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Abstract

Parallel-plate ionization chambers with nearly 1 m 2 active area

have been construct::d and successfully operated in a series of

high-altitude balloon flights. The chambers are used for identi-

fication of relativistic cosmic-ray nuclei with charge greater

than or equal to Z0. For relativistic iron nuclei [charge 26] the

charge resolution [FWHM] achieved is 5. 5 percent [i. e. , less

than 1. 5 charge units].



Introduction

We have constructed parallel-plate ionization chambers with nearly

1 :^^" active area, and have successfully operated them during five high-

altitude balloon flights of a new cosmic-ray detector system. This

system is designed to determine the charge spectrum of very-very-

heavy [VVH] cosmic rays, i. e. , cosmic-ray nuclei with charge, Z,

greater than 30. The ionization chambers measure the energy less of

particles penetrating the system, a quantity proportional to the square

of the charge, and so provide information for determining Z.

Since the discovery of VVH cosmic-ray tracks in meteorites l , it has

___	 been apparent that the very low flux of these cosmic rays would require

very large detectors for investigations of the contemporary radiation.

To date, studies of contemporary VVH cosmic rays have been performed

with balloon-borne passive detectors, i. e. , either nuclear emulsions 2 or

a combination of emulstiona and plastic track detectors. 3 We have

turned to active [i. e. , electronic] detectors for VVH studies because

such instruments are suitable for unmanned, unrecoverable satellites,

thereby providing long collection times outside the atmosphere. Also,

these new detectors should provide a completely independent measure-

ment of the VVH cosmic-rays. For example, we hope to resolve the

question of the existence of nuclei much heavier than uranium. 2, 4

Ionization chambers are well suited for energy-loss measurements of

Eiighly charged cosmic rays. They introduce a minimum of n:^aterial into

the particle beam, thereby reducing the loss of particles by nuclear inter-

actions. Furthermore, they are appropriate for measuring the very large

ionization of VVH cosmic rays. Typical applications of ionization cham-

bers have involved stopping alpha particles of the order of 5 MeV and

fission fragments of the order of l0u MeV. Ina 5-cm argon-filled ioniza-

tion chamber, 5 MeV is the energy deposited by a relativistic nucleus of charge

20; while 100 MeV is the energy deposited by a relativistic nucleus of
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charge near 92. Thus we expect ionization chambers to operate effective-

ly and linearly for VVH as well as VH [20SZ<_30] cosmic rays. [Plastic

scintillator, another energy-loss detector which is easily constructed in

large areas, displays significant saturation for relativistic nuclei with

charge below 2b s ' b ' and so is not likely to be suitable for nuclei of

higher charge. ]
Small [300 cm 2 ] pulse ioni^tiuri counters have been used in a balloon-

borne detector system to measure the composition of the more abundant

cosmic rays with Zf30. 7 Our chambers are constructed differently and

are significantly larger [9800 cm2].

In this paper, we shall discribe briefly the complete system in which

these ionization chambers are used, describe in detail the construction

of tk.e chambers and the laboratory tests of their operation, present

balloon-flight results indicating the charge resolution, and compare the

observed response of the chambers with calculations.

Preliminary results from our first successful flight of the system were

presented at the Washington, D. C. , meeting of the Division of Cosmic

Physics of the American Physical Society, 8 and further scientific results

will be published shortly.

Complete Detector System

Figure 1 is a schematic cross-section of our detector system. The

principal components of the system are the two ionization chambers and
the Cerenkov counter. The pulse height from each of these three detectors

is recorded for each heavily charged particle that penetrates the system.

