set on Sz(ﬁ.Pz). By subtraction of the fluxes at the two
latitudes,s1 can be eliminated and the primary flux in .the region
P2>>P‘.>'P1 can be analysed. S1,the secondary particle spectrum,
can also be evaluated over the ssme rigidity limits. Primaries
with rigidity >'P2 must be corrected for secondaries by
extrapolation to the top of the atmosphere.

Another way of estimating the intensity of the return
albedo secondaries(sg is by measuring the isotopic abundance of
the hydrogen components at different depths and taking reasonable
values for their relative occuj%nce among the first order
secondaries, derived in turn from interactions of cosmic rays in
emulsions or from controlled laboratory experiments. It is
difficult to calculate the fluxes of first order secondaries from
the results of other euperiments due to the dependence on the
material and configuration of the detector employed. This is
apparent from the few instaences shown in Figure 3.4,

The intensity of return albedo has been estimated as
negligible coumparcd with the first order second.ry flux at
rigidities around 400 Mv. by measurements of the isotopic abundunce
of H, and H5 (Brunstein, 1963). At higher rigidities, in the
range from approximately 450 to 850 Mv. the flux of splash +
roturn albeco at the top of tle atmosphere has been measured as
of the order 35 + 10 particles 7 ma. sec. steradian, Since the

long term average of the return albedo near the vertical is
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unlikely to be greater than the splash albedo at high latitudess
this would suggest an upper limit of 0,04 particles / m2. 5€eC.
ster. Mv. in this range, based on the data of McDonald and Webber
(1959). fThe fast splash albedo with kinetic energy groater than
the rest energy haus been measured by Anderson (1955) and McDonald
and Webber (1959) at bzlloon altitudes using cerenlkov dcectectors
from which it may be concluded that at high latitude this flux at
0 gm./cma. is approximctely 5 to 8% of the primary flux exceeding
the same energy. It was not possible to separate the fast splash
2lbedo peak in the present experiment in view of its relatively
low intensity at altitude, lyins at 505 of the fast primery peak.
By using the subtraction procedure in making corrections, any
return albedo flux at the lower latitude will also be subtracted
from the high latitude intensity, and will therefore lead to a
positive systen.tic correction to the primary spectrum. In view
of the above figures however, it is not likely to be greater then
10% of the primeary flux.

In ordur to obtain a measure of the intensities of
secondary particles produced in the resiaual atmosphere above the
telescope and in the tclescope its.lf, control flights were made
at a latitude svufiiciently low that the primary particles, other
than return albedo, were relativistic. Tt was convenicnt to make
thes: flights from R.A.F. Cardington, Zedford, where the limiting

primary rigidity 2.5 Gv. correspondad closely with the limit of
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pulse height resolution of the actector, 2.3 =+ 0.3 Gv. Thus, by
neasuring the ensrgy spectrum for such flights the secondary
particle spectrum at altitude can be determined below 2,3 Gv. and
will &lso include splash albedo particles as thesce wers not
separatced by the deteetor in this rigidity ranse. Such a spectrum
was derived from flight 2A., The pulse height distribution at
12 gm./cma. was converted into blocl: histogram form,and by uwing
the statistical corrections in Table 3.2 and & succession of
approximations, the flux in the various rigidity intervels was
calculated in order to obtain the best solution for the relativistic
flux in interval 1). Since this is lerge comparec with that in
the other intervsls, the contributions to the responses appearing
in intervals 2) to 7) werc subtrocteda out, then these intervals
were separately correctew for statistical fluctuations. The
intensities so Gerived, given in Table 3.3b, have .been converted
s . . 2 . .
to a differenti.l cnergy spectrum at 12 gm./cm . depth using the
30 minute counting rates and assuming all the singly charged
particles to be protons. The spectrum is shown in Figure 3.0 .
This largely represents the secondary particle spectrum
but includcs & small percentage of accidental background and
shower events which wre characteristic of the detector used. Any
multiple particle events being detected with the tclescope will
tend to give rise to an increase in the slope of the spectrum,

whereas the presence of mesons will enhance the counts at the high
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TABLES 3,32 & 3.3b

Singly charged particle counts reduced to 30 minute rate.

! .
Observed raw counts ! Mean counts, and | Counts corrected!

!

Flight 2B} corrected for those in brackets the for flvctuations
from interval 1) i uncorrected value { in pulse height
Depch
gm./cm’ 15.5 20.5 18 18
Interval
1) 10440 +190 {10880 +275 10660 + 166
2) 702 + 431 718 + 62: 710 + 38 (705) 2000 + 124
3) 908 + 37! 884 + 51 i 896 + 32 (907) 660 + 107
kL) 781 + 281 730 + 411 755 + 25 (748) 550 + 55
5) 685 + 264 610 * 35; 647 + 22 (672) | 340 + 38
6) 900 + 241 1008 + 36 ’ 954 + 22 (922) : 870 + 28
7) 500 + 19] 620 + 23560 + 16 (560) ! 505 + 20
§ Errors are statistical only.
ST —— e
Mean counts, and ; Couﬁts corrected for statistics
in brackets the and Landau fluctuations
uncorrected value
Flight 1B 1B : 24 | 2B 7
gﬁfﬁzz. 12 2 g e e
uinterval E ;
<1) 1780 + 47  (1752) ‘
1) 1335 + 41 (1359) | 6970 + 225 | 8000 + 180 | 9680 + 160
2) 2205 + 53  (2192) 890 + 175 1 178 + 75 | 2020 + 125
3) 1530 + &%  (1550) 300 + 115 | 112 + 50 648 + 110
4) 989 + 35 (949) 4o + 751 141 + 50! 507 + 60
5) 731 + 30 (747) 195 + 501 93 + 30} 310 + 4o
6) 680 + 29 (661) 510 + 4o ‘ bis + 25| 704 + 35
7) 322 + 17 (322) 290 + 20} 303 + 30 377 + 25
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energy intervals. On the same plot is shown the secondary proton
spectrum from showers produced in emulsions as given by Camerini

et al. (1950). The close agreement is consistent with the
detection of secondary protons produced in the overlying atmosphere
which have become sufficiently scattered to be recorded as single
particle events in the telescope. A small proportion of multiple
events produced in the telescope material tends to increase the
apparent low energy flux since the response is enhanced coﬁpared
to a single particle. The differential energy spectrun of
secondary slow protons obtained in the balloon flights of McDonald
and Webber (1959) is also shown and both this and the spectrum of
Camerini are normalized to the present results at 700 Mev. It is
likely that with the greater amount of material, 8 g;m./cma. in
McDonald and Webber's detector, the slower particles are not so
efficiently detected, In addition the slow particles are more
likely to have originated from a multiple star and therefore be
preferentially excluded by their multiple particle detector system.
These considerations probably account for the apparent difference
in slope at lower energies. The experimentally derived secondary
particle distribution is used as the basis for the corrections

for non-primary counts in the high latitude flights.
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1) Derivation of the primary proton spectrum,

The secondary particle spectrum is expected to be similar
at a given altitude for flights at different latitudes from the
results of McDonald and Webber (1959). This is also a consequence
of the fact that the energy distribution of secondary particles
from stars is indcpendent of the initiating particle energy down
to 1 Gev. and also that the multiplicity of stars decrecscs
gpreciably for primary particle energies below this value
(Camerini et al., 1951). To a first approximation the secéndary
particle spectrum can therefore be scaled up in proportion to the
number of primeries with energy greater than 1.5 Gev. The
validity of this treatuient is supported by the following results.

The flux of slow protons below 80 Lev. down éo the
instrument cut-off of 30 liev. can be determined, although in view
of the slow proton and a=-particle overlap thc cnergies are not
sufficiently well defined to deduce a detailed svectrum in this
range., These perticles can be considered to be entirely secondaries
aven for flights with the low thcoretical threshold rigidity
corresponding to 120 Mev. The ratiosof this flux at 12 gm./cma.
to the relativistic primary flux for the different flights are
equal within the statistical errors of 6%. This result also
provides a check on the normalization of the rigidity intervals

applied to cach flight, and on the slow proton separation from



o~particles carried out in the analysis.

