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ABSTRACT

A determinatlon of absolute cosmic-ray ionization at bal-
loon altitudes has been made using an integrating ionization
chamber., It was filled to 1 atm with argon, and was calibrated
to.give ionization in the argon,

The ionizatlon produced by nuclear particles in 5 charge
groups, electrons, F's, and stars was computed between 10
and 140 gm em™® to form a basis for estimating the wall effect
and recombination.

The important corrections for wall effect were from stars
and low-energy electrons. A 1.4 + 1.7% effect was estimated,
the lonization being less without the wall.

Recombination was investigated and found negligible in
the l-atm chamber.

The resulting ionization in argon was converted to lonl-
zatlon in air on the basis of the relative lonization by
charged particles in the two gases. The relative ionization
of 340-Mev protons, from cyclotron experiments, was corrected
by energy loss theory to give the relative ionization of
particles with cosmic-ray velocities.

The final result was that ionization values obtailned
with the existing calibration should be multiplied by 1;049 +

0.031 to obtain the correct ionization, from 7 - 140 gm cm‘2

depth. The unit used is ions em™3 see™t atm™! of air at 20°cC.

Further experiments were suggested.
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I. INTRODUCTION

A, Historical

Integrating ionization chambers have been used by many
workers (1,2,3,4) to measure cosmic-ray intensity, and are
a rather cénvenient and accurate tool to compare radiation
existing at different altitudes, latitudes, and times. How-
éver, in cases where absolute ionizations are quoted, com-
parisons between values of different groups are considerably
less reliable than 1f measurements based on the same cali-
bration are compared. Usually, the relative measurement is
the main objective.

Measurements of ionization are more significant than
as merely relative ones, because ionizatlon is related to
both energy lost in the atmosphere, and particle flux. Each
ion palr represents the loss of a definite amount of energy
by some lonizing particle. Neglecting neutrinb loss, the
total number of ion pairs formed in a column of unit cross
section in the atmosphere is proportional to the total
energy passing through a unit area from the top of the atmos-
phere. Particle flux can also be computed if the specific
ionization is known, since I = Jo* . These relationships can
be no more accurate than the absolute ionization.

Other methods are available to measure the total energy

flux of the primary cosmic radiation. First, the particle
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flux can be measured above the atmosphere by rocket-borne
counters (5). Using the average particle energy derived
from geomaghetic considerations, the total energy flux can
be computed. Secondly, a detailed accounting can be made
of the energy dissipated in the atmosphere by all known
processes (6,7). In the past, these three methods have
not shown satisfactory agreement, with ionization chamber
data tending to be about half the rocket counter data.
Reasons for the difference were known to exist, since neu-
trino loss and recombination make ionization chambers read
low, and albedo makes the rocket results high. A recent
paper by Meredith (5) has indicated that albedo is the big
effect, but it is still desirable to check ionization values.
An extended series of measurements of cosmic-ray ioni-
zation at high altitudes has been made by H. V. Nekher (3,8,9).
These measurements were made with one type of ionization
chamber, intercompared by the same procedurevfrom flight
to flight, and year to year. The accuracy of the inter-
comparison was quite good, being somewhat better than one
percent. However, the normalization used has been carried
along from a calibration made in 1931. Different fillings,
sizes and well thicknesses have been used in the past. The
absolute calibration is therefore considerably more uncertain.
For these reasons, it was felt desirable to make a new
determination of the absolute lonization which would apply

to Neher's chambers.
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Neher's telemetering chambers are described adequately in
the literature (10). The ilonization standard is maintained
by a number of such chambers selected for their consistency
of operation. If one of these should become erratic, there
are always several others to point out the guilty one. The
intercompafisons are made using a Th C" gamma-ray source,
which is shielded by 1 cm of lead. A set-up 1s provided
that enables any of the instruments to be placed in the same
position, at the same distance from the source.

Just before a flight, the instrument to be sent up is
placed in the set-up, and its response obtained with the
known gamma-ray ilonization. The level of lonization used is
comparable to that observed at the top of the atmosphere.

Reference will be made to the constants of these cham-
bers. They are constructed to give a signal each time they
have collected a certain definite charge. Therefore, the
time between discharges, t, is related to thelion current
collected by i = k/t, where k is the constant of the instru-
ment., Strictly, of course, k relates the time for discharge
to the ion current collected, but the assumption is made
that the current collected is proportional to the lonization

in air, and the k 1s chosen to give ionization in air directly.

B. Summary
This determination of cosmic ray lonization in the atmos-

phere at balloon altitudes divides into three parts. First,
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the ionization in a specific chamber was measured. The
chamber was filled with pure argon to a pressure of 1 atm,
and was 25 cm in diameter, with an iron wall % gm cm“2 in
thickness. Second, an attempt was made to correct this
value for the effect of the iron wall, and for other small
effects, ahd obtain the ionization which would have been
produced in an argon filled chamber surrounded only by air.
Third, the ionization in argon was referred to air at the
reduced pressure existing at balloon altitudes (10 to 100
gm cm—z).

The l-atm chamber mentioned was a telemetering chamber,

3 1 atm™t. This

calibrated to give ilonization in ions cm - sec’
was done by comparing it to a speclal reference chamber with
an identical wall in which the current could be measured 1in
absolute units and the collecting potential could be varied.
The ionization was produced by gamma rays frqm Th C". The
current collected in the reference chamber Waé measured as

a function of collecting voltage, and an extrapolation was
made to infinite potential. The common assumption was made
that all lons formed are collected under these condltilons.
The absolute ionization measurement was made in air, and is
somewhat more accurate than 1%. Ionizatlon in air at one
atm, and in argon at 1 and 8 atm were compared to an accuracy
of 1% with the reference chamber. The calibration was pre-

served until the flight was made by the standard chambers.

The final calibration of the l-atm flight chamber was good



| to 1%.

The l-atm chamber was flown together with one at normal
pressure of 8 atm. This comparison makes it possible to tie
in to results obtained with the normal chambers. Also, a
check on the understanding of recombination and other errors
is possible.

If the cosmic-ray lonization in a small volume of argon
with an infinitely thin wall is known, the ionization which
would be generated in air at the same position can be calcu-
lated on the basis of the relative ionization of charged
particles only. By "small volume" is meant one small enough
not to perturb the paths of any of the particles passing
through it. The number of secondary particles produced or
stopped in it must be small compared to the total flux.
Therefore, the difference between the lonization measured
in the actual chamber, and that which would be measured in
a small.chamber surrounded by air is desired; " This dif-
ference will be called the wall effect. Several processes
were considered, namely: stopping of slow protons in the
wall, production of nuclear showér particles, production
of star evaporation particles, and electron showers, Wall
effect by particles passing through the chamber without an
interaction other than ionlzation energy loss was neglected.

To determine the relative importance of the different
processes, the ionization produced by the nuclear particles,

electrons, mu's, and stars was computed for atmospheric
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depths in the range 10 gm em™2 to 140 gn em™2. The Gross
transformation was applied to the experimental vertical
flux. The chemical composition of the primaries was assumed
in accordance with the best data available. Star ionization
was also estimated. This was all done for geomagnetic lati-
tude, )\mu, = 56° The additional ionization observed at
Awm = 88° 1is due to primaries of low enough energies that
secondary production by them could be neglected, compared

to the total number of secondariles,

Stopping of slow protons by the wall, and the effect
of the penetrating products of nuclear interactions were
considered together. By noting the change in the nuclear
component of the lonization, per gm cm"2 atmospheric depth,
it was seen that these two processes do not contribute an
appreciable wall effect in % gm em™2 of iron. The effect
of star evaporation particles was estimated by taking into
account the variation in production rate comﬁared to energy
loss of the star prongs, as the wall Z is varied. The pro-
duction rate was assumed to vary according to the geometri-
cal cross section of the nuclel, but the reactions them-
selves were assumed to be similar in all materials.

The electronic component was treated in two parts, the
high energy, or shower component, and thé low energy tail.
An argument simllar to that used for stopping protons can
be applied to electron showers, and it is seen that the wall

does not appreciably affect the lonization by electrons of
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high enough energy. For energies less than 10 Mev, Compton
electrons become predominant. The wall effect which would
be observed if all electrons crossing the chamber below 10
Mev were produced by Compton encounters in the wall was com-
puted. This was done by the same general method used for
star evaporation particles. It will be an upper limit be-
cause the range of a 10-Mev electron is about ten times the
wall thickness, and a complete transition will not actually
be observed. More exact calculation is not justified by

the accuracy of the electronlic energy spectrum.

Recombination was considered and found to be negligible
in 1 atm of argon.

The relative ionization in air and argon has been
measured with 340-Mev protons, which are more or less repre-
sentative of the cosmic rays in the atmosphere. However,
it can be expected to vary somewhat with the velocity cof
the ionizing particle, according to energy loss theory.
Correétions,were applied to take care of velocity differ-
ences on the basis of energy spectra for the different

particles in the atmosphere.
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1., THE CALIBRATION

A. Apparatus

Apparatus was constructed to determine ionization which
could measure the ilon current collected in absolute units.

A chamber was provided that had provision for leading the
current outside for measurement, and which could be re-
moved for filling and replaced in the same position. The
leak rate of a known condenser was used to measure the cur-
rent, and a string electrometer gave the voltage of the
collecting electrode.

The arrangement of the parts is shown in Fig. 1, which
is a section through the axis of the chamber. The elec-
trical connections are shown schematically in Fig. 2. The
chamber 1tself is a shell identical to those used with a
self-contained electroscope as standards andkfor flight
instruments. An insulator assembly closed the narrow neck
of the spherical shell, and could be removed and installed
in different spheres if desired. Two of these were made,
both incorporating guard rings, one with a teflon insulator,
and the other entirely of glass and metal so 1t could be
baked out at high temperature. The teflon was far superior
electrically, having no measurable leakage at the voltages
used. The glass one was made because a check was desired to

ensure the plastic was not causing difficulty by contaminating
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the argon. It was used briefly, and discarded when no dif-
ference in results was noticed. Leakage across the glass
was less than 1% of the ion current, and, as will be seen,
cancels out in an actual run. A source of gamma radiation
was suspended above the chamber at a distance of about one
meter.

A null method was adopted for reading the current, to
avold errors from leakage. A known voltage, VE’ was applied
to the condenser in a way to keep thé potential of the col-
lector, Vl’ near ground. In practice, V2 was changed in
steps by a multipole switch. A plot of the potentilals
V1 and V2 as a function of time in a typical timing intérval
is presented in Fig. 3. One, three, or % of this interval
was commonly used, depending on the magnitude of the current
belng measured. V2 was switched symmetrically abouf the

T
ground potential in each case. It can be seen that‘f Vldt

/] C Te
= 0 and J-(Vl-Vg)dt = 0, ensuring that all leakage to
To
the collecting electrode will cancel out. The time Tl--To
1s the guantity actually measured, and the current is de-

rived from it in the following manner:

AQ

Ci1 8V, + Ci,AV, (2)
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The voltages which enter are those existing at the beginning
and end of the timing period, when Vl = 0, because this is
the.signal for starting and stopping the watch. 012 wlll be

called C hereafter. Therefore

i = 22 =

AT was measured to 0.1 sec, and was kept longer than 10

sec at all times, so that the timing error in an average

of several intervals was small, V2 was obtained from dry
cells and was known very accurately. The main source of

error was in knowing C.

To measure the value of C, two similar cylindrical con-
densers were made, and the capacity difference between a
short one and a longer one was computed from the geometrical
formula.