The trajectory of the particle is given by the hodoscope consisting of two

crossed layers of scintillator strips above and two crossed layers below

the other counters.
The radiator of the Cerenkov counter is a sheet of ultra-violet-transmit-

ting [UVT] Lucite, 1 m x 1 m x 6. 35mm. Light collection is by total internal
reflection, with the radiator viewed on each of its four edges by a 12.7-cm
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diameter, photomultiplier tube [RCA 4525] with an adiabatic light-pipe

of UVT Lucite. The outputs of the four tubes are adder' to give a single

Cerenkov signal. A similar counter of somewhat smaller area [0. 5 m x

0. 5 m] has recently been described, 9 and we shall not describe our coun-

ter further. [A modified counter using diffuse light collection in a white

box instead of total internal reflection was used in our most recent flight

but results from that flight are not yet available. ]

Eaah layer of the hodoscope consists of ten strips of plastic scintillator

[Pilot Y], each 1.09 m x 95 mm x 1. 6 mm. The overlap of two such layers,

one rotated 90o from the other, defines a 0.95 m x 0.95 m active area,

divided into 100 equal squares. Each scintillator strip is viewed by a

single photomultiplier tube [RCA 6199] near one end. In a typical strip,

the light collection varies by a factor of 2. 5 between the near and far ends

of the 0.95 m active length. A discriminator is triggered whenever the

photomultiplier signal exceeds by a factor of 50 the signal due to a single

relativistic muon gassing vertically through the far end of the strip.

A six-fold coincidence triggers the recording of an event. The coin-

cidence circuit requires a discriminator output from at least one strip in

each of the four hodoscope layers, and also an output frorn each of the ioni-

zation-chamber discriminators. [The latter are typically set fora thresh-

old corresponding to a vertical passage of a relativistic nucleus of charge

near 16 through the chamber. ] For each event, the pulse heights from each

of the :oni^,ation chambers and fronn the Cerenkov counter are recorded.

Also, the trajectory of the particle is indicated by recording which hodo-

scope-strip discriminators were triggered.

There are four guard counters, one on each side of the detector square.

Each guard counter is a 1. 02m x 0.25m x 9. 5 mm sheet of plastic scintil-

lator [NE 110], viewed directly by a photomultiplier [RCA 6199]. A dis-

criminator on each output has threshold at approximately 30 times the out-

put for a relativistic muon passing horizontally through the counter far from
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the phototube. The guard counters are not used in active anti-coinci-

dence; rather, for each event the system records the triggering of each

guard discriminator.

The entire detector system and electronics are enclosed in an alumi-

num sphere, 1.8 m in diameter, 2 mm thick, which maintains the equip-

ment at l^atmosphere pressure throughout the balloon flight.

Ionizati on Chamber Construction

Figure 2 is an exploded view of one ionization chamber. It is a self-

contained, gas-tight box with inside dimensions 0.99 m x 0.99 m x 51 mm.

The aluminum high-voltage electrodes form the top and bottom of the box;

the strips of glass - epoxy insulator, which separate the electrodes, form the

four walls of the box.

We require electrodes whose thickness is small compared to the inter-

action length of the heaviest nuclei [r•^4 cm in aluminum] and whose struc- 	 -

tural strength is sufficient to support themselves over 1 m 2 and to contain

the gas reliably inside the chamber. Each electrode is constructed as a

sandwich of two sheets of 0.13 mm aluminum glued on opposite sides of a

i3 mm sheet of plastic foam [Dow Dorvon density 0 . 016 g / cm 3 ]. The re-
2sulting sandwich is rigid but has low areal density, 0. 09 g/cm

The walls of the chamber axe 13 mm thick strips of glass - epoxy board

[Formica FF 91] screwed together. The joints between the sides are sealed

with epoxy [Scotch Weld No. 2216a-B] which makes a strong but slightly flex-

ible joint and the electrodes are connected and sealed to the sides with fil-

lets of the same epoxy. The fully assembled chamber weighs 9 kg.

A 20 nanocurie americium - 241 source of 5. 5 MeV alpha particles is

attached to the negative electrode of each chamber as shown in Figure 3.

Mounting thr: source a short distance away from the hole in the electrode

results ins beam of alpha particles which is collimated to within 45 0 of the

normal to the electrode. Collimation of the beam produces a peaked pulse-

height distribution, as described in a later paragraph. In the gas mixture
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we use, ^ 5 MeV alpha particles have a range of 4. 31 cm.

In mo^.nting the chambers it is necessary, in order to reduce the

electronic noise, to minimize the capacitance between the collecting

electrodes of the two chambers and between either collecting electrode

and ground. Thus the chambers are separated as indicated in Fig. 1.