Data were obtained in two flights at high latitude for
which the altitude versus time curves are given in Figure 3,2 and
the total particle intensity versus atmospheric depth curves in .
Figure 3.6a. These are numbered 13 and 2B respectively for 1961
and 1962 and, although the later flight only reached a maximumn
altitude of 15 gm./cm%, the flight profile can be used to give
useful data at two different altitudes. The two lower latitude
flights 1A and_.24 for the same years gave the total raw intensities
shown in Tigure 3.6b, in which the earlier flight is limited owing
to an electronic fault. It can be seen from Figures 3.6a and 3.6b
that a significant increase in flux occurred betwcen the two years.
The two dimensional pulse height distributions are used to obtain
the fluxes of particles occuring in the various intervals of pulse
height defined in Table 3.2.. These fluxes are then solved by
using the statistical variations in the Table,and the contribution
to pulses in the various intervals due to relativistic particles
in interval 1) are subtracted out. The raw data obtained in this
way for the average altitudes 15.5 and 20,5 gm./cm? in flight 2B
are given in Table 3.3%a. Since the statistical errors do not
Justify a direct extrapolation to the normalizing depth of 12 gm./cm?
the fluxes are averaged to obtain the raw data applicable at 18
gm./cm% The statistical and Landau corrections are then applied

by the method of successive approximate svlutions to obtain the
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true fluxes in the various intervals. The experimental pulse
height distribution to be expected from these fluxes a;% compared
with the actually observed distribution in the table as a check
on statistical correcctions.

To evaluate the change in flux over the atmospheric depth,
12 to 18 gma/cm?, for the different intervals a semi~-thooretical
method 1s considered more reliable than extmpolation of the
intensities obtained during the ascent of the balloon. Over a
small depth of atmosphere such that the change in particle range
is negligible, the change in flux can be represented by the
following equation if the splash albedo is neglected.

m€n
aJ(n)/dx = ~J(n)/° + S Pmn.J(m)/D veesens: 3ok
J(n) is the flux in a rigidity interval n, x is the

atmospheric depth in gm./cm? and D is the absorption mean free path

taken as 120 gm./cm% over this rigidity range (Dymond, 1954).
mgn

-

2. Pmn.J(m) represents the production of flux in interval n by

interactions of flux J(m) and can be considercd to be P, .J(1)

1n

as the multiplicity P and the flux J(m) decreasec rapidly with
rigidity. Over small depths such that x<D, tie solution may be

approximated to:

JxZ(n) - Jx

,l(n) = P’ln'Jx’l(1) - Jx,l(n) . ?_‘:_é ' x1 3.5

4

Jx1(n) can be calculated since Jxa(n) is known, taking x1 = 12



and x2 = 18,
measurements
interval 1).
intervals 6)
depth curves

rigidities.
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also P can be evaluated from the secondary particle

1n
in intervals 'n' and the relativistic fluxes in

The results of such a calculated extrapolation for
and 7) arc shown as crosses on the intcnsity against

for flight 1B in Figure 3.5 which are for similar

The good agreement over the depth 18 to 12 gm./cm?

appears to justify such a method of extrapolation for a small

change of depth. Therefore the counts for flight 285 have been

corrected to

12 gm./cm% in this way. The results for all the

filights at this deﬁth are given in Table 3.3b and are corrected to

the top of the atmosphore by the following procedures.

The raw intensities for the three flights are plotted as

a function of pressure depth on a log.-linear scele in Figure 3.7

and they are

well represented by straight lines at high altitude.

The data for flight 2A (threshold 2.5 Gv.) are extrapolated from

12 gm./cm? to the top of the atmosphere including the telescope

material of 1 gm./cn% air cquivalent, Within 10 the production

of secondary

singly charged particles is counteracted by the

absprption of a-particles and so this change in intcensity is used

as an extrapolation factor for the relativistic interval 1)> 2.3 Gv.

The estimated fast splash albedo is then subtracted from the

derived flux

(Section 3.2¢).

The lower rigidity intervals 2) to 7) are corrccted first

for secondary particles, intceractions and splash albedo by
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subtracting the contributions at 12 gm./cmg which are obtained by
the scaling-up method previously discussed in tkis scction. The
theory of this procedure is treated in Section 3.2c. Finally the
counts obtained (Table 3.4) arc converted to a primary flux by
using an absorption mean free path of 120 gm,/cm% over the residual
altitude (Dymond, 1954; Brooke, 1963), and using the isotropic
geometry factor for the telescope (Appendix A). These final
results for the singly charged particles are given in Table 3.5
together with the respective rigidity intervals at zero depth
assuming that all the particles are protons. The errors in the
rigidity intervals are those which rcsult from a 2% uncertainty

in the normalization of the minimum ionizing response. -

3.4 Derivation of the a=-particle fluxes.

Figure 3.8 shows pulsc¢ height distributions in the C + S
detector for selected intervals of scintillator response at the
higher a-purticle rigiditices,., The pealr corresponding to fast
a~particles is resolved, although the secondary slow protons are
suffilciently numerous to limit any detailed measurement of the
differential a-particle spectrum. Protons above 0.4 Gv, are free
from this region of confusion and two intervals of low rigidity
protons are plotted as a function of pressure depth in Figure 3.5 .

Also shown is the integral a-particle intensity at different depths
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) ) . 2
Fully corrected primary proton counts in 30 minuter at 12 gr./cm,

!Pulee | Date of 7 1B {24 2B
heigkt flight 26.8.61 j 20,5.62 21.7.62
interval | Rigidity Gv.i !

1) >2.3 ; 6970 + 225 | 8000 + 180 Q9680 + 160
2) 143 <23 735 + 190 180k + 155
3) 1.03 -1.43 | 203 + 120 512 + 125
L) 0.83 1,03 | 317 + 90 337 + 85
5) 0,68 -0.83 é 114 + 60 | 158 + 60
6) 0.476-0.68 | 149 + 45 i 202 + 50
7) 0.394-0.476 | 26 & 33 © 101 b5

: Errors are statistical only-

TABLE 3.4

Summary of proton fluxes above the atmosphere.

Rigidity | Integral fluxes Differential fluxes :
interval Gv.| 26,8.61 | 20.5.62 { 21.7.62 26,8.61 21.7.62
>2.3 1120 1160 1300 i165 1500 +175

1.46-2.3 176 + L6 416 + 36 { 0,21 +0.07 | 0,49 +0.11
1,07-1.46 1 48 £ 29 118 + 29 { 0,125 +0.,08 | 0,30 +0,08
0.88-1.07 76 + 21 78 + 20 10,40 +0.,10 | 0.41 +0.10
0,75-0.88 28 + 14 L5 + 13 10.21 +0.12 1 0.35 +0,11
0,61-0.75 % 35 £ 11 48 + 110,25 10.08] 0.34 +0,08
0.57-0.61 | 6 + 8: { 3 210}10.15 #0.20; 0,08 +0.25
Errors are iEBrrors arc statistical only Errors include rigidity

20% >1.46 iexcept > 2.3 Gv. which has an | interval uncertainties.

5% 1,46

lextrapolation error ~ 10%.

{

o

TABLE 3,5

s o



- 84 -

which was obtained during the balloan ascent. In order to allow
for the slow proton background in the a-particle region, this
background is taken to have the same depth dependence as the O b4

to 0.5 Gv. proton interval. By normalizing the background intensity
at the 12 gm./cm% depth where it amounts to 20%, the contribution
is evaluated and subtracted for different depths. A theoretical
relation for the variation of a-particle intensity with depth has
heen calculated in Appendix B and is normalized to the experimental
points in Figure 3.5 . This is derived from the solution to the
diffusion equation using available data for the fragmentation
parameters, absorption mean free paths,and primary fluxes for
particles with rigidities greater than 4.5 Gv. The values used

are given in Appendix B. The apparent nean free path obtained in
this way is a good fit to the experimental data although the
observed flux includes a-particles down to 1,0 Gv., This result is
in accordance with the observation that the interaction mean free
path of a-particles is independent of cnergy (Jain et al., 1959).
However the apparent mean free path is neither very sensitive to the
values of the fragmentation parametor51nrzg slight energy dependence
of the interaction mean free path., Therefore, in spite of recent
conclusions contrary to Jain et al. (Evans and Hillier, 1961)

all the experimental a~particle fluxes have been extrapolated to

the top of the atmospherce using the apparent mean free path of

55 gm./cm% In addition, all Helium nuclei are taken to be
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a~particles of mass 4. This is considered justified since the
number of secondary Felium nuclei amounts to only about 10% at 12
gm./cm% although they probably include a high proportion of He3
from the results of Yasin (1963), The generally accepted ratio

of He3 in the primary flux of He, + He, is of the order 10% and

3
will therefore make very little difference to the evaluation of

the integtal a-particle flux. However, with 1,0 to 1.5 Gv., from
Figure 1.1, He4 in this interval produces the.same: response-in a
thin scintillator as H93 in the interval 0,75 to 1.15 Gv., so for

a rigorous measurement of the rigidity spectrum the isotopecs must
be resolved, although this hcos not been possiblc here.