The condensers were made as carefully as possible
cylindrical, and with the corresponding_diameters equal.
They were of brass, and the inner cylinder was supported
at each end by three egually spaced 1 mm diameter quartz
pins. They were constructed identically, except one was an
accurately known amount longer than the other, |

Calling the capacity of the small condenser C, and that
of the large one C + C'; C' will be calculated from the

measured average dimensions.
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Diameter of outer conductor, a

i

2,590 + .002 cm

Diameter of inner conductor, b = 1,868 + .002 cm
Difference in length 1 =14.058 + .01 cm
o . ATE L
tn (a/b)

C' =123.96 £ 0.09 anf

The error quoted is derived from the estimated errors in
measuring the dimensions. The effects of mis-centering of
the conductors and of fringing fields were estimated and
found to be negliglble in comparison.

To obtain the capacity of the smaller condenser, the
ion chamber was used to generate a constant current, i, which
was chosen at a convenient value for measuring. The interval
A T was taken for both condensors, one after the other,
using the same set up so that the same jonization was gener-
ated, and ANé was of course the same

CAV, (c+c')Av2

is= AT = AT' (5)

¢c =cr —AT - (6)
AT! - AT

The values of AT, AT', and the value of C computed with

the above formula are presented in Table 1. The average
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Table 1

Individual Determinations of C.

AT, AT' and C are from equation 6

Trial AT AT!

sec sec pyf.
1 50.0 163.6 10.54
2 50.4 165.1 10.52
3 50.0 165.3 10.39
U 50.0 165.8 10.34
5 50.4 166.0 10.45
6 50.4 166.3 10.42
7 50.3 166.5 10.37
8 50.4 166.9 10.37
9 39.2 129.5 10.40

Average 10.

ho
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result was: C = 10.42 + 0.05 muf. The error was obtained
from the statistical error in the average value, combined

with the uncertainty in C'.

B. The ionization determination

The reference chamber was compared to three argbn-
filled standard chambers, which were in turn used to cali-
brate the flight chambers. Either the standardé or the
reference chamber could be placed on the three supporting
feet shown in Fig. 1, which supported both at the same
distance from the socurce. The role of the standard cham-
bers can be viewed as follows: A given response of a
standard, always about at the same level, implies a certain
ionization would be produced in one of the steel shells
placed in the same position. The amount of lonization
implied was given by the reference_chamber, in which it
could be directly measured. Thereforé, all that is required
of the standards is that they respond proportionately to
the ionization, reliably, over a limifted range.

A small correction to the discharge time of the stand-
ards was necessary because they had to be placéd on the
tripod support in Fig. 1 horizontally, and their normal
operating position is vertical. The uniformity of the
shells and the distance to the source were such that no cor-
rection needed to be made to the ilonization itself, but the

gquartz electroscopes used in the standards are somewhat
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sensitive to orientation. The probable reason is that the
tiny quartz fiber droops slightly under the pull of gravity.

The actual ionization measurement was made using the
following procedure. The reference chamber was filled with
air, after evacuating it to be sure no other gas remained.
1t was theh allowed to stand open to the air for approxi-
mately one hour to allow it to come to thermal equilibrium,
and then sealed off. At the time it was sealed off, the
temperature of the shell and the barometric pressure were
taken.

Voltage saturation was used as the indication that
all ions were being collected from the air. Saturation
curves were taken with collection voltages from low values
up to 1200 v. A typical curve is shown in Fig. 4. l/VO
is plotted against current collected in the same figure,
and a reasonable extension can be made back to 1/'Vo = 0.
This intercept was assumed to represent colleétion of all
the ions. In the actual comparisons, a collecting poten-
tial of 600 v was used, and it 1s seen that only a very
small correction need be made to find the current at very
high voltage.

The results of the comparison are given in terms of
the value of k in I = k/%std’ where t ., 1s the time between
discharges for a standard chamber. By the reference cham-

ber,
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CAV, 1
! - .
atr AT e Vol p/p,

Tt

air 1s the ionization in air in the steel chamber produced
by a gamma-ray source. The unit of Iéir is ions cm‘3 sec”
- AV
atm 1 at 20°C. C_TKT_g is the current collected, from

equation 3; e is the charge on the electron; Vol the
volume of the chamber; and ,O/f:, i1s a factor used to correct

the result to 20°C, 76 em. By the standard chamber,

kit

It. - air (8)
air | tstd

i

Therefore,

AV t '
' _ c 2 std
Ka1ir = Vol P/p, BT (9

The volume of the reference chamber, Vol, was obtained
by measurements mede to the outside of the steel sphere.
The average outside dlameter was 25.76 cm + 0.05 cm. The
wall thickness of 0.05 cm was subtracted before computing
the volume. Also, the:volume of the center electrode and
the volume made ineffective by electrostatic shielding near
the neck was subtracted

Total volume inside shell 8846 cm3
Ineffective volume 32

Vol 8814 + 50 cm3
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AVé was measured several times during the time com-
parisons were being made, and is noted in the table. It
was measured by a portable potentiometer, and is believed
to have negligible error.

fb?% was obtained from the temperature and barometer
at the time the reference chamber was sealed off. An inde-
pendent filling was made for trial 5 as a check on this
element of the operation. The gamma-ray source was Th C"

O60

for trials 1, 2, 5: C for 3; and Ra for 4. The raw

data is presented in Table 2, and the constants kéir com-
puted by eguation 9 are also shown. The value of e used
was 1.602 x 10727 coulombs.

Two runs of ionization (not per atm) vs pressure of
air were made with only background ionization. The inter-
cept of these curves at P = 0 is the ionization caused by
natural alpha particles from the walls. About 1% of the
total ionization came from the walls. It happened that
the correction for saturation and this one just cancel.

The average values of kéir for the three‘standards is
shown below, along with ko, which is the constant which has

been used in the existing calibration.

Std k! k

alir 0
111 11460 + 21 10956
105 11630 + 50 11250

77 15430 + 41 14755
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Table 2

The Data Used 1in equation 9, and the Values of k

Resulting from them

air

Trial Inst. AT t ., Corr &, 4 f/F AV, ki,

No. to std Copr 6 ‘

sec sec sec sec volts

1 111 hg.g 24,06 -0.61 24,35 0.,9620 3,049 11414
105 50.7 24.80 0.12 24,92 0.9620 3.049 11496
77 50.3 31.88 0.291 32.72¢ 0.9620 3.049 15247
2 111 50.3 25.02 -0.61 24,41 0.9620 3.060 11391
105 50.6 24,90 0.12 25.02 0.9620 3,060 11606
77 50.6 32.05 0.93 32.98 0.9620 3.060 15300
3 111 63.4 32,02 -0.79 31.23 0.9620 3.062 11570
105 62.8 31.62 0.16 31.78 0.9620 3.062 11887
77 63.5 40.77 1.18 L41.95 0.9620 3.062 15518
4 111 Lo.,1 20.00 -0.49 19.51' 0.9620 3.059 11428
105 40.9 19.78 0.10 19.88 0.9620 3.059 11417
7 39.8 25.45  0.74 26.19 0.9620 3.059 15457
5 111 51.8 26.54 -0.65 25,89 0.9739 3.042 11520
105 51.9 26.20 0.13 26.33 0.9739 3.051 11729
77 51.5 33.72 0.97 34.69 0.9739 3.060 15619
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The simplest way to express this informatiqn is in terms

of the existing calibration, as only one number is suffi-
cient. The average kéir/ko = 1.045, with an error of about
3%.

Relative measurements were then made to determine the
ionization in argon at 1 and 8 atm implied by a given rate
of discharge of the standard chambers. A number of runs of
ionization (per atm) vs pressure were a made with the iron
shells., The curves are shown in Fig. 5. The ionization scale
is arbltrary, and the curves have been normalized at 1 atm.
Background radiation has been subtracted out. A correction
has been made which was at most of the order of 1% to refer
all data to the same value of E/P to get nearly a constant
collection éfficiency. Run lc was made with a chamber which
was baked out at 30000 for 24 hours while evacuated, before
filling with argon. A hot calcium purifier was in operation
throughout the run. No significant difference in the results
occurred.

After each run, the argon was completely removed, and
replaced with air to 1 atm pressure. After equilibrium was
established, the ionization in the air-filled chamber was
taken. The ratio, which will be called Iéir/IA (¥ ), was
found to be 0.655 within 1%. Complete saturation was looked
for in the argon in the same way it was in air (Fig. 4).

The drop in ionization at 8 atm pressure compared to
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1 atm was taken from the curves in Fig. 5, averaged, and
found to be 6%, again within about 1%. Some comments on the
accuracy of the pressure measurement will be made later.

Using this information, the lonization occurring in
chambers at 1 and 8 atm argon can be given. Again the exist-
ing calibration will be used as the base., In the Table below,
Io means the ionization which would be obtained using the

existing constants, k_.

o
1
Air, 20°, 1 atm 222 = 1.045 + 0.005
. To
TA
Argon, 20°C, 1 atm = = 1.597 f 0.015
0O
1
Tp

Argon, 20°C, 8 atm = 1.505 + 0.02

o

If ionization in argon from very slow or heavy particles were

being measured, recombination would have to be considered

(Chaptef Iv).

C. The gamma-ray wall effect.

Several experiments were tried to see if the cause of
the dependence of gamma-ray lonlzation on pressure could be
located. Runs of ionization (per atm) versus pressure were
made in argon, using different wall materials; namely, iron,
plastic, and solder. The iron wall used, of course, was the
bare shell mentioned in the description of the instrument.
Tt was 10" in diameter and & gm cm™° thick. A wall of plastic

with an effective 2 near 6 or 7 was made by coating the inside
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of one of the steel shells with a layer of Epoxy chemical
setting resin. The layer averaged 2-3 mm thick, or 0.3 gnm
em™. A third wall was made by coating the inside of
another steel shell with 1 mm, or 1 gm cm—g, of 60% Pb, 40%
Sn solder. The effective Z was near 70. These layers were
thick enough 80 the presence of the iron shell on the out-
side had little effect on the ilonilzation except by a slight
attentuation of the gamma ray intensity.

The pressure of the gas was measured by commercial pres-
sure gagés. A 0-160 psi gage was used for the higher pres-
sures., It was calibrated first against an absolute gage con-
sisting of a small bore glass tube containing a pellet of
mercury. One end of the tube was sealed shut, and the pres-
sure to be measured was applied at the other. Variations in
the diameter of the tube were looked for by moving the
pellet along the bore, and measuring i1ts length by a traveling
microscope. The bore was about 1 mm dia. aﬁd the pellet 1 cm
long. The perfect gas laws were used to give the pressure
after it was found that Van der Waals' equation did not give
a significantly different pressure.

An independent calibration was made later using a com-
mercial precision gage and the resulting points were within
1%, in the upper half of the range.

For the lower pressures, a 3020—15 psli gage was used,
and was callbrated with a mercury manometer on several

occasions. The calibration remained constant within about
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1% of orie atmosphere. The two important pressures were 1 atm
and 8 atm, and these could be determined easily to 1%. Actu-
ally the pressure gages measure differences from the prevailing
atmospheric pressure, so a correction was made to take care
of fluctuations in barometric pressure.

The dataeﬁe presented for the three different walls in
Fig. 6. The ilonization scale is 1n arbitrary units, and is
expressed in ions per atm. The separate curves are to be
understood as all being obtained with the same flux of gamma
rays, in the same volume of gas; only the wall material is
changed. However, the vertical positioning of the curves is
less accurate than their individual shape. Correctlons have
been made to take care of the smaller volume of gas in the
plastic coated chamber. Natural radio-activity in the walls
and surrounding material is eliminated by subtracting out the
background rate.