An aluminum rf shield completely encloses both chambers and the

associated preamplifiers. The chambers are mounted with the ground

electrodes to the outside, with the outer 0.13 mm aluminum sheet of the

ground electrode sandwiches forming the top and bottom of the rf shield.

The remainder of the shield is of . 51 mm aluminum sheet.

Gas

The chambers are operatedat atmospheric pressure with a mixture

of 90 percent argon and 10 percent methane, a mixture commonly used in

ionization chambers. During balloon flights, we continuously flush fresh 	 _

gas through the chamber at a rate of approximately 100 liters [the total

volume of the two chambers] per 20 hours.

Chamber operation is not harmed by some contaminants in ehe gas, but

trace amounts of dher contaminants can have extremely adverse effects. 	 ;

Our gas is mixed commercially from contamination-free argon and C. P. -

grade methane. Analysis by the supplier has shown that the gas mixture

we have used successfully has a typical contamination of approximately

200 ppm of nitrogen, 200 ppm of ethane, 2 ppm of oxygen, and less than

1 ppm of water vapor.

However, gas from two defective cylinders was incapable of giving any

measurable signal in our chambers. The supplier's subsequent analysis

of the gas in one of those cylinders showed a contamination of 4 ppm of

sulfur h:,xafluoride, although their typical gas has less than 0. 1 ppm of

this contaminant. We estimated the concentration of SF 6 which signifi-

cantly affects the chambers by noting the drop in signal as gas from this

contaminated bottle was slowly introduced into an operating chamber. The

3
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signal dropped to half its normal value when the SF 6 concentration vas

somewhere between Q 5 and 1. 0 ppm. With 2 ppm of SF 6 there was no

detectable signal.

The chambers are ordinarily operated with a continuous gas flow, but

we have made limited tests with the chambers sealed. After several

months of chamber operation with almost continuous flow, we found that

the chamber could operate without gae flow for a week with less than

2 percent decrease in the amplitude of the source calibration signal; how-

ever, neither the selection of construction materials nor their treatment

prior to assembly of the chamber were designed for optimum cleanliness.

Glass-epoxy board o^igasses more than some other dielectrics. In cl:^an-

ing the materials, we used standard solvents, tr.ichloroethylene and

methyl alcohol, but no bake-out or ultrasonic cleaning was performed.

Signal Characteristics

The chamber is operated in the electron pulse mode. The differentiating

time-constant of the preamplifier-amplifier combination on the chamber is

5 ,usec. This time-cons tart is longer than the electron collection time

[1 ess than 1 ti^sec] and very short compared to the positiv ^-ion collection

time [several m sec]. A positive d. c. high voltage, normally 600 volts, is

applied to the chamber. The anode is connected to the [capacitively coupled]

input of acharge-sensitive preamplifier [Hewlett-Packard 5554A].

All laboratory testing of the chambers and associated electronics is done

with the internal Am 241 
oC-source in each chamber. Calculations indicate

that the signal corresponding to the mean of the ^C -distribution is tt:e same

as that due to tt;e transversal of a vertically incident, relativistic nucleus

of charge 21. 5. This fact allows the adjustment of the gains and discrimina-

tor levels of the ion chamber electronics in the absence of a beam of relativ-

istic high Z particles for ground testing.

The 600 Voperating point is on << wide plateau where the chamber's output

is quite insensitive to large changes in the applied voltage. The pulse rise-

6

t



7

time [10 percent to 90 percent of peak voltage] at the preamplifier outE^ut

varies by less than 15 percent for operating; voltages from 400 to 1000 V.

At 600 V the rise-time is 0. 7 stsec. The rise-time increases to 1. 5

,u.sec at 200 V ana 4 ^^.sec at 100 V. The observed variation of rise-time

with voltage is in very good agreement with the variation .:xpected from

experimenta1 10 values of electron drift velocity in a mixture of 90 percent

argon with 10 percent methane. Similarly, the measured pulse-heights

from our alpha-particle calibration source vary by less than 3 percent as

the operati.ig voltage varies between 300V and 1000 V.

Response to Relativistic Nuclei

The pulse height resolution of an ionization chamber detecting fast

charged particles is governed principally by the intrinsic fluctuations in

the energy-loss process in a thin detector. Additional smaller contribu-

tions to the resolution of the chambers are intrinsic amplifier noise and	 _

path-length uncertainties introduced by the finite spatial definition of our

hodoscope.