In spite of the slow proton overlap in the fast a~particle
region of the two dimensional pulse height distribution, the
minimum response of the scintillator at 12 gm./cm? depth is nearly
2.5 times that of a minimum ionizing alpha for a primary |
a~-particle in the rigidity range below 1.5 Gv. It is only protons ’
in the region 240 to 270 Mv. which can give a confusing response-
and a very large proportion of these are expected to be sccondaries
at both latitudes of measuremcnt. This can be seen from reference
to the figures in Table 3.4 for interval 7) which show a very
small flux of primarics at these low rigidities. If ionization
losses by a-particles in the residual atmosphere and detector are
allowed for, the region of msponse for primary c-particles between

1.0 and 1,5 Gv. can be detcrmined. The fluxes in this interval
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are evaluated for the threc flights and the systematic corrections
ar¢ applied.

There is good reason for assuming the rigidity spectrum of
heavy nuclei to be the same as that of a-particles from the
irvestigations referred to in Section 1.2 . Therefore under an
evaporation process for the fragmentation of heavy particles
(Kaplon, 1952) secondary &-particles will conserve the same energy
per nucleon. In view of this, and since the proportion of
fragmentation alphas is less than 10% at 12 gm./cm?, the same
altitude extrapolation is carried out as for the integral intensity
using an apparent mean free path of 55 gm./cm? The number of
a=particles reduced to 30 minute counts for the interval 1.0 to
1.5 Gv. are given in Table 3.6 together with the final fluxes. It
can be seen that the background intensity is relatively small from
the lower latitude flight where primaries were absent. This
background is scaled up in proportion to the fast proton intensities,
in a similar manner to that for the secondary proton corrections,
and is subtracted from the high latitude fluxes prior to the final
extrapoclation to the top of the atmosphere. All the measured

a~-particle fluxes are summarized in Table 3.6 .

3.5 Derivation of the flux of Light, Medium and Heavy nuclei.

Although the experiment has been designed to measure
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Alpha particle results from the present experiments.

Integral fluxes in units of particles/m% sec. steradian.

Flight number.

2
Pressure, gm./cm.

Number of partiecies ,
per 30 minutes.
Isotropic geometry
factor, cm% ster.
Corrected integral
primary flux.

Rigidity 1limit, Gv.

1B
12,0

621 + 25
25.5

199 + 16

1.0

h
i

2A

1240
480 + 12

25.5
155 + 10

2+5

2B 2B

15.5 20.5

630 + 15 612 + 14

26.6
253 + 12

1.0

*

Errors are statistical only, excluding proton correction.

rosrme La 2o
Low rigidity alpha flux, pavrticles/m. sac. steradian |
Flight number, 1B 2A 2B Rig. interval
Number of particles in
30 minutes at 12 gnm./cn’ 59 & 118 £ 51109 + 20 10 to 1.38 Gv.
Number of alphas with c
background subtracted, 43 %15 ° 86 + 21
Primary flux. 12 + 4 0 23 + 5 1.0 to 1.5Gv.
= _ 1
TABLE 3.6

Results from the present experiments on particles with 72> 2.

Total integral fluxes of Light, Medium and Heavy nuclei,
particles/mé sec. steradian.

Flight number.

Pressure, gm./cm%

Number of particles
in 30 minutes.

Integral primary flux.

1B
12

55 *
17,3+

24 2B Rig.
limit

12 15.5 Gv.

8 L8 + 5 78 + 12 0
2.6 ; 4.3 + 1.5} 25.0 + 4.0 1.0

-

TADLE 3,7
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proton and a-particle fluxes, it has heén possible to. resolve the
heavier particles on the non=linear region of the electronics, -
(Figure 2.9), although the statisticXs do not justify a subdivision
into the groups, Light, lMedium and Heavy. The two dimensional
distribution is used to discriminate these particles and the data
are corrected for systematic losses due to finite telemetry and
printout time before converting to a flux at the depth of
investigation.

It is rather difficult to make an extrapolation of such a
large group of particles without knowledpe of their relative
abundances, in view of their different mean free paths. The
results of Waddington (1960) are used to obtain an average mean
free path as an approximation. The Light, Medium and Heavy
interaction mean free paths are weighted by their relative
abundances and averaged, giving 25 gm./cm?, and the corresponding
fragmentation parameter is 0,30 . Thus the apparent mcan free
path is taken as 36 gm./cm? The fluxes are extrapolated to the
top of the atmosphere using this value and including the telescope
material of 1 gm./cm? The results obtained in this way are

summarized in Table 3,7 .
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CHAPTER &

DISCUSSION OF THE RsSULTS

4,1 The integral flux of protons above the atmosphere.

A1l the flights reported here were made at times when sea
level neutron intensities were at comparatively steady values.
The two-hourly mean rates for the Mount Washington monitor are
plotted for the relevant months together with the daily numbers of
class 2 flares in Tigure 4.1 . There were no class 3 flares within

at least 20 days prior to the flights and there was no evidence of

riometer events. It might be mentioned however that the period in
August 1961 was at the end of recovery from the large Forbush
decrease of July 1961. The general level of intensity wase
equivalent to that midway between the solar minimum of 1954 and
the following solar maximum. This occuﬁéd as a rapid transition in
late 1957, and was a period during which no balloon flights have
been reported giving data on primary protons and a-particles.
The long term variation in neutron intensity is shown in Figure 4.4
The integral primary intensities of protons above 0.88 Gv.
which have been obtained in the present experiment are tabulated
together with other measurements above a similar low rigidity limit
in Table 4.1 . These have all been obtained with counters. The

values have been plotted in Figure 4.2 against the two-hourly mean
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Integral proton fluxes above low rigidity

Date of Geomag Lower Imtegral  Mount ] Reference
flight 1lat. {iﬁit Pﬂriitﬁma Wash, |
Gv. sec.ster, X
7.9.56 59°N 1.0 2146 + 75 2340} Webber (1962) 11
16.2.58 55°8 % 2756 + 40 1940 | Vicbber (1962) 24
2.7.58 55° * 972 + 40 1956 { Webber (1962) 3
12.4.59 55° 1145 + 50 2083} Uebber (1962) &4
16.5.59 55° : 925 + 4O 1936 Webber (1562) 51
2.6.59 59° 1.0 1310 £+ 60  2112| Webber (1962) 6
22.8.,60 73°  0.88 1076 + 130  2125{ Vogt (1962) 7
7 8.9.60 73°  0.88 1129 + 135 2017 Vogt (1962) 8
15.9.60 73° 0.88 1138 + 140 2101 | Vogt o (196m) 9
122.7.61 73° 0.88 1062 1+ 120 202% | Meyer and Vogt (1963) 10
29,7.61 73° 0.88 1172 + 140 2030 | Meyer and Vogt (1963) 11
1.8.61 73° 0.88 1204 + 145 206G { Meyer and Vogt (1963) 12
6.8.61 73°  0.88 1324 4185  2125] Meyer and Vozt (1963) 13
8.8.61 73° 0.88 1263 + 150 2121 | Meyer and Vogt (1963) 14
18.8.61 Explorer XII 1523 + 200 2145 | Bryant et 1. (1963) 15
26.8.61 65°  0.88 1420 + 160 2158 | Present experiment 1B
21.7.62 65° 0.88 2120 + 175 22621 Present experiment 2B

i

Rigidity limited by the threshold rigidity.

—fe

Low energy solar protons obsoerved.

TABLE 4.1
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rates of the Mount Washington neutron monitor on the days of
measurement. The correlation is clearly defined althouph there is
a fairly large spread. in the puints largely due to errors inherent
in the statistical counts and the secondary corrections required
for extrapolating to zero residual atmosphere. Some of the earlier
measurenents have been made at Ifinneapolis and these are
distinguished as they probably represent a slightly higher rigidity

The {lhuces
limit. lisasurements near solar minimum are progressively less
effective at producing a response at sea level and are therefore
less energetic. This implies that the rigidity dependence of the
modulating mechanism depends also on the state of the 11 year
cycle of activity.

