CHARGE SPZCTRUM OF THE HEAVY PRIMARY

Thesis by

Fdward Abraham Stern

)

In Partial Fulfillment of the Regulrements
for the Degree of

Doctor of Philosocphy

California Instiltute of Technology
Pasadena, California

P

- 20D



ACKNOWLEDGMENTS

in tﬁe degign of new egulpment one always meets with
various difficulties. The research described in this thesis
was performed under the supervision of Dr. H., V. Nehef whose
contribution of some very important ildeas was essential in
the overcoming of these obstacles. The author is also in-
debted to Dr. Neher for his constant interest in the research

and for many very stimulating discussions.

o

1la

It 18 also a pleasure to acknowledge the help of Mr,

[

02

Johnston whose aild was essential 1n collecting the data durin
<D

jai]

the balloon flight. In addition Mr. Johnston read over a sec-
tion of* the preliminary thesis and made some suggestions that
were greatly appreciated.
~Although only two sets of eguipment were Sucéessfully

Tlown, twelve sets were constructed in all. uch a formidable
construction Job would have been extremely tediéus without fthe
ald of various undergraduates, most of whanwere at the time
members of the author's freshman physics class; The help of
Earl Jacobs is also gratefully acknowledged. His ihspiration
and help came at a critical moment when time was short and
the work was long.

The skyhook balloon flight was sponsored by the Office
of Naval Research as was the rest of the research. The co-
operation of the ONR representative, Commander Sparkman, who
arranged the skyhook balloon flight, is gratefully acknowl-

edged.,



Finally it is with pleasure thatv 1

g

Selence Foundaticn for two fellowshivps which covered the

e 2 )1

time of the research of thils thesis,



ABSTRACT

A measurement at A = 55°

and 95,000 feet was made of
the heavy primary cosmic-ray charge spectrum (7 > 3);by
means of a pulse lonization chamber. The characteristics

sl

of the chamber and assoclated electronics are described.

The effect of nuclear stars on the counting rate of the
chamber was determined experimentally by sending up simul-
taneously two chambers, one fllled with argon at half the
pressure of the other. Slow evaporation particles will
stop in the chambers and give the same pulses independent
of pressure. Cosmic rays give pulses proportional to the
gas pressure. Comparing the two chamber counting rates per-
Vmits a determination of the star contribution.

Other causes of the background counting rate were dis-
cussed and corrected for. It was concluded that Be and B
combined are as abundant 1in the primary beanm aé the CNO
group. The flux of the heavy particles Z 2 0 was also de-
termined. It was not possible to obtaln any information on
thé abundance of Li.

A suggested improved version of the equipment 1s de-

scribed and possible experiments are discussed.
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INTRODUCTION

To date practically all of the quantitative data on the
heavy flux Z2 3 have been obtained by means of photographic
emulsions;\ At the time that this experiment was cohceived
photographic emulsion data disagreed on the existence of Li,
Be, and B in the primary beam (19’20), though they did agree
on the intensity of the CNO group and the Z > 9 group. Since
then the data have agreed on the existence of Li, Be;‘and
B (18) but disagreed on thelr intensity. However, even in
the CNO group there was disagreemenﬁ among photographic
people on the relative intensities of C, N, and O within the
group. (19,20) In addition there was disagreementAon ‘the
energy spectrum of the heavy particles measureq in the emul-

(19,20) For these reasons and others it seemed de-

sion.
sirable to obtain measurements on the heavy flux by an
independent means, in this case the pulse ilonization chamber,

| Pulse ionization chambers had been used before to measure
the primary flux Z 2 3 but only to show that the pulse size
distribution was consistent with the spectrum obtained by
photographic plates. Pulse lonization chambers have also
been used to measure the primary e{-particle flux and have
(23)

given some semi-quantitative results.

The importance of the determination of the heavy cosmic-



ray flux for theories on the origin of cosmic rays has been

(19’20’21> and will not

amply disgussed in the literature
ﬁe attempted here.

A decided disadvantage of photographic plates is‘the'
great amount of work necessary to obtaln any statistiés,on
ionizihg events and, in particular, the heavy particle flux.
Electronlic devices can accumulate the statistics much more
readlly and are thus better sulted for measureménts of time
fluctuations of the intensity of the heavy partioles.

(2k)

It has recently been realized that studies of fluc-

tuatioﬁs in the intensity of cosmic rays will throw some light
on the origin of cosmic rays and on the structure of ﬁhe solar
system. This makes 1t increasingly important to develop elec-

tronic equipment to measure rellably the heavy particle flux.



DESCRIPTION OF THE EQUIPMENT

THE PULSE IONIZATION CHAMBER

The instrument used in this experiment is a pulse loni-
zation chamber which employs electron collection.. Electrons
formed by an ilonizing particle traversing the chamber are
collected on the collecting electrode consisting of a 2"
diameter hollow copper sphere supported by a .llO"ldiameter
copper plated drill rod in the center of a 10" diameter thin
walled steel spherical shell. The voltage pulse induced on
the center electrode by the collected electrons is amplified,
and both the humber and sizes of the voltage pulses are tele-
metered to ground. The chamber is operated with 300 volts
between the collecting electrode and the outer shell, and
is filled with either about 3 or 1% atmospheres pressure of
99.9986 percent pure argon. The instrument is calibrated
both before and during a flight by means of a Poglo oL -particle
source bullt permanently inside the chamber. The voltage
across the chamber 1s sufficient to saturate the pulses due
to the Po o-particles,

210

The Po was placed on a clean copper electrode by merely

2
rubbing the electrode on some Po 10 plated copper foll. The
adhesion was strong enough to coat the electrode with a suffi-

210 - '
clent amount of Po . The Po electrode was insulated from
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the rest of the chamber by being soldered in a kovar seal,
which was itself soldered to the sphere. The construction
details are shown in Figure 1. By changing the voltage on
the Po electrode similar to the way 1t was done by

Pomerantz (1), it is possivle to turn the Fo oC—partiéle
pulses on and off., When the Po electrode was connected to
the spherical shell at +300 volts the electrons from the
ions formed by the &'s were collected by the center elec-
trode, turning the pulses on. When the Po-& electrode was
grounded, thus being at the same voltage as the center elec-
trode, the electrons were collected on the Po electrode and
did not reach the center electrode, Tturning ﬁmao:pulées off.
During the flight a clock driven switch turned the o€ pulses
on and off pericdically to give a standard pulse as a check
oh the stability and accuracy of both the receiving and the

balloon eguipment.

Degign Details

The size of the center electrode was determined by
various requirements. In designing equipment for balloon
flights 1t is desirable to have everything as light and
simple as possible without undue sacrifice in quality of
'performance. The voltage which must be maintained across
the lonization chamber should be as low as possible, but
still must e able to collect the electrons from an ionizing

particle. Less voltage means smaller number of batteries
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required and, hence, less welght. In addition by using low
voltages across the chamber the dangers of spurious pulses
due to sparking and corona at high altitudes will be lessened.
The quahtity of importance 1n collecting electrons for a
glven pressure is the electric fleld and, in particulér, the
electric field next to the outér sphere where it 1s weakest.
Increasing the size of the center electrode will, for a given
potential across the sphere, increase the electric field.

There 1is another effect dependent on the size of the
center electrode that is very important. In electfon col-
lection, where the electrons are collected much more rapidly
than the positive ions and where the decay time constént of
the amplifier is adjusted.so that the amplifier amplifies
only the fast pulse induced by the electron collection, the
amount of charge induced on the center electrode by~a cpl-
lected electron depends on where the ion pair from which
the eiectron came is formed in the chamber.(g) :If the
potential of the center electrode is called 0 and that of
the outer electrode VO, then the amount of chafget induced on
the center electrode when an electron is collectéq; is,ye%z R
where V is the potential where the ion pair was formed and
~e the electronic charge.\(g)

This effect, the potential factor, can be readily cal-
culated for spherical geometry. It is sufficient to calcu-

late the differential pulse helght distribution produced in

the chamber by a unidirectional beam of similar particles
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which lose an average energy per unit path length in the
chamber of w. Fluctuation in energy loss will be neglecbed
ﬁow but will be considered later. The assumption will be
made, borﬁe out experimentally (3), and also expected
theoretically (4), that the average number of ion'paifs,
formed is proportionél only to the energy loss of a particle
and not dependent on the energy or type of particle. Under
the assumed conditions the pulse height will vary because
of varying path lengths through the chamber and because of
the potential factor.

Consider a particle which traverses a 1ength,£1ﬂnﬂugh
a chamber of radius b (see Figure 2). Call R = ';2—( % e
the shortest. distance between the path of the particlé ahd
the center of the sphere. ‘The number of ion pairs formed

in a length dx is ¥ dx where W_ is the averagevehergy

Wo

per nucleon pair. It will be assumed that all ion pairs

are formed near dx. This is not precisely true:since high
energy knock-on electrons from a relativistic particle will
travel appreciable distances, ilonizing along their paths,
pefore they will stop. However the greatest portion of the
energy loss for relativistic cosmic-ray particles is by low
_energy collisions producing low energy electrons which pro-
duce all of theilr ionization near their point of formation.
The high energy knock-ons will be emitted preferentially

in the direction of the incident particle and will form most

of their ions in the vicinity of the original path of the
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Figure 2. Diagram explaining the meaning of the
symbols involved in calculating the potentlal factor for
a spherical chamber,



primary particle. For these reasons the assumption is valid.
The voltage induced on the center electrode by the ion

palrs formed in dx is

<<

|
ol
QO | =

where r is the distance of the element dx from the center of

the sphere. The total voltage induced on the center electrode

ewb (a-r) ax
S (!) = Wo(a—b) f————;—-—————“ .

Consider case (a) where R 2 a, the particle does not pass

is

through the center electrode.

where X is shown in Figure 2.

r r dr

5 =
\/rE—Rg

dx = dr
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dr
£
- 5 )
Define (I) ( )
3 W la-b
(L) s . (1)
Then
" :
OW) = a 1nf 2 /2 78 o0& d£2yr”-2",
- s b2 R2Za.(2)

Consider now case (b) where R<£ a, the particle passes through
the center electrode.

F\DIN

2 ,,9
a-r _ dy = a 1n Ei_Z§m“ - + a’—Rg 3
,2.2 '9 -

a rT-R T -

a-t+ja R2
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The probability of a particle passing in the interval

R-~» R + dR 1is

where K 18 a normalizing constant determined so that

10 'b
]
2y gR = 1 =] on gr = TR = i
P(R) dr =1 =T | 2R aR =" . B="
O 9]
and
oy -
P(R) ar = 2540 (%)
O

i "«

We next introduce g(@) as the probability that the pulse
height is between @ and O + 40.

Then g(9) dQ = P(R) dR,

» q(0) = p(R) &4 = 28 dR - 2R 1 (5)
R T ac 2 dg 2 -
o] b s14] 5 an
, . o . PP s .
To determine S92 we differentliate Eguations 1 and 2, and

after much mental exercise in algebra, we obtain

- %2 .

aly 3 -ao . -

R T T — b2 R Z2a , (6a)
} 2 .2
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ag R 1 a ©
Eﬁ'—f~;~_; - 5 o -
Jb -R® b +Jb R a -.L\‘ag—-Rg

2 .
+ B a2 RZ 0 (6b)

2
(o +‘b2~R2)(a +Ja2~R2)

Combining Equations 5 and 6 we obtain our desired differential

pulse height distribution. It is of interest to note that

the relation between @ and R is double valued; at some values

al

of @ there exis% two values of R. In order to find g(Q) for

"y

these values of 4 one has to add

dit D i
P(R,) (a-@) . and P(Rp) (df) . ,
1

i

where Rl and RP are the two values corresponding to 0. The

distribution q(Q) was calculated graphically and is gilven in
Figure 3 for a 2" diameter center electrode and 10" diameter
outside electrode. For compariscn the differentlal distribu-

s

cion for a zero dilameter center electrode is plotted. It 1is

4y

seen that the differential pulse height distribution is
greatly improved towards an ideal one by using a 2" diameter
center electrode. The integral pulse height distributions

Q

max

(Qt) dQ' are given in Figure 4 for a 2" diameter

LQ
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and a 0" diameter center electrode.

da
dR

ba when R = \’ab . Using this and Equations 1 and 2 we

The maximum pulse occurs when = 0 or from Equation

see that the ratio of the maximum pulse for a = 1" and

a = 0 with b = 5" is

S -
max, a=l = 757

S
max, a=0

One may ask what is the value for a, the center elec-
trode radius, that will give the best differential puise
height_distribution. A larger a than 1" would improve the
pulse helght distribution but would introduce other prac-
tical difficulties. The larger the center eléctrode is,
the harder it is to support it. The larger the center
electrode, the more are the nuclear stars that are formed
in 1t. It 1s desirable to minimize the number of nuclear
stars since they can give pulses that can be confused with
cosmic~ray primaries. More will be said about nuclear
stars later. In addition it will be shown that i1f the statis-
tical fluctuations in lonization are taken into adCount they
cause a spread in pulse sizes that is surprisingly large,
preventing much gain by increasing a.