It.is not felt that impurity coming from the different
walls is the cause of any of the difference in ionization.
For the iron wall, baking out, elimination of the organic
gaskets, and continuous purification did not cause a signifi-
cant difference 1in the pressure dependence. For the other
two walls, saturation curves were taken, and were not dif-
ferent than those for pure argon. Also, the actual data were
taken with sufficient collecting voltage to ensure saturation.

The data Indicate that the wall can certainly exert a

large influence on the ionization observed. The effect of
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the wall shows up as a variation in ionization (per atm) with
pressure. At high enough pressure, the ionization would not
depend on the wall material, as a negligible fraction would
be due to electrons coming from the wall. This was borne out
by'the data, as the curves of I vs P observed appear to come
together at high pressure. At very low pressure, no secondary
electrons would be produced in the gas, and the ionlzation
would be entirely due to particles ejected from the wall.

A calculation analogous to the one which will be used
in a later section to estimate the cosmic-ray wall effect was
made using the gamma-ray spectrum in Fig. 7. The photo-
electric cross section was included. The simplified spectrum
assumed has the slow rise toward low energy and sharp drop
below 150 Kev which a Th C" source flltered by 1 cm lead would

have. The results were:

wall Z I, atm™! (relative)
plastic 7 0.9
argon 18 1fO
iron 26 1.1
Sn - Pb 70 1.6

These ionizations would be observed in a chamber at low
pressure, when surrounded by the material noted. Being sur-
rounded by argon corresponds to a big volume of the gas, or

a chamber at high pressure. So, compared to the ionization,
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IA’ which would be observed at high pressure in argon, one

would expect 0.9 I,, 1.1 I,, and 1.6 I, at low pressure with

A’ A
walls of plastic, iron and lead, respectively.

It is seen that considering Compton and photoelectric
processes, together with ionization loss of the electrons,
can approximately explain the ionization oﬁserved at high and
low pressure. The relatively large effect of the Z = 70 wall
is understandable by noting that the gamma radiation is fil-
tered through 1 cm of.lead. The lead cuts off the gamma-ray

energy spectrum below a certaln energy, E because of the

min’
sharp rise in photoelectric absorption at low energy. In the
Z = 70 wall, further photoelectric absorption occurs, and as
a result, large numbers of photo~electrons are ejected from
the wall. Further absorption can occur because the cut-off

energy, E in Z = 70 material, is comparable to the cut-

min’
off energy in lead. If the wall were iron, for example, it
would not be able to absorb strongly, with the resultant high

ionization, because the energy E would be lower, Photons

min
of low enough energy would have already been removed from the
gamma-ray flux by the iead filters.

It has nét been shown that all the pressure dependence
is due to the wall: only that the observed behavior is of
the approximate magnitude to be expected of a wall effect.
Other processes are not ruled out.

The possibility of a pressure effect in the ionization

process itself was looked for. A 1 cm diameter flat polished
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brass surface was mounted on the center electrode of the
reference chamber (Fig. 1). A small amount of Po210 was
rubbed onto the surface from one of the foils on which it
comes supplied. The range of the & particles given off was
not sufficient to reach the walls. The ionization produced
by the & 's only was measured as a function of the pressure
of the argon gas, and found to decrease 2% in going from 1

to 8 atm. Saturation curves were taken and correctlions were
made to arrive at the same collection efficiency at all pres-
sures, by using a collection potential proportional to pres-
sure. However, the 2% figure may still be an overestimate.
Therefore, it seems very unlikely that the observed pressure
effect is to any significant extent the result of an inherent
dependence in the ionization process itself on pressure. In
other words, w, the energy to form an ion pair is a constant
within 2% for pressures of 1-8 atm.

To summarize, the wall is observed to ekert a conslder-
able influence on ionization by gamma rays, and the influence
shows up as a variation in the ionization observed as the
pressure is varied. The variation in energy to make an ion
pair is small in comparison. The size of the observed vari-
ations is approximately explained by the way that low energy
(0 - 2 Mev) photons eject electrons from the wall. The most
reasonable conclusion is that mainly a wall effect in gamma-
ray ionization is being observed, and this would not be ob-

served 1n ionization by penetrating particles;
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IITI. THE ANALYSIS OF IONIZATION IN THE ATMOSPHERE

A. Vertical intensities of the components

As primary particles strike the atmosphere, they are
absorbed by collision, broken down by fragmentation, and
are stopped by ionization loss. Secondaries are produced
in interactions, giving rise to electrons and mesons. It
is necessary to know the fraction of the total ionization
produced by each component which will be considered later
in estimating corrections to be applied to the total ioniza-
tion., The ionization due to stars, electrons, and heavy
primaries is particularly desired.

To facilitate the analysis, the particles present in

the atmosphere were divided into several groups:

p - Protons and unstable Z = 1 penetrating-particles
X - Z =2 |
L - 32£2Z2=5
M - 6=2Z2=9
H - Z=10
e - Electrons
» - Mu mesons
star - The low energy prongs of nuclear stars

A somewhat idealized picture of a nuclear reaction was
used (11). The products were divided into two types; high

energy, or shower particles, and low energy, or star particles.
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Shower particles are ejected immediately, as a result of
nucleon-nucleon collisions. They come out with relativistic
energies, approximately in the forward direction. A very
highly excited nucleus 1s left, and subsequently it disinte-
grates, resulting in a nuclear star. The star prongs are
mostly protons and alpha particles in the 10 - 20 Mev range.
These will be referred to as the star particles; or star
evaporation particlesf

The shower particles were assumed to come out exactly
in the direction of the primary particle, without angular
spread. The same assumption applles to the produects of meson
decay, and is nheeded in order to apply the Gross transforma-
tion. The evaporation particles were assumed to be somewhat
over half protons, the rest &('s. They were assumed to be
distributed isotropically in space.

A charge spectrum was assumed for the primariles In
accordance with the best information availabie (12-15). The

percentage distribution was taken as:

i

89.3 %
10.0

I

0.23 ) (2

0.35 ) Total 0.7% in the ratio( 3

w2 =2 Q0°
fl

0.12 ) (1

I

The vertical intensity of the heavy particles was com-

puted using the same diffusion equations which have been used
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by others to interpret plate data. Since fragmentation can
only reduce the charge, and since multiply charged fast
secondaries are very rare for light incident particles, the
L, M. H group can be treated independently of the others.

The notation used is that of Noon and Kaplon (16).

dn, (x) N, (x) Ny, (x) P

- iri
dx )\i Y %ir

N.(x) - The vertical flux at depth x gm.cm—z of
particles of type 1

A, - The interaction (collision) 1engfh.of
particles of type 1i.

Pi'i - The probability that in a collision a

particle of type 1' produces a secondary

of type 1.

The solutions to these equations are giVen by Noon and
Kaplon. The constants Aﬁ_are obtained from plate data,
and agree closely with the geometrical cross sections. Pi'i
has been obtained by statistical analysis bf the products
of a large number of interactions observed in emulsions.

The resulting intensity of L, M. H particles is plotted
in Fig. 8 in terms of the flux of the same particle at the
top of the atmosphere. Fragmentation is important only for

N1, which is one of the reasons its intensity at the top of

the atmosphere is so difficult to estimate. However, the
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contribution of the L group to the ionization is so small
that inaccuraciles in its intensity are unimportant.

N; is described by an attenuation length of 24 om em™2.
This compares to 21 + 2 gm cm"2 for the same quantity measured

by Frier et al. (17). We will use 24, N, will be taken pro-

M
portional to efga . This does not differ from the actual
solution of the diffusion equation more than 0.01 NM(O).

The alpha-particle Intensity was obtained independently.
Davis, et al. (18) give an attentuation length of 50 gm cm'z,
which 1s reasonable when compared to an interaction length
of Ul gm cm’g, by Peters (19). In the absence of further
information, we will say that the intensity varies as e‘éf .
It is legitimate to extend this intensity to the top of the
atmosphere because fast secondary «&«'!'s are rare (20).

Proton and‘p.intensities are divided into fast and slow
P andlp according to whether their range 1is more or less
than 20 gm cm"2 of lead, but the slow proton'flux is cut off
at energies below about 100 Mev. These intensities, as well
as the electronic, are given by Komori (7). His fast proton
intensity is represented closely by an attentuation length
of 120 gm cm'g, which agrees with the altitude variation of
stars produced by protons, at this latitude (21). Komori
uses the rate of burst production to arrive at his curve.
Extrapolation of proton intensity to zero depth is not pos-

sible, because of the secondaries produced as soon as material

is encountered. For computation purposes, it willl be extended
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g -
to zero depth by continuing the e 22 curve. Komori's data

are plotted up to 20 gm cm"z, and if they are correct this
far, little error will be introduced in the ionization calcu-
lated for this depth, and somewhat higher. The & and fast
proton intensities used are also plotted in Fig. 8, in terms
of the assumed flux at the top of the atmosphere,

‘The vertical intensities of e, p, slow p, and slow
are also glven by Komori, and were used as is. He gives
them only up to 20 gm cm_e, 80 the above remarks about extend-
ing the results upwards apply here, alsc. Instead of plotting
absolute intensities, these are given in terms of. the assumed
fast proton flux at x = 0, and are shown in Fig. 9.

The Gross transformation was next applied to each of
the vertical intensities shown in Figs. 8 and ¢, to obtain
omni-directional intensities., Use of this transformation
involves the assumption that the flux at any point in the
atmosphére in any direction depends only on the mass traversed
in that direction to the point in question. For this to be
true, primaries must be distributed isotropilcally, and the
lateral spread of secondaries must be negligible.

The resulting omni-directional fluxes were then welghted
by the average specific lonization of the different groups:
& =4, L =16, M = 49, H = 196. Each component was also
welghted by its abundance at x = 0 compared with that of the
protonic component. A quantity proportional to ionization

was thus obtained. So far, no attempt has been made to find
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absolute ionization; only altitude dependence by components.

B. The star ionization

The star ionization was computed on the basis of work
by Lord (21) and Coor (22). Lord measured production rates
of stars with two or more black prongs in emulsion at
several altitudes. Since the energy going into the evapora-
tion particles is not highly sensitive to the ehergy of the
incident particle, his results are proportional to the energy
going into star prongs, as a function of altitude. Two
methods are available to find the average energy, but the
results of Coor would seem to give the most reliable esti-
mate.

He has measured burst size distribution as a function
of altitude in a pulse lon chamber., It had dimensions al-
most the same as the ones used here, and was filled to 1.5 atm
pressure with argon. He concluded thét electron showers con-
tribute a negligible number of bursts, and that those observed
are due to heavily ionizing particles. His absolute burst
frequency 1is in agreement with star production rates in emul-
sion. He concludes that all his bursts are due to stars,
except at very high altitudes (~15 gm cm—g'depth), where a
significant fraction is due to heavy primaries. Our calcu-
lation of the attentuation of primary heavy particles agrees

with this conclusion, since no Z 2 3 particles exist at

100 gm em™2,
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Coor has integrated his burst size spectrum to find the
total ionization due to bursts leaving more than % Mev in
the chamber (about 6 diametral traversals of a minimum singly

3 sec-l atm'l

ionizing particle). The result was 25 ions cm~
of air at 100 gm cm © depth. This is identical to the star
ionization, by the above arguments, but similar calculation
cannot be called the star ionization at higher altitudes,
because of the contribution of heavy primaries. Coor's
flight was made at geomagnetic latitude, Am =‘500. To apply
the result to Aw= 56°, 1t was increased in the same ratio as
the total ionization, to 28 ions em™3 sec™t atm™L.