TF.;: tonization process in argon requires an average energy of approxi-

mately 30 eV to create a single electron-ion pair. With 5 MeV deposited

in the chamber, approximately 2 x 10 5 electron-ion pairs are produced.

Thus, statistical fluctuations in the number of pairs formed for a Riven

energyloss are of the order of 0.2 percent, which is negligible compared

to the other sources of fluctuation.

In calculating the pulse-height resolution for relativistic particles, it is

essential to distinguish between the energy-loss of a charged particle a5 it

penetrates the gas of the d7amber and the energy- deposit in the cha.tnber

gas. [It is the energy- depo sit which is directly related to the signal on

the chamber ou'.put. ] Energy-loss fluctuations include a contribution from

the small but finite probability that a single electron in the gas be given an

energy comparable to the average energy-loss. As a result, the statistical 	 '

distribution of energy- loss is asymmetric, having a long tail [the !'Landau

tail"] toward the high energy loss. 11 On the other hand, in considering the

__



energy-deposit in a thin detector, the occasional energetic knock-on

electron formed in the detector typically loses only a small fraction of

its energy in the detector. The thickness of gas in one of our chambers

:s Sr 5 mt;/cm 2 . So a 1 MeV electron, for example, if created near the

center of the clamber, will contribute the order of 10 keV to the energy-

deposit in the chamber, although it contributes 1 MeV to the energy- loss

in the chamber. [This distinction between energy loss and energy deposit

has been pointed out previously for thin scintillation and Cerenkov counters

by Lurd and Risbo, 12]

Since the contribution to the energy-de?osit by any one knock-on

electron is small compared to the average energy-deposit in the chamber,

the statistical distribution of energy-deposit will be nearly Chussian, in-

stead of assymmetric. Of course, the energy-deposit will have a contri-

bution from energetic knock-on electrons created in the material above the

chamber gas which then pass through the chamber. Like the energetic

Plectrons created in the chamber, these electrons, leaking in from above,

can each contribute only a small fraction of the average energy-deposit.

so the energy-deposit distribution remains approximately Gaussian.

In our detector system there is approximately 1.1 g/cm^ of material

above the first ionization chamber. As shown in the Appendix, a good

approximation for the mean square deviation due to energy-deposit fluctu-
2

ations (o ff ) in this case is:

E
Q^ _ ^n ^.n n

2
where ^ = 0—^ A z2 x

= 0.435 MeV fora 2.5 GeV/n iron nucleus

incident nornally in our chambers

8
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(2.5 GeV/n (7.0 GV) is approximately the

median energy of iron nuclei incident

on our detector during a balloon flight

where the geomagnetic cutoff is 4.5 GV.^

	

n =	 energy of electron k^hose practical range

is the thickness of the gas in the

chamber

= 0.08 MeV in our chamber

Em = maximum possible energy transfer to

a single ki!Uck-on electron

	

=	 12.8 MeV for a 2.5 Ue^^/n nucleus.

	Thus for a 	typical iron nucleus incident on one chamber,	 _

we expect

Q^ =	 0.42 MeV.	 ...^

The mean energy - loss of a normally incident 2. 5 GeV/ n iron nucleus

in one of oer chambers is 8. 90 MeV [using tabulated energy-loss for protons

from Barka and Berger [1964] multiplied by [26]2 ]. We have calculated

that the difference between the mean energy - deposit in the chamber and the

mean energy - loss is approximately 1 percent, i, e. , that portion of energy-

loss [approximately 15 percent] which is carried out of the chamber by ener-

getic !mock - on electrons is very nearly equaled by energy deposited by knock-

on electrons from the material above the chamber. Thus, we take 8.9 MeV

as the mean energy-deposit, F^ from a 2. 5 GeV/n iron nucleus; and we have

6 G equal to 4. 7 percent of E ^.

9
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Before comparing this calculated width with our observations, we

must consider the other sources of pulse-height fluctuations, amplifier

noise and path length uncertainty. Using a precision pulser on the test

input of the charge sensitive preamplifiers, we found that the width of the

output pulse-height distribution due to amplifier noise was characterized

by o n equal to 2.2 percent of the mean pulse height due to normally in-

cident relativistic iron. For any observed particle, the measured pulse-

height from the ionization chambers was corrected by a factor sec 9,

where 6 is our best estimate of the angle between the particle's trajectory

and the normal to the plates of the chamber. The finite resolution of the

hodoscope gives an uncertainty in 6 which produces an error in the cor-

rected pulse-height, characterized by a L equal to 2.1 percent.