The gas pressure used in the chamber is determined by
considerations of recombination, the effect of nuclear stars,

and the desired pulse sizes. PFor a given chamber the number
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of ion pairs formed by a particle traversing a region of the
chamber is proportional to the gas pressure. Assuming all
of the electrons formed are collected the pulse helght will
be proportional to the pressure. Increasing the presgure
decreases the required gain of the amplifier, which ié
desirable because this means less batteries, weight, and
tubes are needed. On the other side, increasing fhe‘gas
pressure requires greater voltages across the sphere to
collect all of the electrons formed.

The pulse height due to Po o -~particles vs. voltage 1s
plotted in Figure 5 for 60 p.s.i. sphere pressure and a 1"
diameter center electrode (These are not the same operating
conditions used in the flight). It 1s seen that the Po-&
pulse height is not completely saturated till about 600-700
volts., Below 600 volts not all of the electrons afe col-
lected. Above 700 volts it is assﬁmed that all. of the elec-

(2,5)

trons are collected. Other observers havé presented
good'evidenceito show that saturation means that essentially
2ll electrons are collected. For the design that Waé finally
decided upon (2% diameter center electrode, 10" diameter
outer electrode, 3 atmospheres of argon, and BOO’volts across
the chamber), the Po-oC pulses were Saturated; Increasing
the voltage to 600 volts changes the Po-o€ puise height by
less than 5 percent. As a check that no appreciable recombl-
~

nation or attachment of electrons was occurring under the

operating conditions, the maximum pulse height due to Po-eC's
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was measured at 5 p.s.i. absolute with 50 volts across the
chamber and 300 volts across the chamber. The maximum pulse
height did not change more than 3 percent from the maximum
pulse helght under operating conditions. The maximum pulse
height was determined by running an integral pulse height
measurement. To run this test the same electronics as
.used during a flight was employed (see next section on
electronics). The output from the amplifier went to the
biased tube, which grid was disconnected from the sawtooth
bias generator and connected to a variable potentiél supply.
The output from the one-shot multivibrator was connected to
a scalar and measurements taken. A typical integral pulse
height curve is given in Figure 6.

The number of nuclear stars produced in the gas of
the ionization chamber is proportional to the mass of the
gas, which for a given volume and temperature 1s proportional
to the pressure. The pulses due to nuclear staf evaporation
particles are approximately independent of the pressure for
- the pressures used in the chambers because they stop in the
chamber. The pulses due to cosmic-ray particles which pass
through the chamber are proportional to the pressure. The
integral pulse height counting rate at a given pulse height,
will increase with increasing gas pressure partly because
the number of stars has lncreased, and also because this
pulse size will now correspond to smaller charged cosmic-ray

particles, which are, as a rule, more numerous. The best
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sltuation exists when the counts due to nuclear stars are
the smallest fraction of cosmic-ray counts. For the pres-
sures used in the present experiment 1t happened to be true
that most of the stars detected were formed in the chamber
wall (see discussion under nuclear stars) so that the num-
‘ber of nuclear stars did not increase in proportion to the
pressure, but more slowly. However at high preséures, where
the wall effect 1s negligible, the effect of nuclear stars
should be proportional to the pressure. The optimum pres-
sure to minimize the relative effect of nuclear stars de-
pends on what Z particles one 1is trying to measure. 'By
looking at the integral pulse height curve obtained in this
experiment due to cosmic-ray particles ({see Figure 14) one
can determine the approximate effect on the counting rate
of changing the pressure. If increasing the pressure by a
certaln factor will increase the counting rate by a greater
factor, then, as far as minimizing the effect of stars is
concerned, oﬁe can gain by increasing the pressure. By
this means it is seen from Table IV and Figure 14 that, for
the‘size chamber used, the pressure of 3 atmospheres is
about optimum for measuring Li, Be, B, C, N, and O nuclei,
" but higher pressures would improve the situation for the
higher Z particles,.

Higher gas pressures are advantageous in another respect.
The effect of statistical fluctuations has been calculated

(6)

by Landau and Symon.(7) The effect of these fluctuations



willl be to spread out the differential pulse height distri-
butlion of. the chamber, and it is thus desirable to minimize
these fluctuations. Greater gas pressure will cause a

particle tc lose more energy in passing through the chamber
reducing the percentage fluctuation. However, surprisingly,

this reduction for amounts of matter of a gram or so 1s very

[ Ac
Eo"hp

Reference 7] for a 2 Bev singly charged proton passing

little., For example, the percentage spread in
through .118 g/bm2 of argon is 10.1 percent. For the same
particle passing through U4 times as much argon the same
measure of the percentage spread is still 6.2 percentf
Unless one goes to very much higher pressures there will
not be much gain.

It is important to calculate these statistical fluctu-
ations because they affect significantly the differential
and integral pulse distributions of the chambers. The cal-
culations of Landau and Symon are for Z = 1 parficles.

Their results can be immediately used for higher Z particles
by using for particles of charge Z passing through an amount
of matter X the results calculated for a singly charged
particle passing through sz amount of matter. This can
" be proved by using the results of Landau. He'shows by
means of the LaPlace transform (8) that

+ie0+C
P£)

(%, ) = i +PA —xfw(€)(1-€

S I de

. dp
~ieo--o :



-22 -

where f{(x,A ) is the probability that a particle of a gilven
initial energy EO on traversing an amount of matter x will
lose an amount of energy between & and A+ 4B, w( &) is

the prdbability per unit length of path of an energy loss €.
w( € ) is proportional to 7° and we see that 7° and x. énter
into £{x,A ) only in the combination ng, which justifies
the procedure.

This calculation was performed numerically for Chamber
No. 14, in which the density of argon is 5.20 g/liter. The
results for the differential pulse height distribution are
shown in Figure 3, and those for the integral pulse height
distribution in Figure 4. The energy loss of 1.49 Meﬁ/g - crzf2
in argon for a singly charged minimum lonizing particle was
used in the calculation. Although Chamber No. 13 had half
the.pressure of Chamber No. 14, this makes only a negligible
change in 1ts pulse helight distribution.

At first sight it may seem that not all of the energy
lost by a pafticle will be measured by the chambers because
high energy delta rays produced in the chambers will escape
before losing all of thelr energies, This would have the
effect of making the high energy tail of the differentilal
. distribution function of energy loss fall off more sharply
than the calculations indicate. These high energy delta
rays have of the order of 2C0 kev and greater energies. For
these high energy collisions the probability of a collision

is independent of the structure of the atom but depends only
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on the density of electrons, i.e., the energy loss per

2 taken away by these high energy delta rays depends

g - cm
only on Z/A of the material, where Z is the number of elec-
trons in an atom and A 1s the atomic weight of the material.
Argon, air, and steel have about the same Z/A.

If we assume that delta rays with energles greater than
200 kev are ejected essentially along the path of the primary
particle, which should be mostly true in these nhigh energy
collisions, then the energy loss measured in the chamber
should be the total energy loss. For every high energy
delta ray that escapes from the chamber there will be, on
the average, another corresponding high energy delta ray
that was produced above the sensitive part of the chamber,
in the wall or the air above, and will enter the chamber,
ionizing and replacing the energy lost when the delta ray
produced in the gas escaped.

This can pe seen by considering a particle:which ionizes
along a long path, x g/cmg, but the average energy loss per
g - cm_g, k, along the path remains constant. The total
energy loss 1is then kx and the energy loss measured along
a small portion of the path dx is on the average just
kx %5 = k dx.

The actual fluctuations in the pulse height will be
greater than the fluctuations in energy loss alone, because,

in addition to these fluctuations, the pulse height will be

affected by fluctuations in the number of ion palrs formed
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Ifor a given energy and by fluctuations in the density of
ionization along the path, which affect the pulse height
because of the potential factor. Since there 1s no theory
to calculate the effect of the other fluctuations, the true
fluctuation in pulse height will be assumed to be thaﬁ of
the statistical fluctuations in energy loss of particles
passing through the chamber. Experimentally there is evi-
dence that the actual fluctuations in pulse height are only
slightly greater than that calculated from energy losses

(9)

alone.
ELECTRONICS

A block dilagram of the electronics that accompanies
the ionization chamber on its ballocon flight is shown in
Figure 7a. The pulses induced on the collecting electrode
of the ionization chamber are amplified by the amplifier,
The output pulses are fed into the biased tube Whose bias
voltage 1is continuously varying. Only pulses larger than
a value determined by the bias voltage at ény time can pass
through the biased tube and trigger the one-shot multi-
vibrator. The multivibrator feeds a positive sguare pulse
onto the grid of the transmitting tube which is otherwise
blased off, and starts 1t transmitting for about a milli-
second.

The amplifier used 3 tubes connected to operate as a

negative feedback linear amplifier with an inverse feedback
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factor of about 15. The first tube is a CK 5572 subminiature,
which was placed inside of the chamber to minimize the stray
capacitanée of the center electrode to ground. The circult
diagram of the electronics is shown in Figure 7b. The gain
of the amplifiers was adjusted so that the pulse due to a

Po ©O€-particle was between 10 and 15 volts. The rise time
of the amplifier was about 10 psec. and the decay Time was
about 150 psec. The amplifier noise volbage is about 2 per-
cent a Po-& pulse. The collection time of the Po ef-particle
electrons was measured to be less than 5 psec. so that the
amplifier will amplify accurately pulses due to ionizing
particles. A photograph of the assembled instrument is

shown in Figure 8.

The linearity of both amplifiers used on the flight was
checked by the following setup. A negative step function
pulse was applied between the outer electrode of the chamber
and the chassis, which was ground. Because of ﬁhe capaci-
tance between the center electrode and the outer electrode
a negative step function pulse was induced on the center
electrode simulating the Input due to an ionizing particle
passing through the chamber. The results shown in PFigure 9
were obtained by varying the input and measuring by a “ast
oscllloscope the output of the amplifier. The output was
taken off of the voltage divider (see Figure 7) so that the
added capacitance of the oscilloscope probe would not a’fect

the performance of the amplifier. It is seen that the ampli-
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b

fier sa“urases at only about 60 volts. This condition can
be improved by increasing the feedback resistors (1. megohm
and 8204y in Figure 7). The alternate possibility of con-
necting the 8204L feedback resistor to the B+ instead of
ground did not work in this case. When this was done.a low
frequency oscillation of a few cycles/sec. developed because
of feedback through the power supply.