An 1interesting comparlson is available from an estimate
of average star energy using emulsion data. Lord gives the
distribution of stars by the number of prongs, and the average
is 6. The information presented by Rossi (23) on the energy
distrilbution of the prongs indicates that 10-15 Mev 1is
thelr average energy. This implies that stafs'release about
75 Mev on the average. Brown et al. (24) have also measured
the average energy of the low energy star particles, and arrive
at a somewhat higher result. Using the 75 Mev figure, and

3 gec™t atm T at

32 ev per ion pair, one obtains 25 lons cm
100 gm crn"2 depth. This will equal the actuél lonization

in the air only if the energy per star is'the same in air as
in heavier elements. In view of the uncertainties, the good

agreement is fortuitous.

The altitude dependence found by Lord was normalized to
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sec™® atm™t at 100 gm cm"g, and the resulting

3

28 ions em”

curve appears in Table 3 as the star ionization.

C. Results

These results apply to a geomagnetic latitude, Am= 56°.
A typical ionization record from Bismarck, N.D., Am = 56°,
i1s shown in Fig. 10, The computed total lonization is shown
on the same graph. The absolute values for particle ioniza-
tion have been obtained by requiring the total of particle
and star ionization to equal the experimental curve at 100
gm em™2 depth. The fit at the highest altitudes is quite
sensitive to the percentage of L, M, H particlés assumed
in the primary radiation. The results which would have been
observed with 1.0% instead of 0.7% of such particles as also
shown. 0.7% gives the best fit, and is not in disagreement
with independent measurements of this guantity. However, 1t
should be pointed out that an error in the form of the proton
intensity will be reflected in a change in thé percentage
of L, M, H for best fit.

These results are to be applied to Ay= 88°, at a time
when about 20% more ionization was being observed (at 10 gm
cm—g) at the higher latitude. The geomagnetic cutoff at
Aw, = 56° for protons at the vertical is 0.8 Bev. Most of
the particles getting in at higher latitude have consider-
ably less energy than this, and are absorbed rapidly in the
atmosphere. The assumption will be made that all these

particles are absorbed without producing additional secondar-

ies. This of course, 1s not really true, because a 350-Mev
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prbton has an ionization range equal to 1t%ts collision length.
The error in the secondary ionization cannot be as much as
half the total ionization added, which is guite accurate
enough for the purpose at hand.

| The ionization by components 1s tabulated in Table 3.
The additional ionization observed at X"f=880 is listed
as such, and strictly speaking, the other data apply to
Aw\= 560. The same information is plotted again in Fig. 11,
in terms of percentage of the total ionization at a given
depth. Fig. 11 applies to \,= 88°, with the qualifications

noted above.
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Table 3
The Ionization Spectrum in the Atmosphere

(The ionization of each component is given

in ions em™3 sec™! atm T or air)

Component | Depth, gm em™2

yA 10 20 4o 60 80 100 140

(extrap) C
Protonic 1 195 141 98 73 58 V! 29
X 2 61 40 20 11 6 u -
L 3-5 7 6 3 2 1 - -
M 6-9 21 12 5 2 - - -
H 10 22 11 L - - - -
electronic 1 56 111 161 179 181 175 152
rast p 1 15 29 Lo 46 48 U8 U4
slow :
slow p 1 4 62 59 52 A3 36 25
Stars,‘ 1,2 35 35 34 32 30 . 28 22
slow

difference between 45 32 16 .6 R - -
Am = 880 and An'—‘ 560 .
Total 503 L79 Lho 403 367 335 272

( Am = 88°)
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IV. RECOMBINATION IN THE FLIGHT CHAMBERS

A, Summary of types of recombination

The presence of an unknown recomblnation loss in cosmic-
ray lonization has always placed some doubt on 1ts absolute
measurement. Recombination was considered along with diffu-~-
sion to the walls, and ©f 's from natural decays in the wall.
It was found that no correction was needed in the l-atm chamber
for these effects, but that columnar recombinabion was signi-
ficant in the 8-atm chamber.

Recombination is generally divided into three types,
initial, columnar, and volume, Initial recombination in-
volves positive and negative charges formed from the same
atom. The quantity Ri will be defined as the fractional loss

of ionization due to initial recombination:

Ry = =1 (11)
-3 -1 -1
where I = lons formed cm sec atm .
11 = ions collected em™> sec™ ™ atm'l; assuming that

the only loss is due to initial recombination.

We wish to apply the argument to be presented to a specific
instrument, and so the field, pressure, Ilmpurities in the
gas, and the geometry are fixed. Under these conditions

Ri is a constant.
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Columnar ionization, RC, occurs because of the high
density of ions at formation in the track of a heavy or slow
particle. Rc has a meaning similar to Ri‘ In a specific
instrument, this loss would depend only on the specific

ionization of the particle, g ; R, = RC(G).

c

Volume recombination, Rv’ occurs when ions from different
tracks combine, and is treated as if the ions were formed
uniformly throughout a volume. Rv depends on the level of
the lonization; R, = RV(I).

Diffusion to the walls, D, can be treated at the same
time, and the term D will be defined in the same way as the
R's. In a given chamber at reasonable levels, 1t will be
constant, There 1s also a small ionization in any chamber
which is produced by natural decays in the wall., This will
be represented by W. . Wg 18 to be understood as a con-
stant ionization, not a fraction of the total.

Something can be said about the approximate gize of
the losses that have been mentioned. Ri has been investi-
gated by Bradbury (25), and was found to be strictly zero in
pure noble gas. However, the level of impurity which may be
important is not known very well. In practice it should cer-
tainly be gquite small, RC is the important quantity for the
cosmic radiation and will be considered below. It is negli-
gibly small at 1 atm, but may not be so at 8 atm, RV was

looked for by seeling if two gamma-ray sources measured

separately are summed correctly 1if measured at the same time.
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This has been done at wldely varying levels, and Rv is

felt to be 1% or smaller in 8 atm at the usual levels of
ionization. D was checked by reversing the polarity of the
special test chamber, and found to be on the order of 1%.
We was found of the order of 4% at 1 atm, by extrapolating
the background rate to zero pressure. It is seen that all
the losses are small guantities. .

The cosmic-ray ilonization is determined by first plac-
ing the flight chamber at a certain distance from a gamma-
ray source, where a known ionization Istd is produced by the
gamma rays alone. The electroscope is then observed to dis-

charge at an interval, t, which is inversely proportional

to the current collected:

(const)
t

(const)

sta = —T— (VR (R (I p,)+D) Vg (13)

I

Similarly, for cosmic rays at high altitudes,

(const)

cos T (14+R,+R (dopg )+R (I )+D) W, (14)

cos8

I is chosen at approximately the same value Ico is ex-

std s

pected to be. Since W« and RV(I) are not large anyway, a
new constant, k, can be defined which includes the constant

losses, and to a good approximation, also includes RV and Wy 3
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S (14 R (F,,)) (15)

cOoS8

cOS

AS_RC (d}ﬁ“) is extremely small, k can be correctly deter-
mined directly from the measurements of Istd and t;‘Istd =
k/%. |

To summarize, the flight chamber is calibrated by noting
1ts response to a known gamma-ray ionization in a calibration
set up. Therefore, a certain discharge rate implies the
correct ionization in spite of any constant errors in the
instrument. Loss from columnar ionization, which depends’
on the type of radiation, is the only one that needs to be

evaluated.

B. Recombination in cosmic-«ray ionization

At 10 gm em™> depth, a significant fraction of the
ionization 1s caused by primaries of Z = 10 or more. These
particles are completely eliminated by absorption at 100 gm
em™2. About 8% of the total is produced by the low-energy
evaporation prongs from nuclear stars, at either altitude.
Emulsion data (11) indicate that the average star has some-
what over half of i1ts prongs protons, whose average energy
is near 10 Mev. The rest are o|'s of average energy 15 Mev.
We will assume that half the star ionization is from 15-Mev
o 's; half from 10-Mev protons. The average specific ioni-
and 60 i

zation of these is 420 1 , respectively, com-

min min

pared to 820 i o for Po o 's.

mi
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Data were available on the collection of ionization from
Po & s in a pulse chamber having spherical geometry, and
the source at the wall (27). The experimental form of i/I
obtained is shown in Fig. 12. The abscissa is E/P existing
at the position of the particle tracks. The chamber was
filled with pure argon. Similar data were also taken in the
integrating chamber (Fig. 1) at 8 atm, but higher fields
(x1.5, even using Jaffe's formula) were required to collect
the same fraction of the ions. Quite a high volume density
of ionization resulted from the short &.particle range, and
the level of ionization used. It was felt that this caused
additional recombination, and was the reason for the dif-
ference., The saturation curve for the pulse chamber was
used, because it gives a lower 1imit to the recombination,.

Jaffe has developed a theory of columnar recombination
which fits experiment reasonably well (26), and should form
a good basis for estimating recombination frdm'other par-

ticles. The form of his result is the following:

where C 1s a constant; i, I as before. N is the number of
ions formed per cm path, E is the collecting fleld, and P
the gas pressure. This applies to a constant field, and 1is

averaged over the angle between track direction and field.
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Equation 16 was used to find the other curves shown
in Fig. 12, starting from the Po & data. Curves were plotted
for 10-Mev protons, 15-Mev «'!'s, and fast Z = 10 particles in
8 atm of argon. A curve was also plotted for 15-Mev o 's
in 1 atm of argon. It happened that two pairs of curves
coincided.

The actual flight chambers have a rod 1 mm in diameter;
7 cm long for the central electrode. The field which exilsts
at the outgilide of theée chambers was measured using ah
electrolytic bath. It was found, as might be expected, to
be greater near the neck, from which the rod prejects, than
directly opposite (4 v/em vs 1 v/em). The field halfway
between was 1.5 v/cm, with 300 v applied between sphere and
collector. For purposes of calculation, the field was assumed
to be that of spherical geometry, and equal to 1.5 v/cm at
the chamber wall. This gives the correct field avéraged
over the volume near the wall, and closer to the center,
there 1s no recombination. The amount of loss can now be
easlly calculated because it depends only on the distance
from the center of the chamber,.

It is apparent from inspecting Fig. 12 that there is no
recombination in the l-atm chamber, because even tracks as
dense as a Po & are completely saturated at the outside of
the chamber. Even for fields as small as 0.4 v/em, only
10% of the ionization of a 15 Mev & would be lost, according

to Jaffe's curve. This would result in the loss of a negli-
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gible fraction of the total ionization. An extreme vari-
ation from the Jaffe expression would be required to make
imperfect collection occur. There can be little doubt that
there is no recombination difficulty in a chamber filled with
argon at l-atm pressure.

An order of magnltude estimate of the recombination
- occurring in an 8-atm chamber can be given by integrating

numerically;

N o1 oafhcle
<I>.,, Vf T Vf 1 + CNf (E/P) )

Yol v. "

The result will be an upper limit, as the data are obtained
in a pulse chamber. Further, recombinatlon may be gqulte sen-
sitive to impurity. An example of the numerical results for

two specific types of particles is;

0.41

il

15 Mev X, <—£—>
aw

10 Mev p,<-;-'_.~> = 0.78
e

According to this estimate, the 8-atm chamber is, as a whole,
only half saturated for the & -particle lonization from
stars, and 3/4 saturated for the protons.