A plot of this type is a useful way of comparing data
obtained at different times, in order to indicate any unusual
results. It is apparent that the flux obtained in 1962 may be
slightly higher than expected, especially as the increase is mainly
due to fast particles which appear as primary protons with rigidity
in excess of 1.5 Gv. (See Table 3.5)., Such particles, if they were
all primary protons, would show a proportionate increase of
approximately 50% at lower depths in the atmosphere whereas a plot
of the overall intensity in 1961 against 1962 for different depths
shows a proporticnate increase in 1962 of about 30% down to a
pressure of 40 gm./cm?. Below this depth the increase becones

gradually greater with altitude. This cffect can be seen in the
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altitude intensity graphs in Figure 3.6a though not so obviously

as in the former plot. This increase at high altitude is
interpreted as the arrival of lower rigidity particles which were
not present in 1961. However since the flux akove 1,5 Gv. obtained
nt eltitude in 1962 is 45% over th: 1961 value, it is suggested
that the 1962 data might not be sufficiently corrected for fast
splash albedo., This.does not show much effect at depths below 40
gm./cm? as it is more rapidly absorbed but could increase the high
altitude relativistic flux. The suggestion tlat this albedo is
predominantly electrons (McDonald and Webber, 1959) is in
qualitative agrecment with such effects. The results of other
investigators have been used to estimate the splash albede which
could not be resolved at altitude as discussed in section 3.2c¢c.
Although it is not really understood how this increase in fast
albedo was produced other than in an extra 1.3 gm./cm% in the lower
detcctor of gondola 2B, these considerations are token to account
for the anomalously high fast particle intensity in 1962 in the

absence of any other interpretation.

L,2 The primary proton rigidity spectrum from 0.6 to 2.0 Gv,

The differential spectra of protons which have been
obtained from these experiments are shown in Firure 4.3 and apply

to two flights made from Kiruna, Northern Sweden in August 1961
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and July 1962 at a geomagnetic latitude 650 N. The errors involved
are large, mainly owing to the fact that the average altitude
reached was 12 gmo/cm? of residual atmosphere which required
systematic corrections for secondaries and background which were
greater than 40% below 1.0 Gv. At the higher rigidities the errors
are mostly due to uncertainty in the rigidity limits. It was not
possible to extend measuremenis below 0.6 Gv. as the uncertainties
due to corrections amounted to mcre than 1005 of the corrected
flux, The theoretical threshold rigidity was 0.5 Gv, for both
flights (Quenby and Wenk, 1962). There appears to have been a
large increase of over 50% in the intensity of particles in the
range 1,0 to 2.0 Gv., while the flux below 1.0 Gv, has not changed
so greatly over the given period. In contradiction with some
earlier measurements, this lower rigidity flux is appreciable even
taking account of the errors and seems to be in agreement with the
results of other investigators for this stage of the 11 year cycle
as shown in Figure 1.3 . 1In particular, the variations in flux
obtained by Fichtel et al. (1963) with emulsions also show a small
change between 1961 and 1962 at around 0.6 Gv. Although the lowest
interval suggests a fall-off in intensity, this cannot be seriously
teken as suggesting a cut-off in view of the large errors. For
part of the region between 1.0 and 2.0 Gv. the differential
spectrum appears to have a positive slope in both years.

This is the only occasion on which direct differential
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measurement of primary protons has been quoted over such a large
range of rigidities and the indication is that there is either
a) a minimum in the differential spectrum between 1.0 ard 1.5 Gv.
or b) the spectrum remains fairly flat from 0.5 to 2,0 Gv. at this
time. The former case is difficult to interpret other than through
the existence of some independcnt mechanism which favours the
presence of particles below 1.0 Gv. and opposes the 11 yesar solar
modulation of the galactic intensity, which is fairly well
established as progressively removing particles more towards lower
rigidities. The smaller changec in intensity from 1961 to 1962 at
lower rigidities is also suggestive of some mechanism additional
to the long term galactic modulation, This will be discussed
further in Section 4.3 . The errors involved in plotting small
intervals of a differential spectrum render it very difficult to
define the changes'in shape from one year to another unless
statistics are improved by using results from a number of flights
at about the same time., In order to detect long term changes in
the differential spectrum it is preferable to minimise errors by
taking the flux in broad rigidity intervals and to investigate the
variations over different stages of the solar cycle. It is first
necessary to adopt an index with which to measure the state of the
solar modulatiun,

In view of the large phase lag of 6 to 12 months between

the long term variations in the cosmic ray intensity and any of
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the parameters measuring solar activity such as magneti¢ indices,
solar radio emm$sion or average sunspot numbers, they are not very
suitable for representing the state of the main modulating
mechanism from one half oycle to the next. This phase lag is
illustrated in Figure 4.4 . The ccemic ray flux itself is probably
a better standard, provided that possible changes in shape of the
spectrum between intensity decrecase and recovery are minimised by
talking as wide a range of energies as possible. The neutron
monitor of Mount Washington covers these conditions and is the
only high latitude station that hus been operating since the last
solar minimum, it is also relatively immune from solar particles
and yet is more eemsitive to the low end of the spectrum in view
of its latitude. This station, together with Climax, has also
been found to give more consistent long term variations than other

stations, and will therefore be used as a standard hecre.

4.3 Changes in intensity of low rigidity protons over the solar

cycle.

The present results are compared with previous
measurements én the primary proton intecrval 1.0 to 1.5 Gv. by
plotting the fluxes against the dally two-hourly means of the
Mount Washington neutron monitor at the time of the measurement in
Figure 4.2 . The proton intensities in this case have been

derived from the smoothed integral spectrum and those results
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obtained from Minneapolis have be=sn distinguished in view of the
possible threshold limitation of the £lux., The modulation at this
rigidity is seen to be well correlated with the overall flux and
dces nov show any measurpble difference between the rising and
Falling periods of the solar cycle. However this might be expected
since the Mount Washirgton neutron monitor represents a fairly low
evcrage primary rigidity.

In contrast, Simpson (1963) has reported evidence for a
fairly definite phase lag in recovery of low rigidity over high
rigidity particles for the period of declining solar activity,
compared to the period prior to solar maximum. This has been
obtained with neutron monitors which represent an integrated range
of energies, and it is a more sensitive verification of the effect
to plot the low rigidity imterval 1.0 to 1.5 Gv. against the daily
mean rates of a low latitude neutron monitor. When this is done
for the flight data available, and using the neutron monitors that
were in operation for the whole period, it is found possible to
obtain either a lag or lead of the interval depending on which
nmonitor is used. This is a result of the irregular correlation of
some monitors over a long period.

Latitude surveys, which have been summarized by Kondo et
2l. (1963) for the nucleonic component, show a change in the power
law of tlke high rigidity particle spectrum over the last solar

cycle which is not in phasc with the change in the latitude "knee",
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and this can also be interpreted as a phase difference over the
two half-cycles. However, using either the Mount Washington or
Climox monitors which show a close correlation since 1955 (Figure
,6) and relying on the one measurement prior to solar maximum,
there is no phase leg of the rigidity interval 1.0 .to 1.5 Gv. over
higher rigidities that differs for the two half-cycles., It will
probably not be possible to resolve this guestion until data are
obtained extending after the next solar pinimum with equipment
that has a longer term stability than neutron monitors.

The fluxes in an interval 0,62 to 0.88 Gv., have also been
plotted against the average neutron intensity for the same period,
together with the figures given by Vogt (1962) and Meyer and Vogt
(1963) and a value deduced from the differential spectrum of
Bryant et al, (1962). (See figurc 4.5). - Phe positive correlation

is not very definite and in fact the variation within this interval
+Here becn

is consistent withxpoeignikicant change in intensity over the whole
period 1960 to 1962, As mentioned in the introduction, the
measurement of protons in this region depends rether markedly on
the method used in correcting for secondaries, and in order to
compare other data it is worth surveying the methods used to derive
then

The results of Bryant et al. were obtained with Explorer XII
and are therefcre free from atmospheric secondaries, they were

corrected for background secondaries in the detector by using
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similar apparatus flown with balloons from Sioux Falls and Fort
Churchill., 1In thesec balloon measurements the return albedo was
estimated by making use of the isot#opic abundances and also
caleculations made by Ray (1962). Overall corrections amounted to
about 50%.

The results of Meyer and Vogt were corrected for
sccondaries by calculations based on previous empirical data of
cther workers and a comparison with thelr own altitude
extrapolations.