Combining these three sources of pulse-height fluctuation gives, for a

beam of relativistic iron nuclei, a predicted pulse-height distribution with

Q equal to 5. 6 percent, or full-width-at-half maximum [FWHM] 13.2 per-

cent. Figure 4 displays the observed pulse height spectrum for each of

the two ionization chambers derived from a half hour of flight data gathered

at 4. 5 g/cm 2 atmospheric depth near Palestine, Texas, where the vertical

geomagnetic cutoff was 4.4 GV. Our in-flight pulse-height-ar lyzer has a

response proportional to the square-root of the input pulse-height; therefore,

the channel numbers on the x-axis are proportional to the square-root of the

pulse-height and are directly proportional to the charge of a relativistic

nucleus. The FWHM of the peak centered on channel 116 is approximately

7 to 8 percent in each case, corresponding to a 14 to 16 percent FWHM in

pulse-height. This result is in reasonably good agreement with the pre-

dicted 13 percent. The added width of the observed peaks can be explained

by a small number [approximately 10 percent] of nuclei of charge 25 and 27

included in the "iron" peak.

Two additional possible contributions to the width of the iron peak have

been considered. [1] Variations in the response of the chamber as a

function of position make a negligible contribution to the charge resolution.
2

The variation inthe mean of the iron peak was investigated over the 1 m

3



area of each chamber by sorting 850 iron events into a 5 x 5 grid using the

hodoscope information. The maximum pulse height variation of the mean

for any section of the grid was less than 3 percent from the mean of Al

iron events. Both chambers showed a systematic radial variation ranging

from +1 percent at the center to -1 percent around the edge. These non-

uniformities can be corrected for using the hodoscope information, but

this has not yet been done since the contribution to the width of the peak

corresponds to a ouof less than 1 percent. [2] The spread in velocities

of the incident particles also bas a negligible effect on the charge resolution.

For relativistic nuclei above about 1. 5 GeV/nucleon, the energy loss is near-

ly constant as a function of energy. The geomagnetic cutoff excludes par-

ticles with energy loss more than 5 percent larger than minimum ionizing

particles. The relativistic rise of energy-loss introduces a tail on the

high side of the distribution; but, because of the steep slope of the cosmic

ray energy spectrum, does not significantly affect the width.

Figure 5 is a histogram of the mean of the two ionization chamber pulse

heights for the same set of events. The iron peak in this case has FWHM

of about 5i percent. This peak is narrower than the peaks of the individual

chambers bya factor of approximately as would be expected if the

width is due principally to uncorrelated fluctuations in the two chambers.

Note also, that while the iron peak in Figure 5 is narrower than in either

histogram of Figure 4, the number of events near charge 28 is nearly the

same. This agreem ent implies that the events of pulse height corresponding

to charge 28 are indeed due to particles of energy-loss higher than that of

2. 5 GeV/n iron, not just due to statistical fluctuations in the pulse-height

from ironnuclei. This correlation of high pulse heights in the two chambers

is also demonstrated in Figure 6, a scatter plot of pulse-height in ion chamber

1 vs pulse height inion chamber 2. [Note that in order to determine which of

these higher events is due to nuclei of charge 28 and which due to extremely

relativistic nuclei of charge 26 on the "relativistic rise" of ionization, analy-

sis comparing the ionization and Cerenkov counter outputs is required. This

analysis is in process. ]
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In-flight Calibration

During the balloon flight, the electronic system spends one minute

every 34 minutes calibrating each ionization chamber. In the calibration

mode, the requirement for recording an event is changed from a six-

fold coincidence to a "one-fold coincidence" in which an event is recorded

whenever one ionization chamber gives a signal above its discriminator

threshold. During each one-minute calibration an alpha-particle spec-

trum containing approximately 130 events is recorded.