The gize of pulses at the output of the amplifier was
determined by means of a 1L4 pentode biased beyond cutoffl
by a continuously varylng sawtooth voltage. The viased
tube only triggers the multivibrator for pulses larger
than the size determined by the bias at the given time. Thus
at the beginning of the sawtooth voltage when the blas is
least negative almost every pulse triggers the multivibrator.
As the bias voltage becomes increasingly negative, fewer and
fewer pulses are passed, By this means the integral pulse
height distribution of the pulses 1s obtained. :The tias
voltage goes through a complete cycle approximately every
3% minutes. The sawtooth voltage generator consists of
the 2 pf oil capacitor, the 250 megohm resistor, and the
1C21 cold cathode tube connected as a relaxation osclillator
(see Figure 7). The period of the relaxation cscillator was
found to be constant to within aboutl 5 percent during a flight
so that this method measures vceltages with an accuracy of at
least 5 percent. The beginning and ending voltages of the

sawtooth bias were determined by means of a very high impe-
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dance electrostatic voltmeter.  The voltage at any other
part of the cycle was determined by assuming an exponential
&ariation of voltage with time. This should be true if any
1eakage.resistances are much larger than 250 megohms, which
was found to be the case. Also, on one of the sawtooéh
generators, a direct measurement of the voltage vs. time was
made with an electrostatic voltmeter, and 1t was found to
have the expected exponential variation.

The output pulse from the biased tube is used to trig-
ger a one-shot multivibrator. The multivibrator 1is used
as a pulse shaper glving a sqguare pulse about 1 millisecond
long. A positive output is taken off of the multivibfator
and used to start the 958 A transmitting tube oscillating.
Normally the 958 A is biased beyond cutoff. The 958 A
givés a C. W. pulse of about 1 millisecond duratibniat a
frequency of about 155 megacycies per second.

The information from the sphere 1s thus teiemetered down
to the receiving station on the ground as a number of pulses.
When the sawtooth blas voltage in the transmitter ig at the
beginning of 1ts cycle many pulses per second are ﬁrans—
mitted but as time progresses the frequency of pulses de-
vcréases. The sawtooth bias was adjusted so that near the
end of the bias cycle no pulses at all are permitted to be
transmitted. When the cycle ends and starts repeating again,

many pulses per second are again transmltted. IT 1s very



easy to tell from the record of the flight when the bilas
cycle started and ended and thus to determine the bias vol-
tage at any tlme.

As the final calibration the overall linearity of the
eqguipment wag determined for various inputs on thé grid of
the CK5672 with the same input as used before but the time
in the cycle when the instrument just stopoed trénsﬁitting
was now determined. The results for the eguipment used in
the flight are shown 1in Figures 10 and 11.

The transmitting antenna system was formed by the lon
chamber and chassis acting as one half of an asymmeﬁric
dipole antenna and a 1/8" diameter aluminum rod as the
other half (see Figure 8).

The signals from the transmitter were received on the
ground by a yagl antenna connected to a Superheterddyne re-
ceiver. The output of The receiver went to a scaler whose
gcaling factor could be changed from 8 to 4 to é to 1. The
recelver outpﬁﬁ was controlled by a biased tube which could
be adjusted to permit only signals larger than a certain
vélue to trigger the scaler. The output of the scaler was
used to trigger a recorder which put a mark on a moving
“paper tape. At the beginning of the bilas cycie in the trans-
mitter, when the frequency of pulses was high, The scaler
was set to a scaling factor of 8. This scaling factor was
then manually changed To the smaller values as the freqﬁency

of pulses decreased. Minute marks were automatically marked
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on the tape by a clock. The pressure record was obtained
from the balloon contractor's instrument on the same balloon.

The method employed here of telemetering to ground the
pulse size and number of pulses is different from other in-
vestigators; and it is worthwhile to compare this method
with the others. Other methods have accomplished the same
by using frequency modulation. The frequency of the carrier
wave is modulated an amount that is a functlon of the pulse
size,

The disadvantage of frequency modulation as far as
balloon work is concerned is that the carrier freguency must
be continuously transmitted. This causes much more bower
to be used in transmission, thus requiring more batteries
and weight. The method employed in this experiment required
ﬁhe transmitter to be transmitting less than 1/1000 of the

(9)

time. Coor, using frequency modulation, reguired 30 1bs,
of equipment to accompllish essentially the same that was done
by the 14 pounds of equipment of this experiment.

The method used in this experiment is also much simpler
than frequency modulation. It requires fewer tubes and
circultry and conseqguently has less probabllity of going
. wrong during a light.

However, as seems to be true I1n Nature, one does not
gain something for nothing. Where one galns in simplicity

and weight one loses 1n the amount of Information one can
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transmit per unit time. With frequency modulation the pulse
size may be transmitted with each pulse. With the method
employed in this experiment not every pulse 15 transmitted,
and when it is, only the informaticn that it is larger than
a certain value is transmitted with it. This has the effect
of requiring much longer balloon flights to obtain the same

statistics as obtained when frequency modulation is used.



EXPERIMENT

In designing an experiment wherein pulse ionization
chambers are used to measure cosmic rays, it is imporfant
to determine the efféct of nuclear stars, which can give
pulses the size of heavy primary cosmic-ray particles. In
the present experiment this was done by sending up on the
same balloon two pulse ionizatlon chambers which were lden-
tical 1n every respect except for the argon pressure inside
the chambers. Sphere No. 14 had 3.17 atmospheres of argon,
and Sphere No. 13 had 1.48 atmospheres of argon. Low\energy
evaporation particles from nuclear stars will stop in both
chambers and give approximately the same pulse sizes, but
dosmic-ray particles that pass completely throughvwill give
pulses proportional to the pressure. By comparing the
statistically related counting rates of the two:chambers
1t 1s possible to estimate the effect of nuclear stars.

A skyhook balloon flight was made OctobervEO, 1954, at
South St. Paul, Minnesota ( A= 55° geomagnetic latitude).
The balloon was launched at 7:06 A. M., reached altitude at
~about 8:40 A. M., and stayed at a nearly constant altitude
of 95,000 feet until 2:35 P. M., when the instruments were
cut loose. The time-pressure curve is shown in Figure 12.
The atmospheric pressure during the level portion of the

. . 2 \
flight varied between 13.8 gm/cm” and 14.9 gm/cmg. It is
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accurate enough to consider that the instrument was, during
the level_portion of thé flight, at the average depth of
14.3 gm/bme. The wall thickness of the chamber is about
.5 gm/dm2 of steel. We will take the counting rate of the
chamber as a measure of the cosmic rays at a depth of 15
gm/cmz, since cosmic ray particles have to traverse both
the atmosphere and the chamber wall before being detécted.
The two instruments were separately wrapped with 5 layers of
glass wool insulation, covered with cellophane, and placed
inside a bamboo cage which was covered with transparent
cellophane and white paper so that about 50 percenﬁ of 1ts
area was transparent to sunlight. The cage was used fo gilve
a greenhouse effect and keep the temperature of the instru-
ments in the operating region. One instrument was placed
jﬁsﬁ below the neck of the balloon, and the othervohe about
15 feet below 1t. The other equipment on the balloon Was
placed far enough below both instruments so that nuclear
interactions produced in them did not have any apprecilable
effect on the counting rate of the chambers. With the afore-
mentioned precautions 1t i1s believed that practically all
pulses produced in the chambers were from cosmic rays or
~nuclear stars formed in the chamber wall and 1n the chamber
gas.

The two instruments were more than amply batteried for
the 8-hour duration of the flight. In fact, when the two

instruments were recovered the next day, the batteries were



completely run down. When fully wrapped and

ct

f—

stlll no

)
]

for the eight-hour I

hatteried- flight, each instrument weighed

o]

14 pounds.

In reducing the data, each bias voltage cvcle Was
divided into the voltage intervals shown in Tables I and II.
The large number of voltage Intervals permits a more detailled
determination of the finer structure in the integral pulse
height curve. The bias voltage of No. 13 varied from
-3.7 + .2 volts to -83.5 + .4 volts, while the bias voitage
of No. 14 varied from -6.8 + .2 volts to -92 + .5 volts
These bias voitages correspond to pulse sizes from .24 + .02
volts for No. 13 and 1.8 + .3 volts for No. 14, to past
amplifier saturation for both spheres. The counting rate
of No. 13 at the beginning of the bias cycle was too high
to measure with the equipment, and it 1s neglected. How-
ever, thils very high counting rate affects thefvoltage
measured by the bilas voltage and reguires a correction.

When the grid of the bilased 1I4 tube at the output of

the amplifier is driven positive, the resultant grid
current gives an additional charge to the 2 pf capaciltor
and changes the bilas voltage from the calibration value.
This grid current is only appreciable when the counting rate
is very high and affects only No. 13. This correction was

calculated and the necessary corrections are indicated in
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Table I. In calculating this correction the experimentally
determined fact was used that whenever a pulse was trans-
ﬁitted, some sort of feedback occurred which produced at
the output of the amplifier a pulse saturating the amplifier.
The counts shown in Tables I and II are the totai counts
in each voltage interval summed over bilas voltage cycles.
For a portion of the balloon flight the recelved signal was
very weak due ﬁo the balloon's being almost straight over-
head, placing the receiving equipment near the radiation
node of the vertical dipole transmitting antenna. The infor-
mation received during this time was unreliable because pulses
were missed and interspersed with nolse pulses. This‘portion
of the record was discarded. By looking at the distribution
of pulses along the tape during a cycle, it 1s possible in
ménj cases to determine if the data are good by nbting if
the freguency of pulses decreases from the beginning of the
cycle To the end., Whenever it was evident that:some pulses
were missed at the beginning of a cycle, the cycles were nét
counted. As a check on the self-consistency of the data, the
data for the portion of the flight where the sighai was very
strong and there was great confidence that the records were
~correct were compared with thebtotal data,vand'the results
were found to be statistically consistent. By counting the
number of pulses that were recorded during the last portion
of the cycles, where no signals are transmitted, 1t was found

that noise was completely negligible.
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A check on the constancy of the gain of the ilon chamber
amplifier and the overall operation of the transmitting and
receiving equipment during the flight was afforded by the
Po-&& pﬁlses in the ion chamber that were turned on for a
cycle every 15 minutes. Measuring the voltage in thetcycle
where ﬁhe Po-& pulses were Jjust cut off showed that durlng
the flight the gain of the amplifiers changed by less than
could be measured by this method, namely less than 5 percent.
Measuring the increased countling rate due to the Pq—OC pulses
showed that during the flight the transmitting and recelving
equipment were operating satisfactorily.

The calibration of each chamber was afforded by ﬁhe
Po-ef pulses. Po &K-particles have an energy of 5.3000 Mev,(lo
and, since they stop in the chamber, they lose that amount of
ehergy. From the integral pulse height curve forvPo- X'
shown in Figure 6, it is seen that the Po ef-particles do not
give a unigue pulse, but rather the pulse size varies. This
was interpreted as being due to the fact the Po o -particles
are not collimated, and each will move in a difectioﬂ with a
different potential factor. Also, some of the pulées are
due to eo€-particles that have been backscattered from the
foil. For certalin trajectories for the o-particles, namely
those near the wall, the potential factor will be very nearly
one. Thus the maximum pulse should correspond to 5.30 Mev
energy loss and a potential factor of one.

On the basis of the maximum Po-0 pulse, the pressures
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Table III. Characteristics of the two pulse lonizatlion

chambers used in this experiment.

SPo-& , Average

Density max, pulse Chamber

Chamber of Due to ' Wall
No. Diam. Argon Po-o Thickness
"
13 25.5 cm 5,20 géz 10.5+.3 A7 gm/en”
14 25.5 cm. 2.43 ca 13.0+.4 47 gm/en”
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in the two chambers, and the fact that a singly charged mini-
mum ionizing particle loses the average energy of 1.49 Mev/gm -
émg in argon, it is possible to calculate the pulses due to

a partiéle of charge Z. The pertinent data are given in

Table III. The average pulse produced by a minimum iénizing

particle of charge Z when traversing that portion of the

chamber that gives the maximum pulses [see Equation 6a] is

min
“max_ _ 7% 757 x 25.5 x 1.49 x 1075 p C, (7.1)
Spo- 5-30

where .757 1s the potential factor calculated in Egquation 7,
25.5 cm is the diameter of the spheres, p is the density of
the argon in the chambers given in Table III, s™M 15 the

maximum average pulse due to a minimum ionizing particle of

charge 2, and S is the maximum pulse due to Po e«-particles

Po-e¢
given in Table III.