Using this information, and the ionization spectrum in
Fig. 11, the recombination loss to be expected at different
altitudes can be obtained. The important components are the

M and H groups, and of course, stars. At 100 gm cm'g, stars
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" alone are important, and a loss of 3% of the total results.
At 10 gm cm-g, the heavy primaries will cause 2% more loss,
according to this estimate.

The conclusion which can be drawn is that recombination
may cause a few percent loss, and will be somewhat more
serious at the highest altitudes. It will definitely not
be all due to heavy primaries and will not disappear as
soon as they are absorbed. More will be said of this matter

later when the comparison of 1 and 8 atm chambers is discussed.
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V. THE WALL EFFECT ESTIMATE

A. Definitions

The ionization measured in a real, physical chamber
may be different than that observed in a similar volume of
~gas not surrounded by the metal wall., In this experiment,
it is desired to sample the charged particle flux which is
present in the atmosphere, without disturbing it. A small
enough volume of gas would do this if 1t had an‘infinitely
thin wall. The difference between the measured ionization
and that which would be observed in such a hypoﬁhetical cham-
ber will be called the wall effect.

A small wall-less chamber 1s specified rather than
considering an arbitrarily big volume to eliminate the in-
fluence of the wall, because the ionization in argon must
later be converted to ionization in ailr. In a_big chamber,
interactions of photons and energetic particles in the gas
itself would have to be taken into account in the conversion
to air, If the range of all secondary particles 1s long
compared to the dimensions of the chamber, they will have
been produced mostly in the surrounding air, and only the
relative energy loss by lonization need be considered.

Except for stars, all but a negligible fraction of
the particles in the atmosphere have residual ranges longer
than the dimensions of the chamber at l-atm pressure. The

diameter of the chamber is about 50 mg cm‘g. This is the
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range of a 6-Mev proton, or a 0.1-Mev electron. The effect
of the gas volume on star particles will be discussed below,
and for all others, the actual chamber will be considered
small enough to neglect interactions in the gas other than
iohization.

-The processges which will be considered are:

1) - Stopping of nuclear particles by the wall

2) - Production of nuclear shower particles

3) - Star-production

4) - Electron showers, and their low-energy tail.

It is to be expected beforehand that stopping particles,
and nuclear and electron showers will show small wall effect,
' because the wall is thin compared to the interaction length
for these processes. The observed variation of the corres-
ponding intensities with depth in the atmosphere can be
used to see how small.

Fast particles passing through the chamber without
interacting will be assumed to have no wall effect. Such
particles would only lose energy by ionization at a constant
rate, and the assumption states that any possible influence
of the wall on them in a chamber of the size used will be

neglected.

B. Penetrating particiles
First, the low energy primaries which get in only at the
pole are not stopped by the wall to an appreciable extent.

Since absorption only is important, % gm cm'2 of air will



-57 -

stop as many particles as the % gm cm—2 wall, The difference
between the observed ionization at lh = 880, and at

A= 56° is 45 1ons, 1f both are measured at 10 gm em™2. The
corresponding difference at 20 gm cm“2 is 32 ions. The total
ionization is 450-500 ions. 10 gm em™2 greater depth corre-
sponds to more than 10 gm cm'2 added path because of the non-
vertical radiation. One concludes that the wall stops less
than 1 in 100 of these low energy particles. Expressed as

a fraction of total ionization, it is 1 in 1500.

The wall influences the protonic flux by nuclear inter-
actions, and also by ionization loss. The collision length
in iron for a proton is near 100 gm cm_g. Therefore, 1
proton in 200 will suffer an encounter in the wall. We wili
put aside for the moment dlscussing the low energy star
prongs, and confine ourselves to fast secondaries. The
resulting interaction stops the origilnal particle, and may
produce one or more secondary particles of 1bWer energy.

The number of secondary particles, on the average, increases
with the energy of the primary.

Since the wall is thin, we can write:

dN dN

AN = —E At o+

_p At (18
b at aT A )

where,
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AN_ = The change in total protonlc flux caused
by a thickness At gm em™ of material in

the direction of the flux.

dN
P The change in flux due to ionization loss,
dat

per gm em™2.

-2 = The change in flux due %o nuclear'interactions,
av

per interaction length.
At = The wall thickness.

t and 7Y are both measures of the same quantity; but in a
different unit, t is in gm cm_e; 7T in interaction lengths.
v X . ‘The reason for introducing ¥ is to make the
quantity ;g; independent of material. Since the nature
of a nuclear reaction does not change rapidly with Z, they
will be assumed to be similar in all materials_considéred.
The number of reactions does depend on Z, and is taken care
of by expreSsing distance in terms of interaction lengths.

Ionization loss is independent of material to an adequate

degree if distance is in units of gm em™2.
d
If 7'%’ and %f'f do not depend on material, their size

can be estimated from the observed effect of a layer of air.
The production of nuclear secondaries should be greatest at
the top of the atmosphere near the equator. There, primaries
all have energies much higher than the lonizatlion loss in

travelling one interaction length. Stopping by ionization can
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be neglected, and the observed rate of increase of flux will
be the maximum rate of multiplication of nuclear particles
which could be observed anywhere. Komori (7) shows an
average increase of 1% per gm cm—2 of air, for the total
proton flux between 20 and 40 gm cm'g, at Am= 3°. The
greatest absorption that could result from nuclear effects
would occur if each interaction stopped the incident par-
ticle and produced no secondaries at all. The limits thus
imposed are: |

N
d P

dr
-1 < —_— < + 0.65

p

The fastest observed attenuation of the total nuclear

0 ANp
flux occurs at the higher latitudes. At )qn= 56, - =
. P
-0.008 in a thickness of 1 gm em™>. If this is put into
.dN :
equation 18, along with the limits on —?? :
N
d D
dat
-0.02¢— <K 0
Np
aN

EEE < 0 always, as no new particles can be made by ionization

loss.

If these numbers are applied to % gm em™ of iron,
T = 0.005, using equation 18, the extreme values that can

be obtained are,
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N
-0.015 < —Aﬁ-ﬁ < + 0.003
o

The lower limit results from the rather unlikely combination
of enough particles stopping per gm cm'2 to offset the maxi-
mum rate of secondary particle production which could be

observed anywhere, coupled with no actual secondary produc-
ANy

Np
-0.03 per gm cm'2 in the air would result from equation 18

4ion. If this were actually happening at A= 56°, =
instead of the observed 0.01. Therefore, the actual wall
effect must be considerably less than the above limit,

Heavier particles than protons have not been considered,
but their relatively minor importance, ~10% of the total
ionization at 10 gnm cm_g, makes thelr effect negligible.

Mu mesons have been lgnored also, as their average energy in
the atmosphere is clearly too high for the walls to stop them.
Their production would not be affected by the thin wall.

It is seen that no significant wall efféct due to
nuclear particles occurs if measurements no more accurate
than 1% are contemplated. Other uncertainties will be much

more important than this one.

C. Stars

The remaining processes, namely, the low-energy products
of nuclear reactions and electron showers, were treated in
more detail. These were expected to be the significant ef-
fects, and an attempt was made to get limits on the wall

effect from them,
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An analysis was made which applies to a small chamber.
It was done without reference to any specific process, in
terms of a production rate of secondaries and the rate of
energy loss of these secondaries. If their range 1s less than
the wall thickness, assuming an infinite medium surrounding
the small chamber is justified. The results will enable
one to evaluate the lonization which would be produced by
star particles, for example, with the penetrating primary
radiation held constant, if different materials surround the
chamber. .The difference between iron and alr surrounding it
will be the desired wall effect.

Say that an ionization is caused only by secondary
particles whose productlion rate does not depend on position
over a distance longer than either their range or the thick-
ness of the instrument. First, assume secondaries are pro-
jected only in one direction and are not scattered, and then

generalize to include the case of stars or electrons.

Let P(EO) = Production rate of secondaries at E_,
prer unit volume and energy ihterval.
P can depend on material.
N(E) = Flux at energy E at the chamber.

dx —» e % PES——

small

’,;57—._ ';jbzz“‘chamber

dv -

wall
material™ 1




62—

EO is related to x and E by the range integral,

Eo '
X = f ——fj%‘."‘ (19)
E 4

EO is to be understood as the energy at which a particle must
be produced at distance x in order to arrive at x = O at

energy E. We have:

N(E) = f P(E, JE" dx ' (20)

-559 is required because particles produced in dEd arrive
at x = 0 in dE, which is not in general the same. If we

write %%- = €(E), and transform the integral to one on E_

N(E) = f PE,) dE. | (21)

e <€)

Actually, the production is not restricted to one direc-
tion. For infinite walls of one material, direction would

only enter in generalizing P(EO), so,
q -—
f PE. r) JE, (22)
E €

It is now seen that density of the material is not a factor,
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 since P and € are both linearly proportional to density.

To find the ionization, note the expression

o
f Io dE (23)
]
where J = omni-directioel flux, j N(EP) dw
*r
¢ = Specific ionization, a function of E.

The idea of a small chamber has been used here, by considering
J only a function of E. More generally, it could depend on
the position in the chamber, and should be integrated over

the volume of the chamber. From equation 23,

0
/f ne F) E3e® dwdE (24)
w

w 1s the energy to form an ion pair.

o) ‘&.
jjf P(E F) eé,ZE)) dwd6dEe (o)

Elastic scattering of the particles, if electrons, does not

affect the results, because it is the integrated flux which

is significant. Scattering changes only the direction of

the particle and not the energy. fNﬂz‘;) dw is not
$r

changed.
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To apply expression 25 to the case of star evaporation
particles, consider first the nature of P(Eo). The data
are from photographic emulsions, but do indicate that the
form of P(EO) is not strongly dependent on Z. However, the
magnitude of P depends on the material in accordance with
the geometrical size of the nucleil. For the lighter elements,
somewhat over half theprongs are o particles, the rest mostly
protons. Their angular distribution is isotropic. The energy
of the protons averagés about 10 Mev, and for the ¢1'S, 15
Mev. For the accuracy necessary, it will be sufficient to
assume all star prongs made by the same kind of particle have
the average energy initially. Under these assumptions, ex-

pression 25 for the ionization becomes:

-

I = f .Pw 6345(‘) dE | | (26)
A w Ew(E)

The actual chamber wall 1s thicker than the range of star
particles, so the assumption of an infinlte Wall is a good
one. However, the 1 atm of argon 12 cm in radius is not a
small volume, especidlly for the & 's. In principle the ioni-
zation in the actual chamber could be calculated, in detail,
knowing the quantities going into equation 25, but since no
great accuracy 1s necessary, limits were obtained in the fol-
lowing way.

The small chamber ionization 1n argon can be calculated

using expression 26, if it is surrounded by iron or argon or
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air. The difference between the first two 1s not large, com-
pared to the difference between the iron and air wall. In
the actual chamber, a small central volume is surrounded by
more argon to a radius of 20 mg cm_g, and outside of this is
the iron. In this situation, the ionization in the small
central volume would be somewhere between what 1t would be
with either all iron or all argon surrounding it.

Actually, the average lonization in all the chamber
gas is measured, not just that at the center, but this must
also lie between the extremes noted. Consider for a moment
the flux N(E,T) at some point in the gas. The particles have
either followed a path wholly in the gas, in which case the
flux (and lonization) is characteristic of argon: wholly in
the iron, where the flux would be characteristic of iron; or
partly in each, with an intermediate value of flux.