Figure 7 is the combined histogram of ionization chamber pulse-heights

from two calibration periods of each chamber, recorded in flight immediate-

ly before and after the cosmic-ray events which were displayed in Figures

4, 5, 6. The solid curve drawn through the histogram is the calculated pulse-

height distribution, incorporating the geometry of the alpha-particle source

and the Gaussian noise of the preamplifier. The area under the calculated

curve has been normalized to the total number of events in the histogram.

Also, the position of the mean of the curve was normalized to the observed

position. The width and shape of the curve were given by the calculation

with no free parameters. [The counts outside the peak are due to electronic

noise and do not significantly affect our measurements. ]

The width of this curve is not a measure of the intrinsic resolution of the

ionization chamber. Rather the width is primarily caused by wide collimation

of the alpha-particle source. While the source is monoenergetic, the 450

collimation permits the distribution of the 5. 5 MeV energy-deposit to vary

from Farticle to ,)article. The particles traveling perpendicular to the plates

deposit their energy closer to the collecting electrode than do particles

traveling at some angle. With the chamber acting in t he electron-pulse

mode, the signal is larger when the ionization occurs farther from the col-

lecting electrode.

The alpha.-particle calibration peak permits an absolute calibration of

thq observed cosmic-ray charge spectrum. Calculations show that the sig-

nal at the mean of the alpha calibration curve should have the same pulse

height as a vertically incident cosmic-ray nucleus of 2. 5 GeV/n of charge

12



21. 5* 0. 4. The uncertainty in this number is principally due to uncertain-

ty in the distribution of energy loss along the path of a stopping alpha-particle,

and also due to uncertainties in the precise energy-loss vs. energy rela-

tionships for relativistic heavy nuclei. The quoted uncertainty is a con-

servative estimate; we are confident that the correct value is within these

limits. Using the in-flight calibration curve, this calculation implies that

the mean of the peak in the cosmic-ray charge spectrum near channel 116

is at charge 26. 1* 0. 5. The width of the peak [approximately 1. 3 charge

units, FWHM] implies that it oonsists mostly of particles of one nuclear

charge. We therefore have direct evidence that this peak consists of nuclei

of 26 Fe.

It is a pleasure to acknowledge the efforts of Mr. Kenneth Krippner

and Mr. Arville J. Taylor whose work on the design and construction

of the electronics was essential to the success of the experiment. We

are also indebted to the crew of the NCAR Balloon Flight Station in

Palestine, Texas, for splendid support of the balloon flights whose

data is reported in this paper.
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Appendix Energy-deposit Fluctuations

Consider an ionization counter of thickness x. Above the counter

is a plate of thickness X. [All thicknesses and ranges are measured

in g/cm 2 .] Let E[R] = the energy of an electron whose practical range is

R. [Practical range from Katz and Penfold. 13]

Define	 r1 = E (x)

H = E (X)

0.3 ec 2m 	 2
-	 2	 A z x

Em = 2mec2a2Y2

maximum transferable energy from

the incident particle to a single

electron

where Z and A are the atomic number and atomic weight

respectively of the detector gas

ze is the charge of the cosmic-ray particle

mec 2 is the rest ener gy of the electron (0.511 MeV)

S is the velocity of the particle in units

of the velocity of light

Y2 = (1 - 62)-1

Al



We make the following simplifying assumptions:

I.	 Knock-on electrons with energy less than Ti created in the detector

gas, lose all their energy in the gas.

2. Knock-on electrons with energy greater than n created in the de-

tector gas, deposit energy n in the gas.

3. Knock-on electrons created in the plate above the chamber deposit

T1 in the gas provided they reach the chamber with energy greater

than n .

4. In determing whether an electron created in the plate does enter

the chamber with energy greater than n, assume that electrons

follow a range-energy relationship R=aE [with a constant] [for

R > x].

5. Ignore knock-on electrons entering the chamber from above with

energy less than n .

Under these assumptions, fluctuations arise from three independent

sources:

A] Knock-an electrons with energy less than n created in the detector

gas.

