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ABSTRACT

MEASUREMENTS OF PROTON-PROTON AND PROTON-IRON INELASTIC CROSS SECTIONS

USING CHARGED COSMIC RAY HADRONS CF ENERGY GREATER THAN 70 GeV

by
Gordon Dean DeMeester
Chairman: L. W. Jones
Proton-proton inelastic cross sections were measured at energies

greater than 7O GeV by using cosmic ray hadrons that were incident on a
liquid hydrogen target. The experiment was conducted at the University
of Denver High Altitude Laboratory near Echo Lake, Colorado. It employed
wide gap spark chambers on either side of the hydrogen target and an
ionization calorimeter. The proton-proton inelastic cross section was
found to be 32.4 £ 3.6 mb at 109 GeV and 32.3 * 3.2 mb at 342 GeV. The
- particles that did not interact in the target but in the calorimeter were
used both for a study of the calorimeter behavior and to determine the
proton-iron inelastic cross section. This cross section was found to be
800 * 7 mb in the energy interval from 7C to 900 GeV. There was no
experimental evidence that either of these cross sections were energy

dependent.
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CHAPTER T. TNTRODUCTION

One of the fundamental quantities in the study of strong inter-
actions is the proton-proton total cross section. The size and energy
dependence of this quantity are intimately related to many of the
theories concerning the behavior of interacting varticles. The cross
section at very high energies is particularly useful for the comparison
of various models and the understanding of strong interactions. The
experiment described in this thesis was constructed to furnish the first
direct experimental measurement of the proton-proton inelastic cross
section above 70 GeV by using cosmic ray hadrons and a liquid hydrogen
target. This:cross section is related to the total cross section
through the optical theorem and the slope parameter of differential
elastic scattering which has been measured at accelerators for energies
up to 70 GeV. An extrapolation of these accelerator measurements and
a measurement of the inelastic cross section may be used to study the
behavior of the total cross section at high energies. The flux of
cosmic ray hadrons incident on the apparatus was about 75 percent
protons and 25 percent charged pions. The results are corrected
accordingly so that they correspond to proton-proton interactions.

This thesis also reports a proton-iron inelastic cross section
between 70 and 800 GeV. Although this cross section does not have the
fundamental importance of the proton-proton cross section, it is a

valuable complementary result. This cross section was determined from



a study of interactions in the ionization calorimeter that was used to
measure the energy of each incident hadron. Analysis of the calorimeter
information also showed remarkable agreement with the calorimeter model
of W. V. Jones [1]. The calorimeter results are sipgnificant inasmuch

as they further the understanding of this important exneriﬁental tool

for the energy measurement of very high energy particles.

A. Experimental Method

The three main features of the experiment were a liqﬁid hydrogen
target, wide gap spark chambers, and an ionization calorimeter. One
feature of the experiment that is unique among cosmic ray experiments to
date is the use of the liquid hydrogen target. The spark chambers were
used to observe the charged hadrons entering the hydrogen target and the
hadron and possibly the secondaries from an interaction leaving the
target. From this information the ratio of the number of hadrons that
interacted in the target and the number of those that did not-interact
in the target was deduced. This ratio was determined for each of
several energy intervals from T70. to 1000 GeV. The proton-proton
inelastic cross section was calculated from this ratio. The observed
cross section required a large correction because of a systematically
low energy measurement of events that interacted in the hydrogen coupled
with the steeply falling cosmic ray hadron energy spectrum. This
correction was studied in two ways. One was an experimental approach
in which the correction was determined for the proton-nucleus inter-

actions in the target walls, and that correction applied to the



proton-proton inelastic cross sections. The other way of stndving
systematic errors involved computer generation of interactions and
simulation of the enerpy measurement in order to study the effect of
the interaction coordinates on the enerpgy determination. The first
direct measurement of the inelastic cross section and of the nroverties
of proton-proton interactions at energies greater than 70 GeV was the
prime motivation for this experiment. The observed properties of the
interactions in the liquid hydrogen are reported elsewhere [2].

An alternative method of measuring the total or inelastic cross
section is an attenuation experiment. This method involves measuring
a beam flux with and without a target in the beam path. With this
method, the cross section is then determined fron the ratio of the
properly normalized transmitted fluxes measured with "target in" and
"target out'. Corrections required because of a systematically low
energy measurement of particles that interact in the hydrogen are not
necessary with this kind of analysis. However, the attenuation method
requires both a longer run, and a way of doing a series of target full,
target empty runs which does not include long term systematic biases.

A third method of measuring the inelastic cross section is to
determine the average path length in target material before the first
interaction occurs. This method, useful only with thick targets, was
used to determine the interaction length of hadrons in iron and thus the
proton-iron cross section.