The results presented here were corrected by the
subtraction procedure described in Section 3.2c¢c, using data from
different latitudes where the return albedo was estimated as
negligible compared with the first order secondary correction.

The presence of aay refturn albedo would imply that the derived
intensities are a lower limit.

The rigidity interval O.4 to 0.62 Gv. has been measured by
Meyer and Vogt and has also been plotted in Fipgure 4,5 . Even if
the absolute intensities might be open to criticism in view of the
corrcctions applied, the relative intemsities are significant din
indicating irregular changes in intensity compared with the overall
flux. The variation shows less correlation than the 0.62 to 0,88
Gv. interval, although the enhanced fluxes of 8 Sept. 1960 and 22
July 1961, which could be definitely associated with preceding

class 3 flares, have been omitted here. This is further evidenc:
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for an independent and intermittent source of low rigidity
protons at times of aopparently quiet solar activity, and is
consistent with the conclusions of Heyer and Vogt, which they
based on the time variations, that there is either continuous or
frequent production of protons by the sun, or that the storage
times of particles produced with flares is large. In view of this
it is possible that the flux in the interval 0.62 to 0.88 Gv. is
influenced to some extent by solar particles at quiet times, during
the years following solar maximum.

A solar source of particles,with rigidities high enoush
to produce effects im seca level necutron monitors,has becn
suggested by Kodama (195%). These conclusions are reached from a
study of the correlation of the 27-day recurrence amplitudes of
monitors with the intensity of solar noisc at 3750 Mc./sec. during
solar minimum. No quantitative estimate is made of the particle
intensities but there is an indication that they are enhanced at
lower rigidities. This is in accordance with the steep solar
flare particle spectra (Frier, 1963). Sea level latitude surveys
of the nucleonic component from 1956 to 1959 (Lockwood, 19603
Sandstrom, 1963) indicate a fairly sharp and constant 'knee" in
the latitude curve at 3,0 Gv., implying that the specific response
from lower rigidity patricles is exceedingly smalle Therefore,
the results of Kodama indicate a significant low-rigidity flux of

solar particles that is expected to increase with solar activity.
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A continuation of observations into the International
Years of the Quiet Sun is necessary in order to make a good
discrimination betwcen the solar and galactic protons. This is a
first essential if the galactic proton spectrum is to be compared

with that of a-particles.

b 4 The galactic spectrum of low rigidity protons.

Since it is not yet possible to ascertain the form of the
unmodulated galactic specctrum of protons by direct measurement, it
must be deduced from the changes in intensity at different
rigidities, with particular emphasis on thc¢ solar minimum spectrum.
It scems likely from these variations that the palactic spectrum
is very closc to the solar minimum spectrum at high rigidities
where it is well described by an exponential form. However at low
rigidities it is uncertain whether the flux at the carth recovers
to the full galactic intensity at solar minimum. The following
discussion would suggest thot it does recover between 1.0 to 1.5 Gv,
and that the galactic spectrum changes in shapc bolow 2.0 Gv,

It is evident from the positive correlation of the
rigidity interval 1.0 to 1.5 Gv. with the overall flux (Figure 4.2)
thzt this interval contains fewer solar particles than the lower
rigidity intervals, and it is possible to make & crude extrapolation

of the intensity to the last solar minimum when the two-hourly rate
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of Mount Washington was 2500, If this intensity of 420 + 20

. 2 . -
particles/mT sec. ster. is taken to represent the solar minimum

value Js s then as a ratio of this flux, the measured fluxes Je
&t the earth are: Je/Js g, = 0.27 + 0,03 for August 1961, and
Je/Js.m. = 0,45 + 0.05 for July 1962.

The results from Ariel I, obtained during May and June 1962
(Elliot, 1963) for the solar modulation of particles with charge
226, are found to be satisfactorily fitted by predictions based
on Parker's model of the interplanetary field (Parker, 1963)ﬂ by a
suitable choice of the parameters used in the theory. In order to
derive the form of the modulation from the measured spectrum, the
integral galactic spectrun is taken to be represented by J = J0P~1'5
over a radnge from 2 to 15 Gv. where 5 is the dintegral intensitj
above a rigidity FP. DBy taking the values of the parameters
applicable in this measured range, the modulation for a proton
rigidity 1.25 Gv can be calculated, giving Je/Joa = 0,53 + 0,04,
where J,, is the unmodulated galactic intensity.

Since at high ripidities the spectra of heavy particles and
protons are very similar (Section 1.2), the integral proton spectrum
of flight 2B can be normalized to the measured Ariel spectrum and
the assumed galactic spectrum. By extrapolating the exponential
spectrum, a value for the galactic intensity is obtained for the
interval 1.0 to 1.5 Gv., J = 3500 + 500 particles/m? secc. ster.

exp

Using the measured valuec of Je’ we obtain the following ratios for
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1962: J /I, = 0.45 +0.05 (P = 1.25 Gv.)
Je/JeXP = 0,05 + 0.01 (P = 1.25 Gv.)

These may be comparcd with the.value predicted from the Parker
modulation at a similar time.
Je/qx, = 0.53 + 0.0k (P = 1.25 Gv.)

Provided the Ariel modulation assumptions are valid, it
can be seen that the solar minimum value JS m is more consistent
a value for the unmodulated intensity J,y than the exponential
value Jexp’ Js.m. also appears to represent an upper limit to
this flux. It is therefore implied that the solar minimum spectra

is a better representation of the integral golactic spectrum than

ome of the type J = JOP'1'5 below 2 GvV.

4,5 The integral flux of a-particles above the atmosphere.

The a-particle fluxes above 1.0 Gv, in the high latitude
fliphts arce tabulated with other data available in Table 4,2, and
plotted in Figure 4.7 . 1In general the air cut-off has prevented
measuremént of these particles below 1.0 Gv. until recently. The
fluxes obtained by McDonald are included as a large proportion of
measurements made near solar minimum, although they have a slightly
higher rigidity limit. The points in Figure L.,7 are more diverse
towards solar minimum which is possibly due to both diffcrences

in the low rigidity limit and also the fact that neutron wonitors
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Integrel a~particle fluxes above 1.0 Gv. rigidity.

Mount

Date of | Geomag. } Lcwer { Integral Reference
flight | lat. |I16: Pai%gf/m‘ Wash.
Gv. sec.ster. =
18.6.54 | 60°%F ] 1.0 *| 302 + 21 | 2458 | Frier et al. (1959) 1
7.7.551 55°N | 1.55 | 306 + 25 | 2461 | HeDonald (1958) =2
17.5.56 | 54N ¥ 1255 + 20 { 2240 | Fowler et al.(1958) 3
21.8.56 | 55°N | 1,15 | 298 + 25 | 2370 | McDonald (1958) &4
17.8.56 | 55°N | 1,55 | 270 + 25 | 2369 | McDonald (1957) 5
7.5.56 | 59°n 0.8%*| 307 + 20 | 2340 | Webber (1962) 6
18.9.56 | 55°N ¥ 1240 + 26 | 2297 | Duke (1960) 7
17.5.57°} 55°N 1.25% } 157 + 17 | 2080 | TFrier et al. (1953) 8
30.7.57 | 55°N ¥ 1151 + 9 | 2089 | Engler (1961a) 9
30.7.57 | 55N ¥ | 164 + 17 | 2089 | Dananayake  (1963) 10
1.9.57 | 55°N v [136 + 97 1959 Frier st ai. (1959) 11
11.9.57 { 61°H 1.0 | 137 = 11 | 1971 | Adzu et al. (1959) 12
16.2.58 | 55° ¥ 1135 + 8 11956 | iebber (1962) 13
2.7.58 | 55°N 1130 + 15 | 1940 | Webbor (1962) 4
3.8.58 | 61°n 1.0 1135 + 8 | 1998 | Engler ('1961b) 15
12.4.59 | 55°N 1159 + 9 | 2083 | vebber (1562) 16
16.5.59 | 55°N ¥ 1132 + 8"11936 | webber (1962) 17
1.6.59 | 55°N + {172 + 8 | 2110 | vWebber (1962) 18
2.6.59 1 59% 0.8* 1182 + 9 } 2112 | wWebber (1962) 19
8.7.61 1 58% 1.0% | 197 + 11 ; 2161 | Stephenson  (1962) 20 |
f  Limit detormined by the threshold riéidity. |
* Limit determined by the wir cut-off. TABLE b.2
+ Obtained during a large Forbush decrease. continued

overleaf,
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TABLE 4.2 (continued)

‘e=particles > 2.5 Gv. in Figure 4.8

Date of { Geomag. { Lower | Integral Mount Reference
flight | lat. |38 paiigﬁ/m‘ Wash.

sec.s5ter.
- 7.7.61) 73°N 0.8* 1219 + 13 {2147 | Fichtel et al. (1963) 21
28,7.621 73°N 0.8* 1 253 + 18 | 2231 | Fichtel et al. (1963) 22
26.8.61 1 65°N 1.0% 1 199 + 16 | 2158 | Presant experiment 1B§
21.7.62; 65°% ! 1.0% {253 + 12 {2262 | Present experiment 28|
These references zrply to the o ggggzild and (1962v) M

TABLE 4.3

""4
’

Protons and a-particles in thc interval 1.0 to 1.5 Gv, rigidity.