From the expression for ionization (equation 26) the

value of Iwall/i can be written. The subscripts refer to

air
the material surrounding the small chamber. "Wall" is

either argon or iron.

€, P €
wall A
Iwall _ ~[o w < wall JE' (27)
I PR €
air A
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 Since Z is nearly (+ 10%) a constant,
Eair
Iwall ~ wa( (ém.r 3 : (28)
Ia ir Paiv €wall /ay
1y
3 ) S €. -
= alr ) - ..E._..f aty clE (29)
wall a ° o €~4&

The form of —S4k ang — &4k 35 ghown in Flg. 13. At
€re €a

low energies, 0 - 2 Mev, the experimental data summarilzed
by Fuchs and Whaling (28) were used, and for 5-10 Mev, Aron's
(29) tables. The curves are for protons. The same ones
were used, in the lack of any better information, for the
o particles, with the energy scale properly.altered. The
relative production rate was assumed to be in the same ratio
as the geometrical size of the respective nuclei.

Applying the curves in Fig. 13 in equation 28, first for
10-Mev protons, and then for 15-Mev o particles, the fol-

lowing values of Iwall/Iair result.
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Fe wall Argon wall
protons 0.96 0.96
« particles 1.03 1.02

It is clear that no great error will be made by using the
small chamber idea, even though the actual chamber is not
small,

Ik

_ Iair _

The probable error of such an estimate will be. of the order

for the whole star is 1.01.

The most probable

of 10%. Star ionization is 8% of the total ionization in
the range of altitude considered, so the wall effect due to

stars is 0.0 + 0.8% of the total.

D. The electronic component

The electronic component is affected by a number of
competing processes. Palr production, Compton, and photo-
electric events can produce Secondary'electrons. Brem-
strahlung and ionization losses absorb them. The relative
importance of these processes, of course, depends on the
energy considered. To afford a reasonably sihple treatment,
a division was made separating the radiative and non-radiative
processes. Electrons and photons with energy greaterthan
the critical energy for iron were assumed to multiply by the
shower process in the wall. ZElectrons produced in the iron
with less than the critical energy were assumed to be pro-
duced by the Compton effect, and to lose energy by ionization

only.
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The following approximations will be made to make pos-
sible an estimate of the size of the shower transition in
the thin iron wall, An electron with more than the critical
energy will be assumed to produce a photon of half its ori-
ginal energy with unit probability per radiation length. A
photon with more than the critical energy will be assumed to
divide its energy equally between the positive and negative
electron. The actual pair production probability in iron per
radiation length was used. Energy loss is negiected for
energles greater‘than critical. This model and 1ts general
consequences are discussed by Rossi (30). The thickness of
the iron wall is 0.04 radiation units. Since it is so thin,
the chance of a photon produced in the iron in turn produc-
ing an electron pair is nil. Therefore all electrons with
energy greater than the critical energy pass through the
chamber wall, although 4% of them have lost half theilr
energy. Photons will produce 2 electrons in eéch interaction,
and the two electrons will always cross the gas, according
to the approximation being employed. |

Unfortunately, the electron energy spectrum has not
been measured at very low energy or high altitude. The track-
length spectrum of shower electrons and photons has been com-
puted by Riéhards and Nordheim (31) down to a 4 Mev, including
all the important effects. It agrees in form with some measure-
ments at sea level and 600 gm em™2 by Barker (32), and also

with those of Greisen (33) at sea level., The form of the
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, track-length spectrum with some of the experimental points,
fitted at 10 Mev, is shown in Fig. 14. The experimental
spectrum is not altitude dependent between 600 gm em™® and
sea level, One would expect it to be similar at 100 gm
cm;g, since most showers are fully developed there, and
the electronic intensity is at a broad peak. However, at
10 gm cm'2, the track-length spectrum may not cqrrectly
represent the actual spectrum.

If the electron and photon energy distribution incident
on the chamber 1s that of Richards and Nordhelm, the increase
in flux of electrons with energy greater than the critical
energy in iron can easily be computed using the model men-
tioned above. The result is an increase in the total ioni-
zation at 100 gm em™2 of ~2%, Since energy loss by loniza-
tion has been neglected, the result is an overestimate. If
a similar calculation were made for air, an increase of 1%
would be obtained. Actually a slight decrease 1ls observed.
Therefore the shower multiplicatlon process in the wall can
be neglected without serious error.

At higher altitudes, theelectronic component 1s multi-
plying extremely fast in air, and can be expected to increase
even faster in iron. An increase in the number of electrons
of over 5% in the wall may be expected at the highest alti-
tudes. However, since only 10% of the total ionization is
due to electrons at 10 gm cm'g, no significant error in the

total lonization will occur.
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The low-energy electrons need only be considered at
100 gm cm >, because both the fraction of the total inten-
sity in the electronic component and the incompletely
developed showers tend to make their influence less at
higher altitudes. We have already assumed that electrons
and photons below the critical energy for iron do not undergo
shower multiplication. The further assumption will be made
that all the electrons produced below 10 Mev are produced
in the iron, to make sure that an overestimate of the wall
effect is belng obtained. The range of a 10-Mev electron
is about 10 times the wall thickness, so by no means all of
them are actually produced in the wall. A complete transi-
tion does not actually occur,

The spectrum of Richards and Nordheim was extended below
4 Mev by noting that the total integral track length was
known because the total energy of the shower is giVen. The
exact form is not important; only the number‘of electrons
below 10 Mev., However, the photoelectric effect is important
below ~ 200 Kev, and so the number of electrons in this
interval is also desired. In Fig. 15, the differential energy
spectrum of Richards and Nordheim is plotted down to 4 Mev,
and the average below 4 Mev needed to give the proper integral
is dotted in. There cannot be an infinite peak at E = O
because of the increasing ionization loss. If the spectrum
is arbitrarily extended in the straight line shown, the

integral of the flux below E = 200 Kev 1s 1% of the total
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| electronic flux. It would be very difficult, if not im-
possible, to invent a reasonably continuous extension of
the track-length curve, with the proper integral, which would
put 5% of the total number of electrons below 200 Kev. On
this basis, neglect photoelectrons.

The wall effect by electrons of less than 10 Mev energy
was estimated by the same analysis used for the star par-
ticle wall effect. Consider only one direction in equation 25,
since any direction ié representative. Since all electrons
below 10 Mev are assumed to be produced in the wall by Compton

effect,

I = f j 2 ) i) dE dE (30)
ewd-l(E)

e ,
To the accuracy needed, we can replace ?ftf__ "by hs, both
. wall
constant, h = —Eﬂﬁ T 8 = Sar . Using the same notation
Ean € re
used earlier for star ionization,

Ire IIM%E;:;—’)- Je dEode
Tair [’IW E%@Z R
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~ Since P depends only on electron density in the Compton

effect,

Fe = s - (32)
air

i s is expressed in energy loss per electron. From tables
by Aron (29), s = 1.15 (for 1-Mev electrons). Consulting

the electfon energy spectrum, and Fig. 11, this result im-
plies a wall effect of 2.7%, expressed as a percentage of

the total ionization. Note again that this is an upper limit,
and that it is based on an assumed spectrum, and will be in
error in proportion to the error in the spectrum.

A lower limit might be obtained by looking at the num-
ber of electrons below 2 Mev, which certainly are produced
in the wall, but the result is not significantiy bigger than
zero. A lowerlimit of zero will also apply at higher alti-
tude, because no process seems to make a'negaﬁive wall effect;
that is, more ionization without the wall.

This result will be combined later with other quantities
whose uncertainties are expressed in the form of a statistical
error., Therefore, the most probable elecfron wall effect will
be rather arbitrarily set halfway between the two limits, and
the probable error will be set equal to half the difference.

That is, the electron wall effect is 1.4 + 1,4%,
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To summarize the wall effect estimate, the protonic com-
ponent was not found to be influenced appreciably by the wall,
either by stopping or by nuclear showers. The low energy star
particles from nuclear reactions do produce about 1/10 of
thé total lonization, though, and since thelr ranges are
about the wall thickness, they were expected to contribute
a wall effect. However, it turned out that in terms of the
total ionization, the wall effect from stars was 0.0 + 0.8%,

a small effect.

The electronic component was also expected to contribute,
due to the large number of low energy electrons, and because
of the influence of shower development for high energies. An
estimate was made for 100 gm cm_2 depth, and it was found that
showers were not an important effect, but that low energy
secondaries might be, Limlts were obtained for the wall ef-
fect using a spectrum extrapolated to zero energy on the basis
of shower track length calculations. The resﬁlt was W'E'electrons
1.4 + 1.4%. The situation at higher altitudes was also exam-
ined. The showers were found to increase 1n importance with
altitude, but the total effect was covered by this estimate

because the total number of electrons is much less.



VI, COMPARISON OF CHAMBERS AT 1 AND 8 atm PRESSURE

A, The experiment

Two flights were made in the summer of 1955 at Thule,
Greenland, with a chamber filled to 1 atm. Two instruments
were attached to the same balloon in each case, one the normal
8-atm one, and the other filled to 1 atm. This enabled the
results to be compared directly, with no error from altitude
or fluctuation in cosmic-ray intensity possible. TImmediately
before the flight, both instruments were callbrated in the
set-up described previously.

The 1l-atm chambers were identical to the 8-atm ones, ex-
cept that the gas was released lmmedilately before the flight,
and the filling tube resealed. The resulting pressure was
approximately the atmospheric pressure existing at the time,
but 1t was not measured.

No complications arose from the loweredvpfessure, except
that the resulting time between discharges was 8 times longer,
or about 2 minutes at the top of the flight. A small amount
of noise picked up in the recording equipment could render
the record undecipherable. To prevent this, one of the
transmitters was altered, so that it would transmit about
L pulses spaced about 1/5 sec at each diécharge of the cham-
ber. However, no change was made on the second flight, and
no difficulty was encountered.

The results of one of these flights are represented in
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| Fig. 16, in terms of IO, meaning that the constants used are
the right ones to make the chambers indicate the same ioni-
zation in the calibration set-up. During the flight, in the
range of depth for which data were obtained from both instru-
ments, which was from 7 gm em™2 to 140 gm cm'e, they operated
with the same ratio of currents as they did when compared on

the ground, within about 1%.

B. Interpretation

In reality, the calibration set up, using'gamma rays,
produced 6% less ionization in the 8-atm chamber, meaning
that 6% less ionization was being produced in if by the cosmic
rays, too. As long as thelr response is proportional, data
from chambers at either pressure may be reported in terms of
ionizatlon in the atmosphere as well as the other. No quanti-
tative explanation of this difference was forthcoming but
a number of causes can be put forward. The higher préssure
gas suffers some recombination loss for the heavily ionizing
star particles. The relativistic density effect causes less
energy to be lost at the higher pressure by extremely fast
particles. Wall effects show up as a pressure dependence of
ionization, Finally, the energy, w, to form an ion pair may
change with pressure. |

The recombination loss was computed in Chapter IV for
a chamber at 8 atm pressure. As data from a pulse ion chamber
were used, the results may be somewhat too big, but an inte-

grating chamber indicated a similar situation. The conclusion
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was that columnar recombination was an important effect, due
to the low flelds existing near the outside of the chamber.
About 3% loss of the total ionization can be expected. The
loss will occur over the entire range of altitude for which
data were obtained, but will tend to be somewhat greater at
the top due to heavy primaries.

The difference in ionization due to the density effect
was computed for 100 gm em™2 depth by Fermi's (34) formula
for the density correction to the energy loss, and the same
electronic energy spectrum used before (Fig. 14). The general
behavior that shows up is thatthe rate of energy loss levels
off, as E increases, at different values for different densi-
ties. The difference increases fairly rapidly above a cer-
taln energy, to a constant value, which remains to infinite
energy.