Since in this experiment it 1s important to know accur-
ately the ratid of the densities in each sphere, after the
flight the density of argon in the recovered instruménts was
measﬁred by weighing. The results were found to agree within
1 percent with the measurements made when the spheres were
‘first filled.

In the above discussion it is assumed(3’u) that the

energy of formation of an ion pair is independent of the

energy and type of the ionizing particle, which implies that
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Table IV. The maximum average pulse size in Chamber
‘ min
No. 14 caused by minimum ionizing particles, Smax (1.0 on

abscissa of Figures 19 and 20).

Particle Charge Sﬁii for Chamber No. 1L
1 .37 volts
2 147
3 3.30
4 5.87
5 9.17
6 13.2
7 18.0
8 23.5
S 29.8
10 36.6
11 Lh 5
12 53.0
13 62.0
14 72.0

15 82.5
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the number of ion pairs formed 1is proportional to the energy
loss of the particle.

7 Smi? is shown in Table IV for Chamber No. 14 for vari-
ous charged particles,.

The counting rates corrected for dead time,PG-ecfback~
ground for Chambers No. 13 and No. 14, and non-linearity of
the amplifiers are plotted in Figures 13 and 14, The voltage
scale of No; 13 was multiplied by 1.24 so that SPO—oc for
No. 13 will equal that of No. 14, 13 volts. The dead time
for No. 13 was 4 milliseconds and for No. 14, 2.5 milli-
seconds. The range of the Po e&-particles in Sphere No. 13
(the chamber with 1.48 atmospheres of argon) was great enough
that not all of the electrons were collected back on the
Po-o electrode when the Po- of 's were turned off, even
though the electrode was then connected to +195 volts., This
produced a background of pulses that was measured on the
ground and has to be subtracted out from the flight data.

The range of the Po e -particles in No. 14 was short enough
that this effect did not occur when the Po-& électrode was
turned off by grounding it, and consequently no Po;oﬁ back-
ground correction is needed for No. 14. The correction for

~non-linearity of the amplifiers was performed using Figures 10

and 11.



BACKGROUND CORRECTION

The counting rate of a pulse lonization chamber ad-
Justed to measure the heavy primaries is caused by thé
following:

(a) Heavy cosmic-ray primaries

(b) Fragments of heavy primary particles

(

¢) Nuclear star evaporation particles
(d) Slow secondary protons produced in the collisions
of the primary and secondary flux with the atmosphere and
material éurrounding the chamber

(e) Slow e&-particles

(f) Electron shower particles

(g) Pileup of small pulses producing a detectable pulse

In order to determine the contribution of the heavy
primary cosmic-ray flux and its fragments to the chamber
counting rate, we must be able to determine the contribution

of items (c¢) through (g), the undesired background.

Nuclear Stars

In the first part of this section some pertinent facts
about nuclear stars will be briefly reviewed,(ll) and then a
calculation will be performed to estimate the effect of stars
on the counting rate of the chambers.

Data on nuclear stars produced in emulsions by neutrons
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or protons show that the star-prong tracks can be divided into
three classes: thin tracks, grey tracks, and black tracks.
Thin tracks are defined as those with a grain denslty between

1 and 1.4 times minimum grain density, g Grey tracks

min®
have a grain density 1.4 to 6.8 g, 4, , and black tracks have
grain densities greater than 6.8 Eoin. " The limit of 6.8

.

Eain corresponds to a proton of 25 Mev. The 1imit‘of 1.4

oy corresponds to protons of 500 Mev and Tr-mesons of

min.,
80 Mev.

The thin tracks, also called shower particles, are com-
posed mostly of W-mesons, the rest being mainly pfotons.
The grey tracks are mostly protons, the rest belng mesons.
About 2/3 of the'black tracks are caused by low enefgy singly
Qharged particles (80 to 90 percent are protons, the remainder
peing deuterons and tritons), and 1/3 are produced by multiply
chargéd particles of which about 80 to 90 percent are e-particles.
The black tracks are emitted uniformly in all directions. The
energy distribution of black tracks from stars with 3 to 6
black prongs is shown in Figure 15.

On the average there are about 2% to 3 timés as many black
as grey tracks. Most stars have a small number of prongs and
© the number of stars falls off rapidly as the humber of prongs
increases. The evidence indicates that at 94,000 feet and
A = 54° (12) about 5/8 of the total stars produced in emul-

sions have 5 or less black tracks (7 or less total prongs).
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Since most of the stars seen in photographic emulsions
originate‘from silver or bromine, the preceding summary of
huclear stars refers malnly to the properties of stars

rising from the disintegration of heavy nuclel. Experi-
ments with sandwich emulsions indicate that multiply charged
partidles (mainly & -particles) account for about 50 percent
of the tracks in stars originating from light elements.

The nuclear stars that are detected in the chamber are
produced in the steel walls and in the argon gas. The
assumption will be made that the general properties of these
stars are the same as those of photographic emulsions.

- The smallest pulses of the data that will be used,
5.7 volts, correspond to 18 times the average pulse produced
by a singly charged minimum lonizing particle. Less than
lvpércent of the total of stars produced in emulsiohs at
A= 54° and 94,000 feet have 18 or more shower particles

(12) The effect of shower particles will

(39 total prongs).
therefore be neglected in calculating the effect of nuclear
starsl Since there are from 2% to 3 times as ﬁany black
tracks as grey tracks from a star, we willl also heglect the
effect of "grey" particles produced in the chamber wall and
gas. '"Grey" protons have a much longer range than "black"
protons and thus a greater volume of material is effective

"grey" protons that can reach the chamber. Most

in produclng
of these '"grey" protons will be produced in the atmosphere

and will be considered under slow secondary protons, item (d).
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In calculating the effect of nuclear stars, only the "black"
particles‘will be considered, and the assumption made that
there are five 'black” particles with each star, three of
which ére protons and two of which are alpha particles. It
will be assumed that the differential energy distribution
of thé "olack" or‘evaporation particles is a constant from
10 to 20 Mev for &-particles and zero elsewhere; while for
protons it will be assumed to be a constant from 4 to 12
Mev and zero elsewhere (see Figure 15). With the above
simplifying assumptions, which, 1t is seen from the brief
summary, are not too unreasonable, the effect of nﬁclear
stars in the chamber will now be calculated. |

Consider first the "black" protons. Let Gp(R) dR be
the differential range distribution of "black" protons pro-
duced per gram of material. This will be assumed to be the
same for both steel and argon, a fact which is accuraté
enough for this calculation. Define £(R) dR dS dLL as
the number of "black" protons per second passing through
an area dS of the chamber wall into the afgon within the
range interval R == R + dR and fthe solid angle d.Sl . bBe-
cause the chamber wall is so much thinner than its diameter,
in calculating fp(R) from GP(R) it can be assumed that the
chamber wall is a plane. We thus see that

t/coso

fp(R) dR dS dfa= dR dS dOcoso Gp(x+R) ax. (8)
Ivr ,



s
—
[oR
=3
il

|
0Q
e
Paama
=
N
OJ
!
»
O
~—r

- wWhere gP(R) Is the differential range distribution for each
star,
] , : o 2-
n = total number of star-producing par51CLes/bm -3ec.

in all directions (to be determined later),

A = mean free path for producing stars.
It is assumed, as stated before, that the differential

energy distribution of "black" protons per star is.

np(E) dE = 3/8 dE 4L Mev& B £ 12 Mev
, (10)
nP{E) dE = 0 otherwise.
Using the relationship
.61
- R
L ‘"é_‘l_“:'?‘) ] (11)

which holds very closely in steel when E is in Mev and R

in milligrams/cm”, we see that

- Then o 67 ‘
P n osG ; <V
_LP(R) = ’3)-,"2- Eg (1 ) .

2 o
L7 mg/cm” € R € 200 mé/cm

, 2
f (R) = 2 D0 _cose 0% R <14
.I_P(l} I!._ ‘“"A [mj/cm

o~
—

W

N
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In calculating (R) the fact was used that the range of
. . 2

the hlgheSE energy "black" protons, 290 mg/cm  of steel,

was less than the thickness of the chamber wall, U465 mg/bm .

Introduce H_ (E) dE dS d £ as the number of "black"

o
protons per second passing through an area dS of the chamber
wall into the argon within the energy interval E -» E + dE

and the solid angle df% .

3 R AY

Ho(B) = £5(R) &, | (14)
)

Hp(E) = .72 %COS@-EQ-E] g0 4 Mev € E € 12 Mev ,

Hp(E) = 5.8 Y}ﬂ_‘i\osg 26'64, 02 % €L VMev, (15)

~ The total number of "black" protons per second g01nﬂ

into the gas from the wall is

2

- fffH(E) dE df dS = }-?«QX&‘T—P“ , (16)

where D is the diamefer of the sphere = 25.5 cﬁ. KW‘ 1s not
the number of pulses per second detected in the'sphere from
stars produced 1n the wall, because some stars will eject
~more than one '"black" proton into the gas. To determine the
number of pulses per second detected 1n the sphere because
of stars produced in the wall, we will determine the average

number of "black protons” per pulse detected in the gas,

Let A be the fraction of the total solid angle of 47T



such that a "black" proton ejected into A will reach The gas.
Also define Pi as the probability that 1 black protons will
reach the gas (1 =1, 2, 3).

D

[,

P. = 3(1-A) A.

1
P
P = 1-A)A
, = 3(1-8)
P = A .
D

L

The average number of particles detected when a star 1s pro-

duced in the wall is
3
n = ;EE:,CE; = 3A.
A=1

Lét N(t) dt be the number of stars produced at depths
between ¢ and € + df in the sphere wall.

N(t) dt = k dt where k is a constant and assuming the
thickness of the wall is much smaller than the dilameter of
the sphere.

For simplicity we will assume that the range of all

three protons from a star 1s the same and equal to RP. The

number of stars produced in the sphere wall with A in the

interval dA is N(A) dA = N(t) 3F dA = 2Rpk dA, since
1- & ' '
R
_ P
A=—

Now the probablillty of detection of a star is 1 - (1 - A)B,

so that the average number of prongs entering the gas per de-



‘tected star 1s

1

fﬁ 3A n(A) da
O

f%@-(l-;\ﬁ] n(A) ah
O

_ 7
= 147 (17)

Thus the number of pulses due to stars produced in the wall 1is

K- 2
Sﬁﬁ: W _ _85n1rD
W 1T7/17 A (18)

The number of stars per second produced In the gas of

Chamber No. 14 is

2
(p) & (D n 145 _ ., » WD°n
sl - sm(B) § 2 - N (19)

2
where 145 1s the equivalent milligrams/cm of argon in the
full pressure Chamber No. 14 for a diametrical transversal.
The ratio of the number of bursts producedjby "black"
protons from the wall and "black'" protons from the gas 1s
for Chamber No. 14
(P).
SW
P
G

*E“' = 3 = 3.5 .

It is thus seen that the wall is more important than the gas
in producing black proton bursts in Chamber No. 14, and all
the more so for Chamber No. 13, which has only 1/2.14 the

mass of argon of No. 14. In addition, the stars produced in
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the gas emit 2 '"black" e~-particles which will produce on
the average many more ion palrs than the "black" protons from
ﬁhese stars, and we therefore can assume that the pulse size
from these stars is determined by the "black" ef-particles
alone. For these reasons we can say that pulses prod&ced by
"plack protons" are produced entirely by the wall.

By going through a completely analogous analysis of the
pulses due to "black" e€-particles, we find that the total
number of "plack" e€-particles emitted into the gas,

2
« 21 -
- samb - (20)

and that the number of pulses due to '"black'" e{-particles

from the wall,

o o
mwnD :
Sy = 17.3 5 (21)

The number of- pulses due to "black” e-particles produced in

the argon gas of No. 14 is

2
-~ pp LRTD | (22)

Sl n !

"and for No. 13 is

813 = 10 5 (23)



It is thus seen that the gas and wall are of about the same
importance for the production of pulses due to "black”
?(—particles. Tt should be noted that some of the pulses
classified as due to "black" &-particles and due to "black"
protons may be the same pulse since 1t is possible'thét,a
"hlack " proton and & -particle from the same star may reach
the gas. All stars produced in the gas emit both e&£.'s and
protons, but since the pulses due to the e 's are much larger
than these due to protons, we will classify all pulses due

to stars in the gas as "black” e -produced pulses.