Date of | a-particle} proton ; Mount|} Reference Lo. on
flight flux flux Wash., graphs
18.6.54 50 + 10% - 2458 | Frier ct al. (1959) —;“-
7.9.56 b + 5 |286 + 30| 2340 | Webber (1862) 2
18.9.56 10 + 2%* - 2297 | Duke (1960) 3
11.9.57 8 + 2% - 1971 | Adzu et al. (1959) 4
16,2.58 4,5 4 15 + 6 | 1940 | Webber (1562) 5
2.7.58 5.0 7 1 32 + 5 11956 | Webber (1962) 5
3.8.58 8 + 2¢ - 1998 | Engler (1961b) 7 !
12.4.59 0.0 ¥ { 65 + 8 |2083 | Webber (1962) 3 |
16.5.59 3.5 1 | 35 £ 5 11936 |} Vebber (1962) 9
1.6.59 6 + 1t - 2110 | Webber (1962) X1 10 ’
2,6.59 9+ 1.5 ] 80 £9 12112 | Webber (1962) 11
26.8.61 12 + & 1115 i420* 2158 | Prosent experiment 1B
21.7.62 23 + 6 2190 + 20"} 2262 | Present experiment 2B
¥ Obtained from smoothed integral spectrun. T At BBOIV.
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are very insensitive at rigidities below 3.0 Gv., New results from
the present solar minimum will be essential to define the changes
in intensity in this region. In comparison with protons from
Figure 4.2, the ratio of the integral fluxes of protons to those of
a-particles remains effectively constant over the half cycle from
maximum solar modulation to Mount Washington neutron rates of 2200
in two hours. Towards solar minimum there seems a tendency for the'
ratio to increase when all the data arc considered. However, there
are few proton data for this Kalf cycle, and if only the higher
latitude a-particle measurements are considered, the ratio is
indistinguishable from that at solar maximum, It is concluded,
therefore, that the question of any change in the ratio of the
integral flux of protons to a~particles over the solar cycle is
unresolved other than the change being smaller than the
uncertainties in the measurements. Although the lowest possible
rigidity limit, for which a reasonable number of results are
available, has been taken, the large rigidity range necessarily
includes a preponderance of protons and a-particles whose
velocities P are indistinguishable, A comparison of the proton
to a-particle ratio must be made morc sensitive if the possibility
of a modulating mechanism with both P dependencc and rigidity
dependence is to be excluded. This is discussed in Section 4.7 .
The flux of a-particles at the top of the atmosphere Tor

the low latitude flight is compared in Figurc 4.0 with previous
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integral measurements above 2.5 Gv., which is approximately the
geomagnetie threshold for this flight. The correlation of all
these points is excellent and they give a very clear indication of
the fast a-particlq intensity variations over the solar cycle,
Moreover the primary particles are lincarly dependent on the Mount
Washington neutron intensity over this range whereas the lower
rigidity particles become enhanced at solar nminimum. The presence
of low rigidity particles at solar minimum is also well illustrated
by the plot in Figure 4.4. This shows the purcentage changes in the
two~hourly mcan intensity of the Mount Washington and Climox
neutron monitors for each month since 1954 which is used as o hase
level. It can be seen that particles with rigiditics intermedicte
between the thresholds 3,0 and 1.35 Gv. largely diminished in

intensity during 1955.

4,6  The intensity variation of low rigsidity a-particles.

In view of the slow proton overlap in the fast a-particle
region of the two-dimensional pulse heipht distribution (Figure
3.6), it has not been possible to measure the rigidity spectrum of
a-particles over the whole ionisation sensitive ranpge. However
the lower rigidity region is most interesting from the aspect of
comparing the flux values with those of protons. The a-particle

fluxes which have been obtained in the rigidity interval 1.0 to
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1.5 Gv,., are plotted in Figure 4.7, in a similar way as for the
protons as a function of the Mount Washington neutron monitor rate.
Also included are the results of other investigations for the same
interval. Those which have been obtained at Minneapolis are
distinguished, and it is evident that these latter. fluxes--are.
lower than those for higher latitudes where there is little doubt
of their being free from geomagnetic thresholds. These a-particles
also show a positive correlation with the overall flux and agein,
as with the protons, there is insufficient data to detect any
pPhase change over the decrease and recovery of the flux., Some of
these data have corresponding measurements for protons in the same
rigidity interval which were made on the same balloon flights, and

these will now be discussed.

L.7 Changes in intensity of the primary protons and a-particles

in the rigidity interveal 1,0 to 1.5 Gv.

Figure 4.9 shows the results of simultaneous direct
measurements of protons and a-particles in the rigidity interval
1+C to 1.5 Gv., plotting proton flux against a=-particle flux.
Those results obtained from Minneapolis have been distinguished
and the only higher lutitude results, other than those which are
presented here, have been for the flights made from International

Falls in 1956 (Webber, 1962) and 1959 (iicDonald and Webber, 1950).
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Such a plot coes not need to presuppose that the galactic spectra
of protons and a-particles are similar in order to compare their
modulation, but only assumes some ratio for their intensities
which remains virtually constant over periods up to a decade or
more at distances beyond the influence of the sun. For a solar
modulating mechanism that is purely rigidity dependent these
values are expected to be fitted by a straipght line through the
origin, whereas, the existence of any additional factor in the
modulation which differentiates between protons and a-particles
will cause a deviation to some extent from this proportional
relationship. In order to give an indication of this effect, and
assuming a certain but arbitrary value for the unmodulated galactic
intensity of both particles, the theoretical dependence of the
ratio has been drawn for two opposing idealized models of the
modulating mechcnism.

FPirstly o case is considered where rigidity is the only
controlling porameter associated with the particle. This hnas been
suggested in the literature on earlier measurencnts, and to describe
such an effect the solar dipole model was constructed by Blliot
(1960). This line is drawn for a galactic ratio of 7.0 and 6.0,
which remains unchanged throughout modulution. Although a bLetter
fit is obtained for a line of slope 7.0 the points do not lie very
close to it and are rather supgestive of a curve, It van be noted

that the origin (0, 0) will represent =n experimental point if the
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data do not include any solar produced particles. The second
theoretical case is tuken as one where the modulation is dependent
solely on the velocity of the particle B, in a way that is predicted
by the modification made to the theory of Parker (1958) by Dorman
(1960). Values have been arbitrarily teken for the galactic
intensities in order to derive this as follows: protons, 420
particles/m? sec. ster.; c-particles, 70 particles/m% sec. ster.,
and these represent a fair approximation to the sunspot minimum
values obtained by extrapolation. The curve is drawn for a rigidity
of 1.25 Gv., and for a slightly higher mean rigidity the
correspcnding curve is not quite so bowed. The distinction, which
may be applicable if the spectra are fzlling towards lower rigidities
as in the Minneapolis measurcments, is negligible however. The
experimental points appear to show some deviation from linearity,
and indicate a ratio for the intensity of protons to a-particles
which clearly differs from that for the total integral fluxes,
This remains close to 7.0 over the solar cycle from Figures 4.2
and 4.7 . It will be extremely interesting to obtain further
measurements in order to approach the galactic intensities at these
low rigidities and define the modulation better.

The many modulating mechanisms which have been devigsed to
describe long term cosmic ray intensity variations have been
essentially simple in their originol formulation and some have

been gradually modified in order to fit more experimental data as

- |-
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they become available., A summary of most of these theories is
presented by Dorman (1963), and some have already proved to be less
acceptable because they are too restrictive in the number of
phenomena which they explain, e.g. Davis, (1955); Vorrison (1956);
Ehmert, (1960), although some features of these theories are not
excluded. Until more extensive results are available, of the type
presented here, it is only considered worth using them to make a
broad comparison of the validity of either a static orZ;onvective

field at large distances from the sun beyond the earth's orbit.