B] Knock-on electrons with energy greater than n created in the de-

tector gas.

C] Knock-on electrons entering the gas from above.

We now consider each of these sources in turn.

A] From Rossi (I using equations 2. 7. 4, 2. 7. 8, and 2. 3. 6 we have for

the mean square deviation in energy deposit due to low-energy

electrons:

T1

a2 = x f E2 4 c (E) dE
0

A2



A3

where ccol(E)dE = X __7 - S2 E )
E	 m

= the probability per unit thickness

of creating a knock-on electron with

energy between E and E+dE

so

cA = ^n [1 -	 s2 _E lM

B] The number [N B ] of knock-on electrons created in the chamber	 -

gas with energy greater than n is
E

B = x f m¢col	 _ [n - E - E?N	 (E) dE	 kn ,^ml
n	 m	 m

Since we assume that each of these electrons contribues an energy rl

to tLe chamber, the fluctuations here are due to Poisson fluctuations

in the number N B , so the mean square deviation in energy deposit

due to these electrons is

E
aB - n2 NB =n [1 - E (1 + S2 kn m)

M

C] Knock-on electrons created above the chamber and contributing to

the energy deposit fluctuations in the chamber include N  electrons

created in the plate with energy greater than H + rl; and N2

electrons created with energy, E, between rl and H, created at

locations less than R[E-n] from the chamber. R[E- rl ] is the



range of an electron of energy E-n. If we assume that Z/A

for the plate above the chamber is the same as Z/A for the

chamber gas, and we use assumption 4, we can show that

A4

EM
il l = n H J

H+n

dE E (1 - S2 Em)

E
= n [ H Hn - E (1 + 

62 
kn Hmn)]

M

and

N2 =	 J

H+n 
dF. ( E

_

 2) (i - 62 E )
n	 E	 m

^ [(1 + S2 E ) (Rn H T)	 - 1 + H+n - S2 E ]
M	 m

As with a B, we assume that each of these electrons contributes an

energy TI, so the fluctuations in this case are Poisson fluctuations

in the number N  + N 2 , giving

a` = n2 (N1 + N2)

The distributionscharacterized by C AF a B t and Q C will all be nearly

Gaussian provided n > 10, which is satisfied for our chambers. As a

result, the energy deposit fluctuations will be nearly Gaussian and

characterized by a mean square deviation given by

62 = Q2A + QB + 02

E
^n [2 + Q.n Hnn-	 F+n (1 	 + S 2 + g 2 to 

It +T) )
TM

2
+ ^ E ]

M



For n<<Emand 
1-5 2 «1, this expression can be greatly simplified

in two extreme cases. Fornegligible material above the chamber,

i.e., H «n, we have simply

a 2 = 2 En.

Fora very thick plate above the chamber set H=E m and the expres-

sion reduces to
E

a2 = ^n Rn m
TI

For our ionization chambers, with 1 g/cm 2 o material above them,

the general expression fives a deviation only slightly less than the

limiting case of a very thick plate, so the latter, simpler expression

is used in the body of this paper.
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Figure Captions

1. Schematic cross-sectionof the detector system.

2. Exploded view of one ionization chamber [not to scale].

3. Mounting of americium -241 calibration source on ground electrode
of ion chamber. The alpha particles are collimated to 450.

4. Pulse-height histogram for each ionization chamber due to cosmic-
ray nuclei. Data shown were gathered during a half hour of a
balloon flight at 4. 5 g/cm 2 atmospheric depth at 4. 4 GV vertical
geomagnetic cutoff. Pulse height scale is proportional to square -
root of chamber's output pulse. Each pulse height was corrected
by a factor Sec 8, where 9 is the angle between the normal to the
plates and the particle's trajectory.

5. Histogram of mean ionization chamber pulse height for same
events shown in Figure 4.

6. Pulse height in chamber No. 1 vs pulse height in chamber No. 2
for some events shown in Figures 4 and 5. Legend o 1 event,

2 or more events.

7. Pulse-height histogram due to 5. 5 MeV alpha-particles from
in-flight calibratim. Solid curve is calculated pulse-height distri-
bution normalized to total area and mean pulse-height of histogram.
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