There may be some question about what the density cor-
rection really looks like, but this general picture is not
affected much. The velocity at which %ﬁ% begins to depend on

density may be somewhat in question.

dE JE
"37<‘ “T“">" Ii(g“r“):: .06 E (for electrons) > 30 Mev

%5;(, atm) = 0 E < 30 Mev

is a suitable approximation. The corresponding energy for
. mesons is 15 Bev, 80 their effect will be neglected.
The difference in total ionization can be obtained from

this, Fig. 11, equation 34, and Fig. 14, assuming the energy
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to form an ion palr is comparatively constant. The result is

a drop in ionization observed in a chamber at 8 atm pressure

of 1.3%, compared to.a similar chamber at 1 atm. At 10 gm
cm'2, the drop would be half this, even if all the electrons
présent according to Fig. 11 had energies above 30 Mev. There-
fore, the difference can be expected to diminish considerably
~at the highest altitudes, partly compensating for the increase
in recombination.

The exact way that wall effect shows up as a function of
pressure 1s difficult to estimate. Since it is only the par-
tial transition in the added gas that depends on pressure,
the effect of the chamber wall discussed in the last section
may be expected to be larger. The wall is not likely to con-
tribute more than 1% to the observed variation of ionization
with pressure.

The energy to form an ion pair, w, may possibly depend
on pressure, but the form of the dependence is not known.

210 on a small disk

An experiment was made of putting some Po
attached to the central electrode (Fig. 1), and varying

the pressure. The ionization dropped 2% at the 8 atm pres-
sure, compared to what it was at 1 atm. This represents the
degree of variation of w if all ions were being collected, or
if an equal fraction was being collected. Corrections were
made to approach this situation,

The total of these estimates is 7% difference between

the two pressures. The agreement isnot as good as desired,
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since the 7% is a sum of upper limits. However, it does
indicate that the processes considered can account for a
difference of the order of the one observed. The view is
taken that the effect is in fact due to the processes men-
tioned, and that if an accurate accounting could be made, it

would explain the experimental results.
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VII. THE RELATIVE IONIZATION IN ARGON AND AIR

A. The data

The ionization produced in an argon chamber has‘been
cbtained, and the effect of the chamber wall has been esti-
mated. The resulting "small chamber" ionization can now be
converted to ionization in the ailr by knowing the ratio of
ionization in the two gases by the particles present in the
atmosphere.

The measurements of Iair/IA available were the present
one, made with a 25 cm diameter chamber using Th C" gamma
rays; Bakker and Segret's (35) for 340-Mev protons; and
Cox's (36) for gamma rays in a chamber with small free volume.
The present result was 0.665, with an error of i%. For 340-
Mev protons the value of 0.685 resulted, with an error esti-
mated at 2-3%. The chambers used with the protons were thin
walled (foil) and were disc shaped, with the proton flux
passing throﬁgh axially. Some effort was made to eliminate
recombination, and the gases were the ordinary tank gases
available at the time. Cox obtained 0.71 using a chamber
which had a free volume about 1 ecm thick by 10 cm in diameter.
Cox also used tank gases, but at the time of his work, the
argon was conslderably less pure than it is now, and there-
fore there may be some uncertainty in comparing his values

with more recent ones. Also, an experiment was tried here
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. Tt
using a very small chamber, which verified that T$££ (¥)
A

is larger than it is in a big chamber.
The ratio of particle ionization in alr and argon is

glven by the relation:

A
Tar _ jz rir vk (34)
I
A (_J_;(.)A nr alr

where w = the energy to form an lon pair.

The values used for w have been independenfly obtained
by a number of methods. A summary of some experimental values
in argon and air is shown in Tables 4 and 5, and the method
used is noted. The values have been averaged without regard
to the method used, or the accuracy of the experiment. The
resulting average value, and the probable error resulting
from the averaging process are shown. The individual deter-
mination with the best quoted experimental error is compared

to the average. The ratio WA/W using the two averages 1is

air
0.770. Bakker and Segre's absolute values are somewhat low
due to nuclear interactions, but their ratio agrees with the
average.

The evidence seems to indicate that with care, a fairly
good value (1 - 2 %) can be obtained. The effects to look out

for are a lack of saturation for «'s in air (37), and impurity

in the argon. The recent results of Jesse and Sadauskis (38)
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Table 4

Summary of Some Experimental Determinations of w in Argon

Ref Experimenter Method wW,ev

36 Bakker, 340-Mev protons 25.5‘
Segre

4l Jesse Po «'s in pure gas 26.4 + 0.2

45 Frost, Experimental specific 27.9 + 1.5
Nielsen jonization and theore-

tical dE/dx at min
ionization for electrons

L6 Weiss, 2-Mev electrons 25.5 + 0.3
Bernstein ‘
b7 Valentine Po & 's 26.9
A37, with a B activity 27.0

at about 2 Kev mixed
in the gas in small

guantity
48  Sharpe Pu & 's 26.3
4g Haeberli Po o!'s . 26,25
et al.
Average value 26.3 + 0.2

Best single determi-
nation (Jesse) 26.4 +

+
o
n




Table 5

Summary of Some of the Experimental Determinations

of w in Air

36

Ref Experimenter Method W,ev
Bakker, 340 -Mev protons 33.3
Segre
4y Jesse Po dt's: admits 35.5
recombination
Beta particles from 34,1 + 0.3
Nib3, about 15-20
Kev
45 Frost, Experimental Specific '31.2 + 1.5
Nielsen ilonization and theo-
retical dE/dx at
min ionization for
electrons
46 Weiss, 2-Mev electrons 33.9 + 0.8
Bernsteiln
47  Valentine Small amount of A3' 35.0
‘ in the gas. The
absolute determination
was 1in argon
Po ousg 35.2
48 Sharpe Pu &'s 35.6
43 Alder Po «&'s, very high 34.7 + 0.5
et al. fields
Average value 34.3 + 0.3
Best single determination
Alder et al.) 34.7 + 0.5
Jesse) 34.1 ¥ 0.3
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fof the effects of impurity in helium are alarming, but the
impurities that affect argon are more limited (to ones with
guite low ionization potential), and the size of the effect
observed in argon was quite a bit smaller than the one in
heiium. Apparently only 2/3 of the energy dissipated in
the gas appears in ion formation. The rest goes into excited
states and photons. The balance between the fraction appear-
ing as ions and the non-ionizing part can be affected by
small amounts of impurity. The modern gas is claimed by the
manufacturer to be purer by a factor of iO than the amounts
of impurity Jesse was talking about (1 in 104).‘
When gamma rays are used to produce the ionization,
Iair/IA can be expected to vary with the size of the chamber.
The ratlo of energy absorbed in the two gases from electrons
ejected from the wall will be somewhat different than that
for photons. The energy absorbed from a photon is'propor—
tional to NZ, the number of electrons per cm3, if it only
suffers Compton encounters. If photoelectric absorption
does occur there will be a stronger dependence on Z., If the
gas volume is large compared to the range of the secondary

electrons, the relative ionization will be given by the rate

of absorption of energy from photons,

NZa wWa
NZ, Wi
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_ 14,5 _
NZair/NZA = =4%= , SO Iair/iA = 0.62, 1f w,/w_, 1s taken

air
as 0.770. From the expected amount of photoelectric ioni-
zation, Iair/IA should actually be 0.55 or 0.60,

The value of Iair/IA to be expected for particles can
be obtained in the same way that it was estimated for gamma
rays. The result will be more accurate, because there are
‘no competing processes to worry about. From Fig. 17, the
value of s is 0.89, for either 340-Mev protons, or ﬁhe elec-

trons of ~3 Mev average energy ejected from the wall by

Th C". Therefore,

Iair

T = 0,89 X 0.720 = 0.685
A

This 1s in agreement with Bakker and Segre's value, and with
Cox's, within the accuracy to be expected. It does not agree
with 0.655., An explanation based on the production of second-
ary electrons in the gas 1s availlable.

The observed value of Iair/IA using gamma rays lies be-
tween the expected value for gamma rays absorbed in the gas
(0.60), and that for charged particles passing through (0.68).
This implies a ratio between ionization produced by particles
coming from the walls a?d those produced in the gas of 2:1,.
The observed value of'iﬁt(w) in the 10" diameter chamber ought
to be slightly different if the walls are changed, and con-
tribute a significantly different part of the lonization.

This 1as the case with the lead-tin wall. The value of
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did turn out to be larger by the correct amount when measured

in the solder-coated chamber,

B. The effect of velocity

Lai
L,
Bakker and Segre is the correct one to use for fast particles.

In view of the above discussion, the value of from

Segre (40) quotes 2-3% as the error of measurement. + 2% will

be used here on the strength of the agreement with the inde-

pendent value from S Xa. Therefore, experimentally,
.- Wai-
”555' = 0.685 + 0.014, for particles with “»~ velocity of a

340-Mev proton. This will be corrected for h class of
particle present inthe atmosphere by the theoretical expres-

sion for the variation of s with velocity. Referring

Tajn - wWha
Way

an lon pair does not show a velocity dependence in l1ts experi-

to equation 34;

R the energy to form

mental determinations. The value obtained using electrons

is not systematically different frém that obtained with &
particles. The two kinds of particles used represent a very
large range of velocity. In argon it 1is observed to be
strictly independent of & particle energy. Some_observers
have found a dependence of w on o particle energy in air, but
there is evidence to show that the reason is that saturation
had not been obtained (37). A good discussion of the behavior

of w has been made by Bethe and Ashkin (39). The relative

Wi
Waii

will also be assumed independent of gas density as long as it

quantity will be assumed independent of velocity. It

is below 1 atm. A 2% or less variation in W, was found in
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going from 1 to 8 atm in an earlier section so War might

air
be expected to be constant, compared to s , at pressures

below 1 atm. Assuming WA/W constant means that the vari-

T air
ation in Iair
A

relatlive stopping power, =s.

becomes the same as the variation of the

The quantity s is plotted in Fig. 17 to shoﬁ thé degree
of its velocity dependence. It is expressed in terms of
energy loss per cm. The solid line is from theltables of
Avron, and comes from the theoretical energy loss expression.
It is numerically accurate to 1%. Experimental points at
low energiles have been plotted and the probable extension
of the theoretical curve is shown. s varies from 0.85 at

lO5

Mev (for Protons) to 1.15 at low energy. Since the
variation with velocity is a result of the different values
of I, the average ionization potential, and since the same I
describes energy loss by electrons and heavy particles, with
only small corrections being made to the total energy loss,
the value of s shown applies to all particles of the same
velocity.

The pressure of air at depths of 10 and 1QO gm cm"2 is
1/100 and 1/10 atmosphere, respectively. The relativistic
correction to the energy loss will enter into s, but at low
densities like these, very large values of energy are required
to bring the density effect into force. When the l-and 8-atm

chambers were compared it was discovered that the greatest

difference in ionization will occur at the 100 gm cm"2 depth,
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" because electrons are the only effective particles., A
similar estimate gives less than 1% density effect in going
to the pressure outside the chamber, so it will be neglected
in the following. .

Except at very low energy, S varies 2-3% for a factor
of 10 change in energy, a slow variation. For a givén type
particle, the important energy range is hardly twice this, so
it is sufficient to say that the relative ionizatioh of
the protohic component, for example, 1s equal to the relative
ionization for protons having the average energy. Due to
the slow variation of s, a crude estimate of average energy is
sufficient.