This will now be treated in more detail.

4,8 Relative modulation of protons and a-particles.

Of the models which talie account of the solar wind,; the
hypothesis of Parlter is very general and has recertly shown a
reasonable description of the 11 year modulation from the results
of Ariel I (Z1liot, 1963). Its predictions are now compared in
more detail with the prosunt results. The original theory (Parker,
1958) was first modified by Dorman (1960) to fit the low rigidity
modulation and has since been reviewed by Parker (1963).

Cosmic rays from the galaxy are regarded as diffusing
through a spherical heliocentric region of plasma moving outwsard
from the sun, constituting the solar wind and containing 'frozen

in' inhonogeneous fields. The time scale of diffusion is shorter
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than the long term changes in the irregularities or wind velocity
so that an average steady state is maintained in the absence of

spasmodic solar outbursts. The diffusion egquation may be written:
2
dj/dt = -V'(uj) +Dv_(j) [ 20 2 B BB BN lt".’l

where'j'is the differential spectrum of particles as a function

of radial distance 'r' from the sun. D is the coefficient of
diffusion and 'u' is the solar wind velocity, taken as independent
of position in this instance. Assuming that D is also independent
of position anda that Ehe steady state is reached so that dj/dt -» 0,

a solution is given by Parker of the form,
Jo(r) = § (r).explr, - rq)u/D crescrseees W2

where r2 and r1 determine the radisl limits within which the solar

wind occurs. Introducing the number of scattering inhomogeneities

n' as (r, - rq)/s where 's' is & typical scale size of the

2
scattering centres, and using the transport diffusion equation to
give D = (1/3)>\v where 'v' is the porticle velocity and '>\' is the
nean free path, then,

i (r) =3 (r).exp -3uns . 5

BeA

It remains to determine the parameters 's' and 'k'. For particles
with a low rigidity and therefore small radius of gyration 'e',

which is less than the typical dinension of the scattering centres,

O
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the mean frece path will be of the same order as that scale size,
i.e. X‘= s. For larger radii of gyration the mean free path is
determined by the degree of scattering. The value 'k' is of the
order Ns where I is the number of collisions required to deflect
the particle by approximatelynfg.radians. Tach collision with a
scattering centre of dimensions 's' will cause a deflection s/e
and if occurring randomly, after N collisions the deflection is

'\/E-l\?s/p. Thercefore >\ ~Ng rv g_e_.s ~€2/s . We thus have the

2
idealized cases, 5

jo(l‘) = j (r).e:{p —Bun for €<S EEREE L|..L|.
Be

. . 2

JO(r) = j (r).exp =3un,s” for E)) s eesses W5
Bc ge

\

These arc of the form given by Parker (1963) and they are found
to fit the Ariel data by a suitable choice of the parameters.
By assuming a certain value for the field strength in order to
relate rigidity to the radius of gyration, the scattering scale
size 's' is about four timés the radius of gyration corresponding
to the rigidity interval measured in the present experiment.
Equation 4.4 is therefore taken to determine the modulation,

Using this relation for the rigidity 1.25 Gv. the curves
given in Figure 4.10 are obtained. These show the predicted ratio
of protons to a-particles for this model, for different ratios of

the galactic fluxes, plotted as a function of the factor
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representing solar activity, 3un/c, which has becn abbreviated to
K(t). The stra%ght lines representing constant ratios are typical
of a purely rigidity dependent modulation., The ratio obtaincd
from the flight 2B mcde in July 1962 is plotted against the value
of K(t) applicable to May and June 1962 derived from the results
of aAriel I (Elliot, 1963).

Unfortunately, there are no recliable primary spectra that
have been published for the earlier measurcmcent in August 1961 anc
so an approximate value of X(t) has becn deduced by using the
change in response of neutron monitors over the period, and
assuming the convective model to be operative. This method relies
on the latitude survey of the nucleonic component madc by Kondo et
al. (1963) for normalizing the monitors, but is independent of the
specific yield functions and differential response curves. Since
there were no comparable latitude surveys at the times of interest,
the percentage deviations of the monthly means of sza level nceutron
monitor rates from solar maximum, teken as the average of the first
three months of 1958, are calculated for August 1961 and lay + June
1962. Then, taking the sca level latitude survey for 1958 to 1959
made by Kondo et al. as corresponding to the base lzvel, the
latitude curves of neutron monitor rate against geomagnetic
threshold are drawn using the thresholds of Quenhy and Wenk (1962),

The relative slopes of these curves at any given rigidity are in
S =



- 12k -

the ratio of the differential primary intensities at that rigidity.
Thus the differential spectrum can be derived for 1961 relative to
1962 and btz fitted by a certain modulation factor K(t) for the low
rigidity particles in a similar way to the Ariel data, Althouph
this value is not expected to be very reliable in view of the
shortage of monitors between 3 and 6 Gv. it gives the only

possible estimcte for the change in the modulation,

The two available experimental points show a ratio greater
than 7.0 which applies for the high rigidity flux anc, although
by no means conclusive, they show a variation that is in better
agrecement with that expectéd for the solar wind model than that
from a static,purely rigidity dependent modulation.

In view of the air cut-off for a-particles the investigation
of a much lower rigidity than 1.0 Gv. is difficult other theon with
satellites. However,if a modulation of the form in Equation 4.4
is responsible for the divergence of protons and a-particles over
the solar cycle, the variations will be more sensitive towards
lower rigidities in accordance with the curves given in Tigure
4,11 . Here the predicted ratio of protons to a-particles,
compared with the unmodulated intenszities, has been plotted os a
function of rigidity for different stezges of the solar cycle. It
must be emphasised that this is =n idealized case, and although
it is probably more applicable to low rigidities, it is only shown

as a semi-quantitative pguide to the ceffects at lower rigidities,
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FIGURE 4,11 ' Proton to a-particle ratio of fluxes as a
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The practicability of mcasuring the variations at a lower rigidity
than that used here will depend greatly on how fast the unmodulated
galactic spectrum falls away in thkis region, and also on the quiet
time intensity of solar protons. TFor a certain change in the ratio
of protons to a-particles, provided that it is attainable over the
solar cycle for the rigidity mesasured, a greater statistical
accuracy will be obtained for the higher rigidity intervals,
although at lower values the variation will be observed over a
shorter period closc to solar minimum. Such experiments are being
designed at Imperial College to measurc the intensities at a mean
rigidity of approximately 0.6 Gv. with satellites during and after
the next solar minimum.

It is of great interest to extend the simultaneous
neasureneitts of protons and a-particles in order to obtain &«
rigidity dependence for tue ratio of their ¢ifferential jntensities,
and thus impose mcre stringent restrictions on the possible

modulating meclhianisms.
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L.9  The Light, Medium and Heavy nuclei,

The main significance of these results is in demonstrating

that the change in integral intensity over the solar cycle has

broadly followed the same variation as the a~particles above a

similar rigidity limit.

obtained for particles with charge Z>2 is given in Table 4.4 and

these values, which a*l have a low threshold rigidity, are plotted

A sunmmary of fluxes which have been

in Figure 4.8 against their respective Mount Washington neutron

monitor two-hourly rates for the days of measurement.