We will next try to calculate how many of the pulses
produced from stars in the wall emit both "black" oC-particles
and protons.. To simplify the problem we will assume 511
"black" e€-particles have the same range Re and all "pblack”

protons have the same range R_. We take Re equal to 43

P
2 S
mg/cm”, the mean range of the assumed ef-particle energy

‘ 2
distribution. In the same way we take RP = 170'mg/cm .
Consider the stars produced in the wall a distance ¢©

from the inner chamber surface (Re®t 20). The probability
)3

of these stars emitting a proton into the argon is 1—(1-AP R

where AP is the fraction of the solid angle where a proton

~passing into 1t reaches the gas. Likewilse, for the e -particles

the same probability is 1-(1-Aee )2
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1 -t
R
AP = P °
o
1 - &
Ree
Age = )
o 2

The probability of both an & and a proton being emitted into
Lhe gas 1is

2

Facp = [1-(1-25)7 111 (1-Ae)”]

The number of stars between T and t + df which emit both «'S

and protons into the gas is

2 .
dn“P = n;l'D dt [l*(J“AP)D]H*(l-A‘)?]
R o
s . , o
Nap = E%FQM dt [1-(1-A5)3101-(1-Ax)"] = 15“;'D , (2)
O

or about all of the "black'" e pulsges have also "black’ pro-

o
tonsg, i.e., Nap & SW

In order to correct for this overlap of '"black" proton

ol
and . "vlack" of-particle pulses, we will subtract ndpfx 8,, from
¥y
(P . . ‘ e =
S& ) and call the remainder 5%, the corrected number of "vplack”

proton pulses from the wall. In other words, when a star
ejects both "black" &-particles and protons into the gas, we

are saying that the o -particles give the greatest contribution



to the pulse and we are calling that a "black" eCpulse.

In summary, then,

P _ o(P) _ %_ G8nwD”
w o "W W A ? (25)
o 17nMD
g Ln (21)
W A

2
) 10nTD 52
613 5 , (23)
o . 2 ‘
s = g2enwD (22)
G1h A

In addition to the toftal number of pulses induce& in the
chambers by nuclear stars, it is necessary to know the dif-
ferential or integral pulse size distribution. To do an
exact calculation is very tedlous and complicated;'though
strailghtforward enough, There is probably enough uncertalnty
in tryving to determine the differential energy distribution
of star particles in iron and argon from the data of photo-
graphic plates (which are mostly for bromine and silver), to
make it meaningless to make an exact calculatioh. In additlion
this experiment was designed to try to determine experimentally
_the distribution of star pulses. For these reasons 1t is felt
that the following approximate method is sufficient for the
present purpose.

First, consider the "black" protons emitted from the wall.

Any proton that stops in the chamber will give a pulse pro-



-70-

portional to its energy when emitted from the wall (neglecting
potential effect) and independent of the pressure. Using
Eouation 13 , which gives the differential range distribu-
tion of "black" protons emitted from the wall, the number of

protons that stop in Chamber No. 13 is

LY

~

P
Ni3 =mD 2t (R) dR d(cos@),

co0s0=1V R=0

£

where the symbols are defined in Figure 16. Using cos® = 5

we obtailn

>
N = D° zgr £(R) R df = 36 “:\TD :

No. 14 is

(26)

Doing the analogous calculation for the "black" e&particles

emitted from the wall, we obtain

.
Ll g
>
.
Pt
N
-3
—~—
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The total number of "black'" e-particles emitted from the wall

is, from Egquation 20,

The number of pulses per second caused by these particles

that Stop in the chamber is, for Chambers No. 13 and No. 14,

P

P Y3 _ o6nw?

3 T T L ) , (29)
P

<P M1y =u5mrD2 \

wlh 17 A ’ (30)
17
ol

SGZ - Nlﬂ 14n17D2 , :

R » (31)
et

& _ M3 170 D°

Pwik T 7T N (32)
)

The remainling star pulses which are due to particles that

pass through voth chambers are

(W8]
Lo
~—

P = — PO~ AP 0. AR
Swthru W wll A s (
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SG‘ =T 0

w thru ) (34)

We have Jjust finished considering star particles origil-
nating in the wall only. To complete the pilcture we will
consider those star particles originating in the gas. As was
mentioned before, we only have to consider the a(epérticles
ejJected from the stars. We first calculate a quantlty £(8),
which we define as follows. Consider the situation where
there is a uniform production per unit voiume of pérticles
of range greater than the largest dimension of the chamber,
all produced to move in the same direction and one particle
per second is produced in the chamber. f(£) d& is the num-
ber per second ofkparticles that traverse a length £ -»f+ ol
before they escape. By referring to Figure 17 1t 1s seen

that

:%5(.. :g)g) L . ' o (39)

3

‘In Eguation 35 the term 1%2»-is the volume of the sphere and

wst((-1]

18 the volume of the region in Figure 17 between/eand l+ dl.



Figure 17. Diagram 1llustrating the calculation of TR,
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Now consider that particles of range R£D are produced
uniformly in the chamber'gas at the rate of n per second.

The fraction of these that stops in the chamber is

D ,
qJ; £(f) al | 3
q(®) - - %[%'%%(%\]

(36)

Let us now consider a uniform production of particles
in the gas with a range distribution F(R) where F(R) dR is
the number of particles produced per second with a range
between R and R + dR.

Ny

ber per second, equals

the total number of particles that stop in the cham-

F(R) q(R) ar (Rpax € D). (37)

In the chambers,

1

B(R) = w0" B2 g (R) | (38)

where D = 25.5 cm, and D' = 68 mg/cm2 for Chambef No. 13 and
‘145 mg/cmglfor Chamber No. 14. From our assuméd energy dis-
tribution of the "black" ef-particles from a star and the
range-energy relation for e€-particles of R = .57'E1'57 s

where R is measured in mg/cm2 and E in Mev, we obtain
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g‘(R) = f‘%’% | 21.5 mg;/cm2£ R € 64 mg;/cm2
g‘(R) =0 otherwise . (39)

Integrating Equation 37, using Equations 38 and 39, we
obtainvfor the total number of particles that were produced

in the gas and stop in the chamber,

N3 - 4.6 TD°n

5 5 e (40)
14 wp°
Ny o= 27.1 = . (s

The total number of particles produced in the chamber

2
13 MDn
Ny =23 T (42)
2
14 D

As a check we note that Equation 43 should equal twice Equa-
tion 19, since two particles are produced per star, which

it does.
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The fractlon of particles that stop 1n the chambers is

from Equations 40-43.

q3 = %é = .20 (4h)
€y =t -5 (45)

We are assuming that two o€-particles are emitted from
each star. The largest contribution to the pulse from the
star will come almost always from the particle or particles,
if any, that stop in the chamber. We will try to esftimate
how many pulses are caused by at least one particle stopping
in the chamber. For Chamber No. 13 the average probability
that a particle does not stop in the chamber 1s 1 - .20 = ,80.
The probability that both particles from a star doAnot stop
in the chamber is .802 = .64, or the probability that at
least one particle stops in the chamber is PéB =1 - .64 = .36,
In the same way Péu =1 - .452 = .80.

The total number of pulses caused by at least 5ne particle

stopping in the chamber is

o ok 14 _ D0 |
Sgyy = ¥Pg NIY = 19.5 , (46)
2
X _ 1p13 y13 - w0 n
sG13 EP3 N 4 o N ) (47)
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The factor of % in Equations 46 and 47 is used because there
are two particles for each star. |

As was stated before, any pulse caused by particles
Stopping in the chamber gas is dependent only on the energy
of the particle and_independent of the gas pressure. .Let‘
us denote the integral pulse height distribution due to all
such pulses as Bi(S), where 1 = 13 or 14 depending on the
chamber in question, and S is the pulse size in volts. We
have in our preceding analysis divided Bi(S) Into two classes,
one class consisting of all of the pulses produced by '"black"
o -particles coming from the wall and the gas and stopping
in the chamber gas, and the other class consisting of‘pulses
produced by "black" protons originating in the wall and
stopping in the chamber gas. In general the "black" proton
pulses will be smaller than the "olack" o¢ pulses. The largest
pulse that can be produced by a single particle is by one
that stops just after traversing the path 1engtﬂ in the cham-
ber giving the maximum pulse. (This path has a minimum
distance from the center of the sphere of 2.24.inches (See
Equation 6a)) For Sphere No. 14 these maximum pulses for
protons and &-particles are 1.15 Po-e& pulse and 4.57 Po-e&
'pulse, respectively. For Sphere No. 13 these maximum pulses
are .77 Po- & pulse and 2.86 Po-e pulse for protons and
for o{-particles, respectively.

We now calculate Bi(o), the total number of pulses

caused by at least one particle stopping in the gas. From
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Equations 47, 29, and 31,

313(5) =s® 4P 4 8% - nw D . (48)

G13 wl3 wll’ PN
From Equations 46, 30, and 32,

Bl4(0) = s® 4P+ 8™ ~oe nw D

G1u wld wll ) (49)
8
Bli(o) = 1.84
513 (0) (50)

The contribution to EB(0) by &-induced pulses (the

larger pulses) is from Equations 47 and 31,

2
pl3 - 8% 4 g% - 18 nWD] 1
B SG13 Sw13 2 (51)
and from Equations 46 and 32,
Blll- - 8 o + S" = 36 I’ITTDE v (52)
- G1l4 wil A ’ :
it = 2.0

13
By

It is now necessary to consider those star pulses where
all the star particles pass through the chamber. Denote the
integral pulse helght distribution due to these particles by

AT(8), 1 =13, 14,
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From Equations 42, 47, 25, and 20,

13(6) - N’%‘B . Sd + gP sP = lo n'lr'Dg (54)
A - eV w o Twllz A ‘ '

From Equations 43, 46, 25, and 30,

A = T2 T Pg1s TPy T Sy T Tyt 2

The contribution of eC-particle pulses to A(S) is

Ni3

- ® _ o amp°
A?“‘“‘“g 'SG13”7nAD ! | (56)
and
14
| 14=NT _ g% ___Bn'm)2 .
A, =3 1l P - (57)

In summary, we find it convenient to divide the pulses
due to nuclear interactions into two classes, one in which
the pulses are caused by at least one particle stopping in
the gas of the chamber, and the other consisting‘of all other
pulses. Each of these classes is further divided into two
subclasses, those pulses produced from e -particles and those
produced from protons. The number in each class is summarized

as follows.
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For Chamber Nc. 13:

A (48)
513 _ qg nm® |
= A (51)
13 nmrD
n(0) =19 =5 (54)

2
13 nirD .
Ay =7 =R (56)

For Chamber No, 14:

314 (o) ; 81 aTrD , (49)
Bl = 36 D_fi..@i ; (52)
A (0) - 28 m,{DE ’ (55)
Allt _ - nwD .

o A (57)

Slow Secondary Protons

At the altitude where the flight data were taken, 15
2
g/cm , 45 percent of the primary protons will have inter-
acted with air nuclel, assuming a geometric cross section

of 68 g/cmg, before reaching the chamber., It is thus import-
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ant to consider the low energy secondaries from these inter-
actions and to find thelr effect on the counting rate of
the chamber. Geomaghetic cutoff energy for protonszﬂ:)==550
is 1.14‘Bev, corresponding to a range in the atmosphere of
440 g/cmg. Protons incident horizontally at the top of the
atmosphere will have to go through about 460 g/cm2 of atmos-
phere before reaching the chamber. If no interactions with
the air occur it is conceivable that some of the incildent
protons will lose sufficient energy by ionizatiocn losses to
be able to ionize very heavily in the chamber and produce a
detectable pulse. But since the collision mean free path
in air is 68 g/cm2 the primaries will interact pefore this
will happen. . It is thus necessary to consider only the
secondary protons., Rossi (13) calculated the differential
ehergy distribution of secondary protons moving in the verti-
cal directiocon at 70O g/cm2 atmospheric depth. Although this
calcuiation is not exact and was not calculated:for near the
top of the atmosphere, i1t should gilve a sufficiently good
estimate of the relative dilfferential energy distribution
at 15 g/cm2 of the secondary protons only.