The energy spectrum of secondary protons in the atmosphere
has been calculated by Rossi (41). Range phenomena cut it off
at low energles, and the peak is at ~ 100 Mev. The exact
form, however, is sensitive to the_assumed producﬁionkspec—
trum. The average energy of the spectrum he gives, 1if ex-
tended to 10 Bev by a power law, 1s of the order of 1 Bev.
Neher (3,9) gives an energy spectrum of primary particles
derived from geomagnhetic considerations. The average energy
of this spectrum is of the orderof 4 Bev, if extended to
E = 0. If cut off below 1 Bev, the average energy will be
about 6 Bev. At high latitudes, therefore, no significant
errors will be made by taking the average proton energy at

3 Bev, at all altitudes consildered.
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The average meson energy in the atmosphere is of the
order of a few Bev, corresponding to a proton energy of
a few tens Bev. Since mesons are not abundant at balloon
altitudes, their average energy does not need to be known
vefy well, The 7T mesons are, of course, included in the
protonic cOmponént,‘but they were neglected.

From the same spectrum used for computing the elec-
tronic wall effect, the average electron turns out to be
100-200 Mev corresponding to a proton energy 1800 times as
big, or 2 x 105 ev. |

Star particles have very low energy, and therefore
their relative ionization will be way out of line. 3%

Mev was used for theilr average energy, in terms of proton
energy.

The variation of s with velocity from that of a 340-
Mev proton is used to find the relative ionization for each

type cosmic-ray particle, according to its average energy,
s(249)- S E)

SByo)
along with the corresponding relative ionizations are:

<E> . The resulting As, defined by As =

moc2 E /'moc2 As % Iair/IA
Protons 3 2.7% .666
Mesons 2 x 10 Lb,7 .652
Electrons 4 x 10° 6.3 L641

Stars 3 x 1073 -12 T7
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, These corrections are rather large compared to the errors

of measurement. If theory can correctly describe the

variation in relative stopping power, they are probably

correct within 1%, which is smaller than the uncertainty

in the experimental relative ilonization for 340-Mev protons.
If Fig. 11.is consulted, an average value of Iair/IA

can be obtained for the total cosmic-ray radiation. This

was done at 10 gm em™2 and at 100 gm cm'g, and the result

was .
: - < Iair ;>
X, gm cm IA "
10 0.672 + 0.017
100 0.659 + 0,017

The difference of 2% between the two levels is due to the
varying proportion of protons and electrons, and not to
a change in the average energies used.

Variations in the average particle energy with geo-

magnetic latlitude would ordinarily not be expected to affect

<i‘:‘}‘>&w~ significantly, because a large c‘hange in energy
would be required. It should be kept in mind, however, that
in extreme cases this is something which ought to be con-
sidered. TFor example, suppose an instrument was detecting
mostly primary particles, near the top of the atmosphere at
the equator. The primaries will be subject to a geomagnetic

cutoff of the order of 10 Bev, and their average energy may

be, say, three times that. Under these special conditions,
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| (%%%Zr could be 2% smaller than it would be at the same
depth at the pole. The difference would be expected to
diminish rapidly with altitude, as the high energy primaries
tend to make more secondaries rather than proportionately

higher energy ones.
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VIII. SUMMARY AND CONCLUSIONS

A. Results

The results of this determination are summarized in
Table 6. They are given in terms of I, the ionization
which would be obtained using the existing calibration. The
wall effect correction which was applied, and the ratio{%%%zy
which was used are also shown. The results are glven for
two depths, 10 and 100 gm cm2. The unit of Ial is ions

cm"3 sec™t atm™T of air at 20°C.

ir

The slight dependence of I/IO on altitude‘is a result
of the velocity dependence of the relative ionization by
particles in air and argon. This variation is somewhat
smaller than the uncertainty in the final result. A con-
stant ratio;

I I = 1.049 + 0.03

air/ o]
can be taken, and varies less than 1% from the one obtained
at the limiting altitudes considered. Fig. 18 shows I,;ip and
IO on the same graph for easy comparison.

It is to be understood that Iair means ionization which
can be collected in an ion chamber, from thin tracks, at a
low level of ionization, in 1 atm of air, with reasonable

collection voltages. By reasonable is meant low enough so

that no fields exist in the chamber sufficient to cause mul-
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Table 6

Summary of Results

Mean

Depth
-2
gm cm
10 100
1. Tonization in the 1 atm . If 1.597+0.016 1.597+0.016
chamber in argon =
o
2. The wall effect correc- 1.4 +1.7 1.4 +1.7
tion in percent (subtract)
3. The factor to convert to I, 0.672+0.017 0.659+0.017
ionization in air T
4, Tonization in the air I,;, 1.058+0.031 1.040+0.031
I
0

1.049
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Utiplication or breakdown.

It is assumed that all ions formed could be collected
under these conditions. Whether or not this is strictly true
is immaterial, because the same assﬁmption is made when ioni-
zaﬁion is related to other physical quantities. The1energy
to form an ion pair is determined by ion chambers, and an
ion must be collected to be counted. Specific ionization
measured by cloud chambers has a similar requirement since
an ion must stay an ien long enough to form a droplet.

The effect of recombination was eliminated by making
the measurement in a chamber filled with 1 atm argon. The
main uncertainties were in the wall effect correction, and
in the value to use for the relative ionization by cosmic
rays. The velue for the ionization in the argon in the
specific chamber used is believed accurate to‘l%.

The wall effect is small because the wall is thin, but
its exact estimation depends»on the energy spectrum and
behavior of the electronic component in the atmosphere.
Estimates of other contributions to the wall effect indi-
cate that this is probably the biggest one. However, the
estimate does have value in indicating the size of the
errors to be expected.

The calibration is expected to depend somewhat on the
changes in composition of the cosmic radiation in the atmos-
phere., However, a radical change is required to affect the

calibration more than a percent or so. The situatioh at dif-
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ferent times at the same altitude and latitude could not be
expected to vary significantly at all. Comparisons at
different latitudes would not be expected to need correction
either, if measurements of'l% accufacy are being contemplated,
exbept if an extreme situation such as that illustrated in
Chapter VII B is being considered. The biggest change of the
- calibration 1is expected to be with change in altitude, be-
cause of the transition of the primary heavy particles to

the lighter mesons and electrons in the atmosphere. These
variations were found to be covered by the uncertainties
quoted for the absolute measurement, and need not be con-
sidered in comparing altitude vs ionization curves to -

considerably greater accuracy.

B, Discussion of results and further experiments

A better understanding of how pressure affécts ioniza-
tion, how the wall changes the coémic'radiatiqn, and how the
relative ionization behaves would be desirable. An accurate
analytic understanding would make possible accurate cor-
rections, but data are lacking, and the'problem is a very
complicated one. More direct méasurements in the line of
varying the wall or the radiation are at présent the only
practical way to narrow the uncertainty.

The wall effect was a fairly important correction,
and it was found that the important factor was the Z of the
wall material. There may be also a purely surface effect,

but for energies above a few ev, or at most a few‘hundred
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‘ev, this should not be significant. The effect of the

wall could be minimized by making its Z as close as possible
to air, and also by making it thinner. The best practical
material is probably aluminum, due to the sensitivity of
thé quartz system to organic impurity. If the wall effect
in such a low Z chamber were small compared to that in an
iron chamber, as expected, an accurate extrapolation could
be made to no wall,

An important assumption which was made was that a pene-
trating particle such as a p meson or a proton has no wall
effect, if it passes through without interacting. It would
be desirable to test this assumption by using, say, protons
of a few hundred Mev energy from a machine. A small chamber
would be most sensitive to changing its walls. It might
also be possible to use the 10" chambers at mountain top
levels, where most of the ionization is from mesons, although
background and the electric component would make the results
less clear-cut.

If a penetrating particle wall effect were important of

course our estimate of the cosmic-ray wall effect is in-

complete. Also -%?Q for charged particles would depend on
A
the size of the chamber used to measure it. The fact that
.
the observed 7fﬂr for 340-Mev protons is made in a small
A

chamber, and agrees with an independent calculation which
is independent of walls seems to indicate that there is no

serious error from this cause. If 0.685 is the correct small-
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- chamber relative ionization, the error in the present final
result caused by neglecting a proton wall effect, would be
equal to the size of the neglected effect, If 0.685 is
really the relative lonization for an infinite volume of
gas, then the mistake in our final result would be much
smaller. | |

It is difficult to think of an accurate (+ 1%) experi-
ment to glve the relative ionization directly. If a chamber
were sent up with a plastic wall of Z about 7, and air as
the gas, the measured lonization would be almost directly
the ionization in the atmosphere. Unfortunately, this re-
introduces the recombination eliminated by using argon at
low pressure, In air, with the fields used now, recombi-
nation almost certainly would be a relatively large (a few
percent) correction. The correction would depend on the
same things that cause uncertainty in the argon defermination.
However, such an experiment would be a check on the approach
described in Chapter VII.

It would also be desirable to have an accurate account-
ing for the difference observed between the chamber at 1
atm and a similar one at 8 atm. However, it appears that
the only way this can be done is by a better understanding
of the processes involved. An empirical evaluation could
always be obtained by actually sending up chambers at two
pressures at different latitudes. As long as they respond

in the same ratio for both cosmic rays and the gamma-ray
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calibration source, no error will occur in the value of
ionization in air that is reported by chambers at either
pressure.

Integration of the lonlzation vs depth curve to get
the energy dissipated in ionization is an interesting cal-
culation. This was done using the experimental curve in
Fig.10 for Xh‘= 562 corrected by the final average Iair/To
(+5%). The result was 929 Mev em™ ster sec—l, assuming
isotropy. This is equal to the energy flux at the top of
the atmosphere, minus the energy going into neutrinos.
Komori (7) has extended the detailed calculations of Rossi(6),
Puppl and Dallaporta (42) for the energy lost in the atmos-
phere. His result, not including the neutrino energy, was
963 + 100 Mev cm"2 sec™* ster—l, which is in agreement.

Assuming an average primary energy of 6 Bev, our result
implies a flux of 0.15 em™2 sec”t ster“l, which is also in
agreement with Meredith and Van Allen (5).

The sensitivity of the calculated ionization (see
Chapter III) to the percentage of heavy primaries assumed
suggests that further work might be done along. that line
to see if a value could be obtained for the heavy primary
abundance. Suppose that counters were sent aloft on the
same balloon with the ionization chamber. If they were ar-
ranged to give the omni-directional flux at the same time
the ionization was being measured, an average specific

ionization could be obtained. The counter would not respond
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| to the heavy flux because, particle-wise, 1t is rare, but
the ionization chamber does. The alpha-particle and secondary
flux would be in the nature of a background, and an inter-
pretation could be made in the framework of a Gross analysis.
AbSolute counter values would not be necessary; onlyfcon-
sistent measurement of the flux in relative units. The
. experiment would probably be most easily done at intermediate
latitudes, to minimize the effect of energy loss, 5ut there
would not seem to be ény basic reason it could not be done
at the pole also.

The fact that the shape of the top of the ionization
vs depth curve at Bismarck changes with time, even though
the geomagnetic cutoff ought to eliminate range effects,
suggests thet the heavy flux changes. The other, perhaps
more reasonable, explanation is that slight ehahges in
the energy spectrum of the primaries affect the production
of secohdaries and the perturbing effect of energy loss.
Perhaps a cqunter and ion chamber would easily be able to

distinguish the effects.
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