Total Lizht + Medium + Heavy nuclei fluxes above low ripgpidity.

wm W

(Y

1B

: —-=
Date of | Geomag. ! Lower | Integral Mount Reference
. rig. Tlux W as)
flight lat. lLimit parts./m? Wash.
Gv. scc.oter.
13.3.56 § 53°N 1.4} 21,6 + 2.3] 2134 | Biswas et al.  (1960)
18.9.56 | 55°N 1.3 }29.3 + 4.2 2297} Evans (1963)
30.7.57 | 55°N 1.75 | 14+ 1.9| 2068 | Fichtel (1961)
11.9.57 ) 61°0 ¢ 1.3 {15.8 + 0.7| 1985 aizu et al. (1962)
4.,9.59 1 53.5°N} 1.3 15.2 + G.9! 1875 | Koshiba et al. (1963)
Onr Foster and c

3.8.58 1 617K 1 0.9 1148 £ 1,20 1998 1 p i (1963)
26.8.61 65°N ! 1.0 17.3 + 2.0 2158‘ Present experiment
21.7.62  65°N 1.0 25.0 + 4.0; 2262; Present cxperiment

A

2B |

TABLE 4.k
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In Figure 4.8 the 'best line' representing the a-particle variation
from Figure 4.7 has been drawn and scaled dowvn in intensity by a
factor of 10 for comparison. The statistical errors are fairly
large, but nevertheless there is a close similarity in the
modulation of these different particles. This is consistent with
a common controlling environment. However, near solar maximum,
there is a tendency for the heavy particle flux to remain constant
although the necutron counts change by about 10%. If this is a
real phenomenon, a tentative explanation could be the production

of a small flux of hcavy solar particles at about this time. As
an unusual rise in the heavy flux has been detectecd which was not
accompanied with a comparable increase of particles of lower charge
(Kurnasova et al., 1961), it ssems possible that hecavy particles
can be preferentially acceleratsd by the sun, at lsast for short
periods. If there is a background flux of solar produced protons
that persists for periods of several months, as has been suggested
in Section 4.3, it is likely that most oi the particles which are
enhanced in intensity with large solar flares are also present at

a low level during the years of maximum solar activity .
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COROLLARY

Improvements for continuation of the mecasurements.

The flights which have been made so far are only intended
as part of a longer term survey os the significance of the results
will be of much more value when they can be related to reliable
sunspot minimum fluxes. It is proposed to continue 4n 1964 and
1965 similar investigations as have been reported here. As a
result of the work to date it has been possible to determine
certain modifications to the tclescope, with a view to improving
the particle charge and energy rcsolution, and still maintaining
the spame technique for particle identification and telemetry of
pulsec heights,

The expansible rubber balloons which were used for these
flights, apart from not proving very reliable, were not capable of
taking the load higher than 10 gm./cm% without rislzt of bursting.
This altitude limitation was one of the major factors in restricting
the accuracy with which the spectra could be determined due to the
rcelatively large number of secondaries at this depth and the
complete absorption of a-particles below 1.0 Gv. Flights are now
being made with larger polyethylene balloons to obtain a higher
altitude.

By a suitablc mixturc of Cerenkov and residual

scintillation light, a slightly better fast splash albedo
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resolution cen be achieved together with the effect of taking the
slow proton and a-particle overlapping region to lower »roton
rigidities. Some confusion of this type is unavoidable, so in
order to eliminate these slow particles, all of which are
secondaries even at 650 N. peomagnetic latitude, a third
scintillator detector has been introduced, separated by a few

grams of absorﬁer beneath the original elements, and operating in
coincidence with these. This configuration necessitates some
alteration in the geometry since the Czrenkov detector must still
be viewed from below to achieve good directional properties. In
this system the scintillators are viewed from the side using
perspex light pipes, thus reducing the amount of material above

the detector. The pulse height distribution for relativistic
)*-mesons has a comparable width at half maximum to that obtained
with the darvic cone method of light collection. As the amount of
absorber is such that protons below 0.35 Gv. will not be detected,
it follows that a-particles below 0,7 Gv. will not penetrate to

the third detector. To enable these particles to be seen the
electronics have been modified =so that the telesccpe will operate
in two-fold coincidence from the upper two detectors when the light
output in the first scintillator exceeds approximately 20 tines
that from a minimum ionizing proton., This means that for particles
producing such effects, which includes heavy particles, the peometry

will be larger and this will to some extent compensate for the low
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flux of these particles. It is arranged that the half-width
contribution from path length variations under these conditions is
not greater than 20% by a suitable finite separation of the two
upper detectors.

It is expected that the proportion of background will be
greatly diminished as a result of a threefold system. In laboratory
tests it has been possible to improve the Cerenkov response
distribution by minimiming the edge effects, using the upper and
lower detector elements to define the geometry. Calibrations of
the detector response are being augmented by using artificially
accelerated particles, and sevoral general modifications are -also
being made with a view to economising further of power consumption

in the gondola and making it lighter in weight.
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APPENDIX A

Calculation of the geometry of a truncated conical telescope.

Consider two dislk shaped elements of radius R,I and R2 lying
parallel and separated by a distance 'd'along the vertical axis
through their centres. See Figure A, The effective coincidence
area of the telescope for particles arriving at an angle € to the
vertical is that which is shaded, S5(€!). Let the cosmic ray flux
at an angle € be reprecsented by IO.F(G) particles/m% sec, steradian
where Io is the vertical flux. The contribution to the counting

rate from particles arriving at an anglefg within a solid angle

A is then:

dv = IO.F(H)S(Q)cosstiu) varticles/sec
5(0) is given by Fj(f-fsinzf) + R%(Y -Fsin2y)
o R 2y 2,2
where cos)( = (R2 - R1) + Dtan“H
2R,Dtan ()

(Ri - Ré) + Datanae

cosf)

2R,]Dtan9
When 8 < arc tam(R,I - R?) S is constant = TI‘R22
D
and when O = arc tan(R,I + R2) = Eﬁmax S is zero.
D

Let the errival direction in azimuth be «, then integrating over

all dw , the counting rote from particles in the upper hemisphere,
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2r 0:=0max
N = I':> da { F(B)S(D)cosO sinbP a8  particles/sec.
The geometry fat?tor ?‘L;Odefined as N/IO me‘cre2 steradian and has
to be evaluated by numerical integration in view of the complexity
of the function S(8).

For the opening angle of the telescopes used, which were
approximatcly 150 gither side of the zenith, the flux is
practically isotropic at balloon altitudes. i.e. F(B) = 1. At
sea level the variation in the intensity with zenith angle is
fitted closely by the form F(8) = cos 6 .

The corresponding gceometries for the standard configuration

used in the telescopes werc:

Isotropic geometry 25.8 + 0.1 cm> steradian

24 b+ 0.1 e steradian

Cos2 seometry

22 o2 .
ﬂ.R1.R2 geometry

DE

29.5 + 0.1 cm? steradian

The iscotropic geometry facter was taoken for calculating

particle fluxes at altitude.
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FIGURE A 4 Diagram used for calculation of the geometry of a
non-cylindrical telescope. (Appendix A)
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APPENDIX B

Values of parameters used in extrapolation of a-particls fluxes,

The general cquation for vertical diffusion may be written
in tke following form if ionization loss and energy degradation

are neglected.

_ i2]
de/dx = Jj/}\].+z Pij.Ji/>\i

where Jj is the intensity of particles of type 'j' at a depth 'x'.
Pij is the fragmentation parameter or the average number of
particles of type 'j' resulting from a collision of a particle of
type-'i'.
kj is the absorption mean frece path of type-'j' particles.
The absorption mean free path A is related to the
interaction mear frec path X oy >\j= )\"j/(’l - ij)
For convenicnce the primary cosmic ray particles are

divided into the standard grouping for which the relevant

parameters are given below after Waddington (1960).

N 2

j z Gm.)'}cm? Gm./ch® Relative intensity 4.5 Gv.
o 2 by L5 90 + 2

L 34745 32,0 364 1.66 + 0.2

M 6£2€9 26.8 32.3 5.6 + 0.2

H Zz 210 19.6 27.6 2.58 + 0.2

Figure 3.5 shows the experimental extrapolation and Webber (1956)
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derives the solution to the diffusion equation for a-particles

using the above grouping and at a depth x gm./cm? as:

Lm=:LwG%Q+AMRuhw+&JM,°

L ——— U +

>\1L | >\IM ™

AML o/ 1 |
5 (R i )] [exp Cx/n ) = epa/n)
. A, P ° °\ .
+ _..S\_"':_j (PMN._. ML ):':L Pm)( T, + a ):c': N )}_Q}i?(‘ /)\3‘
ey

L
]

+ A““ [P ~ B Prag At Pw_ P Au: + PH‘M'Pm T’{a %
A;‘ He, >(m )(L , )\L\)\L
(AHH Anu" R Am.)] [Q'*\’ ('.x/)\)" r(‘z}i’
A RV
Ay - X~¥ >0 4 N S
j L

0

3} derotes the Primary flux of type-'j' particles.
The fragmentation parameters in air after Waddington (1960)

are token as follows for evaluating the above solution:

Py = 0.29 % 0.11 Py =-0.46 + 0,05 - P = 0.21 1 0.09
Py = 017 £ 0.06 Py = 0423 + 0,07 Py, = 1.27 % 0,28
Pip = 0.12 £ 0,07 P . = 079  0.26 Pg, = 1.23 + 0,40
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