About 1000 protons per second pass through the sphere at
15 g/cmg, which is of the order of magnitude of the secondary
protons passing through the chamber. To give a pulse of 2
volts or more in Chamber No. 14, a particle must ionize at
least 7 times minimum. From Reference (13) it is calculated
that about 13 counts per second come from protons with energy

less than or equal to 38 Mev. This is a large fraction of



-83-

the total counts at 2 volts. To give a 5.7 volt pulse the
proton energy has to be less than or equal to 12 Mev., These
protons contribute less than 1 count per second, which is

a smallifraction of the total counts at 5.7 volts., We will
therefore not use the data in Figure 14 from 2 volts Eo 5.7
volts. We will assume that there is a negligible effect of
slow secondary protons for pulses greater than 5.7 volts in

Chamber No. 14.

Slow ©-Particles

The effect of slow ®C-partlcles will be discussed under

the section INTERPRETATION OF RESULTS.

Electron Showers

The simultaneous passage of 18 electrons through Cham-
ber.No. 14 is required to produce an average pulse of 5.7
volts., This corresponds to a shower density of 360 particles
per sduare meter. At the pressure of 15 g/'cm2 it appears,

(14)

from experimental results and theoretical reasoning,

that the number of showers of this density or greater 1is
negligible. This result is in agreement with Coor.(g)

The chamber wall is only about 4 percent of a shower
~radiation length, so that the probability of producing in

the wall a cascade shower with 18 or more electrons is

negligible.
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Pileup of 8Small Pulses

Singly charged ionizing particles are passing through

the chamber at the rate of about 1000 counts per second. The
min

average pulse, which is equal to 5/6 S max

(see Equation 7.1

and Figure 3) due to a singly charged minimum ioniziné particle,
is .31 volts in Chamber No. 14 (Table IV). The root mean
square voltage produced by n particles per second, Where each
particle produces a time response voltage of £{t), is

R

L ]
- =Jn Je(6)2 at .(35) A% the output of the amplifier the

pulse due to a singly ionizing particle is about .3 volt high

and lasts for about 100 psec. Under these conditions

) Al .
o= Jlooo(.32 x 10°%) & .1 volt. Thus the pileup of these

pulses is negligible.
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INTERPRETATION OF RESULTS

Iﬁ the previous section it was shown that, except for
slow o©f-particles which will be corrected for later, for
pulses greater than 5.7 volts in Chamber No. 14 (which cor-
responds to 2.7 volts in Chamber No. 13), the only apprecl-
able background is due to nuclear stars. It was also shown
in the previous section that the pulses measured in the cham-
ber can be divided into three groups. This can be summarized

by the following equation:

ui(s) = 8L(8) + A(8) + ¢*(s), 1 = 1k,

|
[V

where M1(S) is the integral pulse height distribution
measured in the chamber 1,

B (S) is the integral pulse height distribution due
to evaporation star particles stopping in the
chamber 1, |

Z}i(S) is the integral pulse height distribution due
to evaporation star particles passing through
the chamber 1,
and Ci(S) is the integral pulse height distribution due
to cosmic-ray particles, primaries or secondaries,
which pass through the chamber 1.

It follows from the definition of the guantities that



c

”13(3) = 01”(2.148)-3 c(2.148). From Equation 50 we see
that for small pulses (8~ 0) S) = 1.84 313(3), and from
Equation 53, that for large pulses qu(S) = 2.,C Blé(s). The
assumption will be made that qu(s) = 2 BIJ(S) for all S.

Using these relations we obtain from Eguation 58,

w8y = 2 313(s) + c(s) + A(s) (59)

M2 (s) = »P3(8) + c(2.148) + B (8) (60)
Introduce

=(5) = mi3(s) - mt(z.148) (61)

2(3) = 813(8) - 2813(2.148) + AI3(8) - al*(2.148) (62)

Since the smallest value of 8 to be taken is 5.7 volts,
2.14 S has a smallest value of 12.2 volts or .94 Po-o pulse.
Only protons between 7.5 Mev and 8.7 Mev can give that slze
of a pulse in Chamber No. 14 and sti1ll pass through the cham-
ver, and then only for certain limited paths through the
chamoer, In other words, most of the pulses of 4&3(8) are

- }]
smaller than 5.7 volts and most of those of e}L(S) are smaller

than 22.2 volts. %We willl therefore neglect AT(S). Then



2(8) = B3(8) - 2t3(2.148) , and
pl3(8) = g(8) + 2BT3(2.1458) (63)
313(8) = 2 20 g(2.1478) (64)
nso
o P
Bl7(8) = 2Bl3(s) = R 2ttt g(2,14Ms) -~ (65)
n:o

The result of this calculation using the data in Flgures 13

and 14 is shown in Figure 18. From Equation 40, we see that

10 81nrD-
50 = Ty

The geometric mean free path in iron, A , is 106 x 107
(12)

-~

mg/bmd. Evidence from photographic plates indicates
that at the latitude and alititude of the balloon flight of
this experiment about one-half of tThe stars 1s produced by
uncharged particles and about one-half 1is produéed Dy
charged particles. The total number of charged rarticles
passing through a sphere of unit crecss sectlon at the flight
altitude is about 1.5 per second. n 1s therefore twice

this value or aboutv 3 per second.

hte 5 2
81 x 3T x (25.5) ~ 5 per second.

O\ﬂq

1
It is seen that the experimental results of Figure 18 are

consistent with this Theoretical wvalue.
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Because g(8) is the difference (Equation 62) between
the counting rates of the two chambers, 1t, and therefore
B(S), is very sensitive to any errors. The ratio of the
gas pressures in the two chambers is known to within 1 per-
cent, and the ratio qf the pulses due to Po &-particles is
known to within about 4 percent (see Table III). There is
also a small indeterminacy of a few tenths of a volt in the
small pulse sizes, due to uncertainty in the grid current
correction and in the measurement of the beginning bilas
voltage. These errors can be more important than the sta-
tistical errors. The errors indicated in Figure 18 are an
estimate of these errors and the statistical efrors. ‘

The ionization of a particle varies as ng(p).' Ir
all particles passing through the chamber were relativistic,
the ionization would uniquely determine the charge. At
A = 550 the minimum allowed energy at the vertical 1is .3
Bev per nucleon. Thus it is seen that the particles are
not all relativistic. It 1s necessary to account for this.

(16) that the

From photographic emulsion work it 1s shown
differential energy spectrum for all heavy particles Z 22
is of the form

A, ‘
N(E) de = dg

2.
(1 +€) 35

where AZ is a constant depending on Z and € is the energy per

nucleon measured in Bev. A calculation shows that the pulse
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distribution in the chamber at A = 55° is not too sensitive
to the assumed energy distribution of the incident particles.

Assuming an isotropic incidence on the top of the atmos-
prhere df particles of charge Z whose differential energy
distribution per second and unit area 1is

21MWsind K

orsine N, (€,0,0) de do = d€ do - (66)
Z (1+€)2'35

we will determine the energy distribution at the chamber,
taking into account ionization loss and collision loss.
KZ is a constant and © is the angle to the vertical.‘ 

At a distance h g/cmg below the top of the atmosphere

the new distribution in the direction © is

‘WZ(E',Q,X)=nZ(€,@,o) d(€.0) | (x-.h_)

J(&",0) cos@ * (g7)
€.,9 . . o
where ) 8':9 - 1s the Jacobian of the transformation and
is equal to
g €'\ 2
o€ 00
3 1
3 3 T
o€ o

(68)



-01-

For non-relativistic particles the following relationship
exists in air:

. .56
€ = C,R (69)

where R 18 the range of the particle and CZ 18 a constant
depending on Z. |

The change in the shape of the differential energy curve
due te ionization loss 1s only important for non-relativistic
particles where the given relationship is valid, and though-
the relationship is not valid for relativistic particles
the ratio %%%' is very closely correct for such particles.
It is therefore sufficiently accurate to use the relationship
[ =.CZR’56 for all energies.

Using Equations 67, 68, and 69, we see that

.2
A -
R —X) # K, @ Az

O
n;(€',0,%) =( Ry .35

g -5
O

t + o

(70)
e‘ -56

R = — + X and‘A is the mean free path for colli-

o) cz Z

sions, assumed to be Iindependent of energy. The smallest

value of|Ro 1s determined by the cutoff and at 550 is equal
3 \&
to ("” 5¢ .
Cz
To find the distribution in pulses per second at the
chamber we must integfate over all angles and over the cross

section.



L2
2
N (e',h) = T 2Wsin® N,(g',6,X) 4o
o]
Wo x
. o
TI’QD2 5100 A e Z ei z - de

= v 56Y2.35

) (A+X) (1+¢ (a4x) ) )

where A = RO - X is constant during the integration.

This integration was performed numerically fof several
different Z's, and it was found that for all Z 23 thére was
not a significant difference in the shape of NZ( €',h). In
this calculation the following values were used, R belng

. 2
measured in mg/cm”:

Cr = .030 A;g = U5 gm/cm24of air.
Cg = .050 Ay = 30 gm/cmg_,
Cg = .065 Ag = 25 gm/cm2
‘Clu = ,089 Ay = 18 gm/cmgr
Cog = 109 A2o = 18 gm/cm2

By combining the energy distribution at the chamber,
BE% €', 15), and the integral pulse height distribution with
fluctuations (shown in Figure 4) calculated for minimum

ionizing particles, we obtain the theoretical integral pulse
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height distributions for Z = 2 and A 3 shown in Figures 19
and 20.

| The promised correction for slow ef-particles can now
be made from the information contained in Figure 19. This
correction includes only those primary o{-particles that
have slowed down due to lonization loss. Slow o -particles
are also produced in nuclear stars and in the fragmentation
of heavier nuclei. The slow e(—ﬁarticles from nuclear stars
have been accounted for already under nuclear stars. The
heavier nuclei are less numerous than e{-particles in the
primary flux, but about 2 elparticles are produced in each
collision of a heavy nucleus (Z 2 10), and about 1.5

o -particles in each collision of a medium nucleus

(17)

(6 £ Z %< 10), with an air nucleus. The of-particles
pfoduced in the fragmentation of a heavy nucleus are, in the
frame of reference of the heavy nuclel, evaporatione-particles.
These pérticles have low energles with respect fo that frame

of reference, and in the laboratory system these e{~particles
will have practically the same veloclty distribution’as the
incident heavy nuclei. These & ~particles can be accounted

for, to a good enough approximation, by merely adding about

15 percent to the primary o(-particles values, because the

velocity distribution for all particles Z 2 2 is practically

the same.



ANALYSIS OF DATA

The following procedure was used in analyzing the data.
From the integral pulse height distributlons of Figures 19
and 20 and Table IV, the fraction of the total number of
each heavy particle contributing to the pulses at a given
voltage in Chamber No. 14 was calculated. Thus, for‘example,

the counting rate at 5.7 volts in Chamber No. 14 consists of

1 percent of the total number of ef-particles,

11 " " " m it " Li particles,
50 f1 13 134 n 1" 1t Be 14
1 141 1 H 1 i 1
80 B
89 " 1 1t n i i C 1"t
. 93 1t it 1 i1 tt 1 N 1
9[,‘) 133 1 il 114 it 13 O H
96 " "t 11 13 13 n F !
97 i 1 1 n 1t 144 Ne 4]
~ 100 " " " " " " Z»10 particles

and background counts consisting mostly of Blu(5.7).
The difference in counting rate was next taken between

14(5)

various voltages in Figure 14. The contribution of B
to this difference was found from Figure 18. The remaining
counts consisted of known fractions of various Z particles.

By this means 1t was possible to obtain the amounts of Be,



B, C, N, O, and heavier nuclei (Z Z ¢) passing through the
chamber. The results are shown in Table V. Statistical
errors and the uncertalnty in the background correction,
Blu(s),"are reflected in the large errors.