Before a detailed description of this experiment is presented,

some of the total and inelastic cross section measurements of other



experiments will be discussed. Most of the cross scction measurements

at accelerator energies were done using the attenuation method.

B. Proton-Proton Cross Section Measurements

Generally, at accelerator energies, proton-proton inclastic
cross sections are not measured directly. Instead, the total and
elastic cross sections are measured. These three quantities are related

by 0. = Oe + oi, where the subscripts T, e, and i refer to the total,

T
elastic, and inelastic cross sections, respectively. The results of
total cross section measurements between 10 and 30 GeV are shown in
Fig. 1. [3]. These measurements alone indicate that the total cross
section is falling very slowly at higher energies. The solid line in
Fig. 1, indicating the inelastic cross section at accelerator energies,
is the difference between the total cross section measurements and

the elastig cross section measurements of K. N. Foley et al. and

D. Hartung et al. [L4].

Significant proton-proton inelastic cross section measurements
have been made at higher energies with data from the Proton Satellites
1, 2, and 3 [5]. In those experiments two targets were ﬁsed. One
target was polyethylene and the other was carbon. The values of the
cross section were obtained using the difference method with associated
errors of about 20 percent. The calorimeters used were made of iron
and scintillator. However, the total thickness was about one-third

that of the Echo Lake calorimeter. The final calculated proton-proton

cross sections are shown in I'ig. 1. These measurements are consistent
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with a flat, or slowly rising, inelastic cross section. Tt is noteworthy
that the proton-carbon cross sections measured in the same experiment

are apparently rising with energy. The data fit the empirical relation

Ine = (216 £ 7) [1. + (0.068 * 0.012) log, (E/20)] (mb)

between 20 and 600 GeV. The increase in the proton-proton cross section

was reported to be consistent with this result.

C. Proton-Proton Cross Section Theory

Various models have been constructed to describe proton-proton
interactions at very high energies. Some of the suggested optical and
Regge models are discussed in this section. Two simple optical models
are presented; one that treats the target nucleus as a sphere with
constant opacity, the other with a Gaussian distribution of opacity.
The optical model is used in Chapter IV to convert the oﬁservéd hadron-
iron cross section into a proton-iron cross section. Also, the optical
model slope parameter of the differential elastic scattering peak
extrapolated from accelerator measurements may be used to relate the
measured inelastic cross section to the total cross section. The Regge
models discussed in this section do not predict a cross section.
Instead, experimental measurements of the total cross section may be
used to determine parameters of the models. The results of this
experiment are not sufficiently accurate to distinguish between the

three Regge models discussed in this chapter.



Neglecting spin dependence, the asymptotic wave function of a
plane wave incident on a scattering center is represented in the center

of mass, (c.m.) coordinate system as

o> > ikr
r
i
1 .
The plane wave is represented by the first term, e T and the scattered
ikr
spherical wave is represented by the second term, (e /r)f(6). The

-> ->
complex function f(6) is the scattering amplitude and k = (pcm/h)' The
imaginary part of the scattering amplitude in the forward direction

Im £(0), is related to the total cross section by the optical theorem

Y
Im £(0) = In %7 ¢
Optical models have been considered that treat the target
nucleus as an opaque sphere that scatters an incoming plane wave [6].
Three variations of this model are discussed that differ in the opacity
assigned to the target nucleus. They are expressed in an impact
parameter representation, where b is the transverse distance between
the lines of flight of the centers of the two nucleons. An impact

parameter‘expansion cf the scattering amplitude is defined by

£(x) = 2k fo°° n(d) J_(ox) b & .



The function Jo(bx) is tHe zeroth order Bessel function with the
argument bx, where x = /=% and t is the relativistic four momentum

transfer. A useful form of the complex function h(b), is

ab -1

h(v) = 51

An optical model with constant opacity, (1 - a), has the scattering

amplitude,

R

f(ve) = ik(1 - a) fo

bJo(kbG) dadb .

This pure imaginary scattering amplitude results in total, elastic,

end inelastic cross sections which are

Op = 2mR%(1 - a)
- 207 _ )2

0'e TR (l B.) s

'oi = TR%(1 - a?)

If, instead of a constant, the dpacity is assumed to be Gaussian in the

impact parameter
1-a = oexp (-50%/2R%)

then the scattering amplitude is

oo
N

£(8) = ika fo°° b exp [- ] Jo(kbe) db

':«UN IU’



This amplitude results in total and elastic cross sections which are

= 4y 2
OT = 3 oR

and
- I _2p2

Differential elastic scattering measurements and these optical
models may be used to obtain a value of the total cross section
calculated from a measurement of the inelastic cross section. In
both of the optical models discussed, the diffraction scattering
differential cross section at small scattering angles and a specified

energy is given by

2

do _ r e+At
dt 16mh?