It is of interest to determline the composition of the
counting rate at 28.6 volts = 2.2 Po-o€ pulse. The counting
rate at this voltage is composed of the following percentages

of the heavy nuclel:

z Percent Counts/sec.
il .8 '
.07+.035,
5 3
6 7
7 13 37+.13
8 27
9 53
10 71
11 79
12 84
213 2 100

From Figure 14, the counting rate at 28.6 volts = 1.05+.023.
'The star contribution (Figure 18) at 28.6 volts 1s .39+.05.
The contribution to the counting rate due to the long tail

of the integral pulse height distribution of Be, B, C, N,

and O is, from Table V, .444.13. The remaining counts, which

are approximately due to A 9, are .22+.13 counts per second.
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It should be noted that the taill of the integral pulse height
curve produces more counts than any other single cause. If
étatistical fluctuations in the ilonization loss were not con-
sidered, one would have said that no counts are due to Be, B,
C, N, and 0 at 28.6 volts and would have thelobtainedimore

than twice the flux for Z 2 0.

EXTRAPOLATION TO THE TOP OF THE ATMOSPHERE

In order toc obtain the flux valuesvof the heavy particles
at the top of the atmosphere, it is necessary to extrapolate
the values measured at the chamber back through the residual
atmosphere taking into account interactions that occur. Be-
cause the heaVy nuclei fragment into lighter heavy nuclei in
collisions with the ailr, the attenuation through the atmos-
phere does not vary exponentially, but the diffusion equations
must be solved. These equations are, for the direction O,

(18)

uslng the notation of Kaplon, Noon and Racette, and

neglecting ionization loss,

X) N
= - + P

I2%

7. (X)
I'T " Ape ]

where,AI is the mean free path in g/cm2 of atmosphere for
the Ith component of the heavy element flux, PI'I is the

probability that in an interactlon of a nucleus of type I!
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a nucleus of type I (of assumed comparable momentum per
nucleon) is emitted, X = Eggﬁ—" is the amount of atmos-
phere traversed, h the vertical depth below the top of the
atmosphere, and © the zenith angle. In addition, the nuclel
are classified into three charge groups: L nuclel (45‘25{5)
with mean Z = 4.6 (nétice that this is not the same as the
usual definition where 3€Z<€5); M nuclei (6£Z€8) with

mean Z = 7; and H nuclei (Z29) with mean 2 = 15. The

solutions to these equations are

-%
o o’
Ny (X) = Ny € Mw )

i
=

, % - X |
iy () ° e Am + _z‘_m_EH_v.(N:e A - NH(,‘)) )

M Au
X
Ny (X) =N, @ A’ + i'-;r"—P“-“(N: eﬁ’-N“(x))
M

o(m. (p + _-_'_n_f);:_;__n_)(N: e"i\z‘? -N»(r)))

Az _Ax gy S

Xy = o 5
(R3S T LA W

where l\; ¢ =

Ar+ D> Az', and N° is the incident flux of type I at the
J I

top of the atmosphere (assumed isotropic). In the above, the
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first term on the right-hand side represents the absorption
of the incident flux of type I, while the other terms repre-
sent the contributlon to this flux by breakup of the heavier
flux.,

In this experiment the particles were measured in all
directions, requiring the integration of NI(X) over the
upper hemisphere of 2W . The only quantity of NI(X)’that
varies with angle 1s of the form @~ Ay'ces@ , Integrating

this over the upper hemlisphere, we obtain

{ .
2T fe-xz""‘bd(COSG) .
o

Introduce y = 5%55' . Then d(cos9) = - %}idy; and

f,e")_:—"cose d(cose) = LL‘E ol Jy

o

Thus 1in order to convert the diffusion equations so
as to be applicable for the spherical chamber it is only
-h
necessary to replace @ Ar’ by
© _-u
Ar, E[Q'%‘ - h e Ju |
Ay v
I h
Az
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The following values of the parameters were used:(18)
AL= 31.5 g/cmz, /\M = 26.5 g/cmg, Ay =18 g/cmg, Prr, = .07,
Py = -13s Puy = 25, Pyy = .27, Pur, = .21, and Pyp, = .24.
The valués used for PHL’ PML’ and PLL are one-half those
given by Reference 18. This is necessary because the defini—
tion used here for thé L nuclei differs from that of
Reference 18 in that Li is not included. Experimental re-
sults (17) indicate that Li composes about one-half of
all the Li, Be, and B fragments of the heavier nuclel.

Introducing into the solutions of the diffusion egua-

tions for the spherical chamber the above values of the

parameters, we obtain at h = 15 g/bma,

266 N (72a)

1y (X)

P
il

~ ° | L
.332 NM + 425 NH(X) | (72b)

NL(X) = .361 Ny + .207 Ny(X) + .450 Ng(X) (72¢)

It is of interest to note that these equations show that
the heavy particles, when measured at 15 g/cm2 with spherical
geometry so that particles from all directions_are detected,
are attenuated the same amount that a vertical detector would
measure at 32 g/bmg.

The geometric factor to convert the intensity in a

spherical chamber to intensity per unit area and solid angle
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e f)
is 2 WS »°. For this chamber this factor is .321 m°

2
-gteradilan .
Table V gives the flux measured by this experiment of

the various heavy components of the cosmic ray beam.
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SUMMARY OF THE BACKGROUND CORRECTION

In any critical analysis of the results of thils experi-

ment it 1s necessary to have well in mind any approximations

made In correcting for the background counting rate. For

this reason we now summarize. the steps that were involved

in the background correction.

The counting rate of a pulse ionization chamber biased

so that only minimum ionizing particles of about Z 2 3 are

detected consists of the following:

Cosmic ray primaries of Z Z 3

Fragments of heavy primary particles

Nuclear star evaporation particles

Slow secondary protonsAproduced in the collisions
of the primary and secondary flux With the atmos-
phere and the material surrounding the chamber
Slow e€-particles | |

Electron shower particles

Pileup of small pulses producing a detectable

pulse.

In order to find the cosmic-ray flux at the top of the

atmosphere, the counting rate of the chamber must be corrected

for items (b)-(g). Item (b) was corrected for by solving the

diffusion equations which includes the fragmentation particles.
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The correction for extrapolating to the top of the atmosphere
was large because of the chamber's apparent depth in the
atmosphere of 32 g/cmz. Equations 72a, 72b, and 72c show
that this correction consisted essentially of having to
multiply the sphere counting rate oy factors between é.7

and 4. Any errors in the parameters of the diffusion equa-
tions will be reflected more in this experiment than in

those of most other observers, whose depth of observation

has been between 10 and 25 g/cmg.

The nuclear star evaporation particle correction was
accomplished by a combination of calculation and experiment.
Using the data from photographic emulsions on the produe—
tion and the characteristics of nuclear stars, a calculation
was made, with certaln simplifying assumptions, to give a
sufficiently accurate determination of the counting rate
expected in the chamber due to nuclear stars, and some charac-
teristics of the distribution in size of the puises. In
particular, 1t gave the ratio of the counting rate in Cham-
ber No. 14 to the counting rate in Chamben No.‘13 caused by
nuclear stars. The experiment consisted of Simulteneously
sending up on a skyhook balloon two chambers identical in
‘all respects except that one chamber, No. 14, had 2.14 times
the argon pressure of the other chamber, No. 13. The pulse
size distribution due to evaporation particles from nuclear
stars stopping in the chamber will be independent of the

pressure but will depend only on the energy distribution of
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-evaporation particles. The pulse sizes due to cosmic rays
Wwlll be directly proporticnal to the pressure. By comparing
the counting rates of Chambers No. 13 and No. 14 it is pos-
sible, using the results of the calculation, to determine

an experimental integral pulse height distribution cauéed

py the particles that stop in the chamber.

The pulses due to the evaporation star particles that
pass through the chamber were not corrected for, but only
that part of the data was used where it was shown that the
number of these pulses should be small.

Slow secondary protons, mainly the "grey' proton product
from nuclear stars, could produce detectable pulses. A
calculation was performed which showed that for the part of
the data used the contribution of these pulses should be
sméli. |

Slow o -particles capable of producing detectable pulses
can be produced by a portion of the primary o(—pérticlés
losing energy by lonlzation before reaching the‘chamber.
This effect was calculated and was corrected for. Slow

ok -particles are also produced in nuclear stars and the
fragmentation of the heavier cosmic-ray flux in the atmos-
phere. The slow o-particles in nuclear stars were already
taken into account by the nuclear star corrections. Because
the heavier flux 1s much smaller than the eof-particle flux,
the number of ef-particles produced in the fragmentation of

the heavier is also much smaller than the primary & 's. In
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addition, their energy distribution at the chamber will not
be much different. The effect of these fragments was ac-
counted fof by increasing slightly the assumed primary
o€ -particle flux.

It was shown that both electron showers and the pileup

of small pulses produce only a negligible contribution to

the counting rate.
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DISCUSSION OF DATA

The results of other observers on the measurement of
the heavy flux are shown in Table V. It is seenlthat fhe
value of the heavy flux for this experiment agrees reasonably
well with the other investigators' values. However, the
values for the CNO group and the Be B group, as measured
by this experiment, are higher than the other investigators'
values. The values given by the other investigators are
for the CNOF group. Since the evidence indicates that the
abundance of fluorine 1s very small the values for CNO and
CNOF should be very closely the same. As is noticed if
one takes the lower limit of the values of this experiment
there is a reasonable agreement with she Bristol data.\ %)

This may indicate that the high values for the CNO
group ére caused by the uncertainties in the background
carrection. There was no indication that the egulipment was
misbehaving during the flight. The Po-o€ pulses showed that
both the recelving and transmitting equipment were functioning
properly. As a further check the counting rate of Chamber
No. 13 agreed reasonably well with the counting rate as
measured by Coor (9) under approximately the same conditlons.

The background effects in items (c¢) and (d) that have
not veen corrected for because they were congidered small

enough to neglect, plus any others that have not been con-
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sidered, will increase the measured flux values above theilr
true ones. These effects should become of relatively less
importance as the pulse silze increases, and thus we might
expect; if these effects are present, the L group measure-
ment to be higher than the true value by the greatestvamount.
An estimate of this éffect can be obtained by calculating the

I, flux from the following three sets of data:

I data in Figure 14 from 5.7 to 11.4 volts
II data in Figure 14 from 6.9 %o 11.4 volts

III data in Figure 14 from 8.6 to 11.4 volts.

If the suspected effect is large and its importance décreases
with pulse size relatively faster than cosmic rays do, then
the measured flux values should decrease from Data Set I to
Data Set TII. From the calculated flux values given in

Table VI 1t 1s seen that there may be such a tendency. To
minimize this effect the result of Data Set III is used as
the correct value of the Be B flux.

It 1s felt that there is really no significant difference
between the CNQO flux values of this experiment and the values
of other observers. The uncertainty in the background cor-
~rection can account for the difference. The background ef-
fects that have not been corrected for because they were
considered small enough to neglect should not ve of any im-
portance in that part of the data used in determining the CNO

flux. However, as 1s seen in Figure 18 there are large uncer-
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Table VI. Be and B flux values calculated for dif-
ferent sets of data to determine the importance of the
neglected background

Be and B Primary
Flux Values

Group Type (particles/m<-steradian-sec.)
I 32+12
I 30.2+12

III 22.5+13



~-111-

tainties in Blu(S). To determine Blu(S) it was necessary
to take a difference between two counting rates where the
differencé was, for the smaller values of S, about 10 to 20
percent of each rate. There was an uncertainty in the pulse
size measurement of about 5 percent. At these smaller
values of pulse size a 5 percent error in the puise size
produces a 10 percent error in the counting rate. This
“error in the pulse size determination and the statistical
errors produce the large uncertainty in Blu(S) shown. in
Figure 18. The large errors in the flux §a1ues wefe due
almost entirely to the uncertainty 1n Bla(S).

- The measurement of perhaps greatest interest is the
value obtained for the Be and B fiux. It would be extremely
difficult to account for the increase in the counting rate of
Chamber No. 14 between 5.7 and 11.4 volts without assuming
the presence of Be and B in the primary beam. Though the
exact flux of Be and B, as determined by this eXperiment, is
uncertain, it 1s felt that the presence of Be and B in the
primary beam 1s unquestionable. This experimeﬁt agrees
with the Bristol group (19) in showing that the primary flux
of Be and B is about as plentiful as CNO.

1t was not possible in this experiment to obftain any
guantitative data on the abundance of Li in the primary
cosmic-ray beam., At the pulse sizes where Li gives 1its
greatest contribution, the counting rate included a large

but indeterminable contribution from slow secondary protons.
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This part of the data was consequently neglected. However,
the portion of the data which was used in determining the
flux of Bé and B included about 9 percent of the Li flux.
It was assumed that Li produced 4 counts per second in_the
chamber in order to give a small correction to the Be and
B flux value.

Because of ilonlization losses not all of the heavy flux
incident on the top of the atmosphere will affect the cham-
bers. The range of particles with Z = 14 and £ (energy
per nucleon) equal to the cutoff value of .3 Bev is.only
8.6 g/cm2 of air. The lowest energy per nucleon effective
in producing counts in the chambers for the various charge

groups 1s shown in Table V.
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CONCLUSIONS

The data of this experiment indicate, with not as much
accuracy as would be desired, that Be and B are preseﬁt in
the primary cosmic—ray beam with about the same abundance
és the C N O group. The significance of this as regards the
origin of the cosmic rays has been amply dlscussed by various

investigators,(19:20,21)

and it would be redundant_to repeat
their arguments. However, 1t should be pdinted out.that it is
of importance tc determlne the relative abundance of Li, Be,
and B among themselves. Except for Li, Be, and B, the abun-
dances of the elements in the cosmic-ray beam approximate
their abundances in our galaxy. In this picture, the rela-
tively large abundances of Li, Be, and B compared to thelr
abundances in the galaxy can be explained by saying.that

Li, Be, and B were not accelerated at the source like the
other elements but are the fragments of the heavier.par-
ticles. If this is the actual case, then emulsion data (18)
indiecate that Li should be as abundant as both Be and B com-
bined. If it can be thus shown that primary Li, Be; and B
are entirely fragmentation products from collisions 1in
interstellar matter, then the lifetime of the heavy cosmic
rays can ve determined. However, until thls is done, one

cannot draw any conclusions about the lifetime of the heavy

cosmlic rays.
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Nuclear stars produced about a constant fraction of one-
third of the Chamber No. 14 counting rate for all pulses
greater tﬁan U4 Po-e€ pulse through to all pulses greater
than 2.7 Po-0€ pulse. The ionization due to these nuclear
stars 1s 7 vercent of the total ionization measured at-approxi—
mately the same éltitude, latitude, and time.(gg) Although
ﬁhis percentage of the total ionization was measured with
3.17 atmospheres argon pressure, it is the same for all pres-
sures since both the total lonization and the lonlzation due
to stars vary approximately proportionally to the pfessure.

It is feasible to account for the background pulses in
a pulse ionization chamber and obtain values for the cosmic-
ray flux. This experiment far from exhausts the ultimate
accuracy possible. The amount of star background can be
halved relative to the heavy cosmic rays by requiring a co-
incidence between a geiger counter and the chamber, since
one-half of the stars are produced by neutrons. :The star
background can be relatively further reduced by using a
vertical counter telescope in coincidence with ﬁhe pulse
chamber. This has the effect of decreasing the apparent
depth of the chamber, and, consequently, the heavies will
vbe less attenuated. The counting rate caused by slow pro-
tons can be eliminated and déta obtalned on the Li flux.

One way to do this would be to place the ion chamber inside
the counter telescope and place 4 g;/'cm2 of aluminum absorber

between the chamber and the lower counter. By requiring a
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coincidence between the chamber and the telescope, protons
less energetic than 60 Mev will be eliminated, since they
will stop‘in the absorber before discharging the lower
counter.

Unfortunately, all such refinements will increasevthe
complexity and weight'of the equipment. Since for balloon
flights small welght and simplicity of eqguipment are of ex-
treme importance, it 1s worthwhile to determine what can be
done to improve the equipment of this experiment without
appreciably complicating 1t. We will then attempt to de-
termine what information can be obtained by the improved
verslon.

One serious disadvantage of the equipment of this ex-
periment is the long length of time required for collecting
enough data. As was explained, thils was due to the method
used for measuring pulse sizes. One loses the advantage
gained by small weight, which permits lifting of ﬁhe equip-
ment much more cheaply and conveniently with small balloons,
by requiring long lengths of time at altitude té obtain the
necessary statistics. Thus, although when batteried for a
U_hour flight the completely wrapped equipment weighed only
9% pounds, 1t was still necessary to 1lift the equipment on a
large skyhook balloon in order to keep it at high altitude
the reguired time.

It is not necessary anymore to obﬁain the fine detail

in the integral pulse height distribution curve as was done
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in this experiment (Figure 14). This experiment showed that
once the star correction is known it is only hecessary to
know the éounting rate at three voltages, namely 8.6 volts =
.66 Po-& pulse, 11.4 volts = .88 Po-e pulse, and 28.6

volts = 2.2 Po-@& pulse, The difference in the counting

rate between 8.6 volts and 11.4 volts, corrected for the star
contribution, gave the information on the Be and B flux. The
difference between 11.4 volts and 28.6 volts, corrected for
the star contribution, gave the information on thelCNO flux,
The counting rate at 28.6 volts, corrected for the star con-
tribution and the counts caused by Z £ 8, gave the informa-
tion on the Z 2 9 flux.

We could still have obtained the same information on
the flux of the various heavy partilcle groups by choosing
12.2 volts = .94 Po-& pulse instead of 11.U4 vélts.« At 12.2
volts there 1s the added advantage that at that voltage one
can measure changes in the amplifier gain. From Figure 6 it
is seen that at the constant voltage which passes initially
all pulses greater than .94 Po- & pulse, the coﬁnting rate
of the Po &(-particles would decrease very fast with any
decrease in the amplifier gain.

To determine the star correction this experiment hés
‘shown that 1t is necessary to determine the counting rate
at only one other voltage for the full pressure chamber,
namely at about S0 volts in Chamber No. 14 or as large a

voltage as possible., If the lower pressure chamber (No. 13
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in this experiment) is filled to 1/R the pressure of the
full pressure chamber, then it 1s necessary to determine

the counting rate in this chamber at the pulse sizes

Vi max 13

SPo- e ,(1 = 1,2,3,4)

where

V. = .66, V. =..ok, V. = 2.2, stex 13

:C
1 o 3 Po- o¢ VM OC volts

max 13 ang shax 14

or the maximum possitle voltage, and SPo—cc PoO-

are the maximum pulses due to Po &-particles in the lower
and higher pressure chambers respectively (the Po-o pulse
voltages).

It should be cautioned that the full pressure and lower
pressure chambers should have their various voltages very
accurately determined because B(S) is very sensitive to these
voltages. In this experiment uncertainties in the values
of the pulse voltages of less than 5 percent produced the
large uncertainties in the background correction qu(s)
(Figure 18).

By this means of measuring the counting rate at only
four different voltages, it would be necessary to gather the
data at the maximum altitude for only 15.6 minutes to obtain
greater statistical accuracy than was obtained from the 4
hours of good data of this experiment. Because the informa-

tion 1s obtained by taking the difference between the counting



-118-

rates at the three smallest voltages (Vl’ Vo V3), the best
statistical value of this difference 1s obtained when the
time of measurement at these voltages is proportional to

the square root of the rates at these voltages. The time
spent at the highest voltage, Vq, 18 determined to givé a
statistical accuracy bf about 10 percent. These requirements
are fulfilled when the times spent at V_, Vg, VB,'and V4 are
3.2 minutes, 1.4 minutes, 1.0 minute, and 10 minutes, respec-
tively.

Periodically the Po ©&-particles should be turned on
to calibrate the-amplifier gain, With this’modified arrange-
ment 1t 1s possible to obtain with much smaller palloons a
more accurate measurement of the heavy primary flux. The
statistics would be better, and the voltages could be meas-
ured more accurately since they can be taken off of 'a bias
battery.

Once the contribution of the star backgrouna is deter-
mined 1t will not be necessary to take any more measurements
at VA’ and all the necessary data can be obtained in 5.6
minutes at altitude.

The optimum pressures to use in the chambers appear to
be the ones used in this experiment. Higher pressures would
require a greater voltage across the ion chamber electrodes
to collect all of the electrons. Lower pressures would in-
crease the star background relative to the cosmic—ray flux_

at a glven pulse size,
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The above discussion was specifically for flights made
at about‘A==E%R However, the same simplified equipment can
be used af lower latitudes without any modification. It is
possible to use the equipment for measuring the heavy primary
filux at higher latitudes, but then one would have to know
the energy spectrum of the primaries more accurately to cal-
culate the theoretical integral pulse height distribution
expected in the chamber due to the non-relativistic particles.
However, the result should not be too sensitive to the as-
sumed energy spectrum since the very low energy parﬁicles will
not be able to reach the chamber because of their small ranges.

‘The interpretation of the data at all latitudes should
be very similar. The calculations performed in this paper on
the star background will hold for all latitudes, but 1t should
be noted that they were made only for the argon oressures of
this experiment. B(S) can be determined for all latitudes
in the same way as was done in thils experiment. :In determin-
ing the flux, the theoretical integral pulse height distri-
butions of cosmic-ray particles will vary fron high latitudes
to the lower latitudes because of non-relativistic particles,
but once this is accounted for, the procedure is analogous
for all latitudes.

There is a possibility that this simplified version of
the pulse lonization chamber may be able to measure changes
in the heavy flux of 10 percent or less. The limiting fac-

tor 1n this respect is uncertainties in the star background
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correction. This correction 1s based on calculations of the
relative star effects in the two different pressure chambers.
The approﬁimations made in this calculation may cause errors
in the star background correction as large as 25 percent.

If there is a fluctuation in the star-producing flux,-this
will cause a change in the counting rate of the chambers even
though the heavy flux may stay constant. If the star correc-
tion is exact it will reflect this change and will give the
correct value for the heavy flux. If the star correction is
incorrect by 25 percent, and the star producing flux changes
by 20 percent, there will be an apparent change in the heavy
flux of only about 2 percent. It should be kept in mind

that the star correction is only about one-third of the total
counting rate and that the remaining two-thirds 1s due to the
heavy nuclei.

The simplest version of the pulse ionization chamber
using only the three voltages Vl’ V2, and V3 and no correc-
tion made for the star background can still give information
on the fluctuations of the heavy primaries. Let us say that
the total intensity changed by 20 percent. If the counting
rate in the pulse ionization chamber also changed by the
lsame amount, then one could conclude that the intensity of
the heavies also changed by 20 percent. If the heavy flux
had remained constant there would be only a 6.7 percent change
in the chamber counting rate.

It is felt that perhaps the most important use of this
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simplified pulse ion chamber will be in measuring changes

with time in the heavy particle flux and relative changes
among thelvarious heavy nucleus groups. In particular, changes
during a solar flare or during the solar cycle can be readily
measured by this Instrument.

With the slight.modification of also measuring the count-
ing rate at VA and making measurements once at a given lati-
tude with the lower pressure chamber, it should be possible
to obtain a measure of the primary flux of the varlous heavy-
particle groups. By this means it should.be possible to ob-
tain the latitude effect of the heavy particles and thus
their energy spectrum. However, for greater accuracy 1t
seems desirable to decrease the background by adding the
counter telescope as described previously.

It is known that the total cosmic-ray intensity in-
creases spectacularly during certain large solar flares,
perhaps as much as 500 percent. There is evidehce that
even small flares produce smaller increases. This increase
is believed to be due to particles coming directly from the
sun. It 1s not known yet if the heavy particle intensity
also increases during these flares. It would be of extreme

interest to determine if this is so, since 1t would mean

that these heavy particles come directly from the sun.
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