The scattering amplitude must be totally imaginary for this equation

to be correct. From existing accelerator data the ratio of the real

to the imaginary parts of the scattering amplitude is small and
decreases with increasing energy [7]. The parameter A, is a slope
parameter determined by accelerator experiments to be slowly increasing
with energy. G. G. Beznogikh et al. [8] report that in the energy range

of 12 to 70 GeV, the slope parameter A, as a function of total energy

squared s, in GeV? is

A = (6.8%0.3)+ (0.9% £0.18) log, (s) .
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The experimental measurements to determine this varamcter were in

the four momentum transfer interval

0.008 < |t| <o0.12 (Gev/c)?

Assuming that the differential cross section formula holds approximately
at all t, integration over all four momentum transfers results in an

elastic cross section

_ 1
g = —O0

2
16m2a T

Therefore, the total cross section is

Op = I, o,
16T 2A *
or
_ B 2 1/2
Op = 3 - [(B/2)% - Boi] R
where
B = 16m™R3A .

This equation relates the total cross section to the measured inelastic
cross section. As an example, at 20 GeV/c the slope parameter is about
8.2 (GeV/e) 2 [ 9] and the inelastic cross section is about 29.5 mb,

therefore

B = (2.178 x 10 “7 GeV? sec?) * 8.2(c/GeV)? = 160.7 mb.
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This value of B, when used in the expression for the total cross

section, gives

OT = 38.9m ,

that is to be compared with a total cross section measurement of 39 mb.
Difficulties are encountered with optical models in fitting

the elastic differential cross section data over a large range of Itl.
In order to fit his experimental data, A. Krisch [10 stressed the need
for three types of strong interactions with an elastic differential
cross section fit by a superposition of three exponentials with the
variable pi, the transverse momentum squared. This model however,

does not successfully predict angular distributions or the measured
values of the ratio of the real to imaginary part of the scattering

amplitude in the forward direction.

By introducing complex angular momenta, the relativistie
scattering amplitude, A(s,t), has been written as a sum of terms coming
from simple poles which are the énly singularities in the upver half
of the complex angular momentum vlane. With the orover avoroximations
and assumptions at very high energies the relativistic scattering

amplitude, A(s,t), is

1-n e ~1nto, (%)

o (%)
8
A(S,t) = i Bk(t) sin TT(‘lk('t) [';;{’ s
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where the residue, B (t), contains all the t-devendent terms. The sum

k

extends over all relevant Regge poles. n._ is a signature factor, and

k
S, is & scale energy. The quantities s and t are the well-known
relativistic invariants and a(t) is the Regge trajectory often apvroxi-
mated by the linear form a(t) = a *ot.

1

Regge pole models have been constructed which furnish a phenomeno-

logical description of most accelerator data and which may be used to

project observed trends to asymptotic energies [117,[12]. The existence
and contributions of various trajectories which are included in the model
model as contributing to the scattering amplitude constitutes the

difference between many of the models.

The t-channel Regge poles may be associated with observed meson
states. In an application of such a model, Barger and Olsson [12]
include only neutral non-strange vector and tensor meson state contri-
butions to the total cross section. In addition to the trajectories
assoclated with these mesons, a Pomeranchuk traJectory with maximal
intercept aP(O) = 1 was introduced to give constant asymptotic cross
sections. Fitting accelerator data with this model, the pfoton—proton
total cross section at 1000 GeV was about 36 mb and at asyﬁptotic
energies about 35.7 nb.

Cabbibo, Horwitz, Kokkedee, and Ne'eman [13] proposed a model
using "an algebra of currents" and some quark considerations. There was
no Pomeranchuk contribution to the scattering amplitude and the
intercepts of the two trajlectories, ap'(O) and uS(O), were less than one.

This resulted in e slowly vanishing asymototic cross section. A fit



of this model to accelerator data indicated a proton-proton *otal
cross section of 31 mb at 1000 GeV.

Frautschi and Margolis [147] propvosed a model which includes both
Regge poles and a contribution to the scattering amplitude from a vacuum
Regge cut. Negative contributions to the amplitude from this cut result
in a proton-proton total cross section which approaches from below

an asymptotic limit. They estimated the asymptotic total cross section

with corrections for secondary trajectories to be sbout 55 mb. More
recently, in an attempt to explain the experimental results from
Serpukhov of negative mesons interacting with protons, Barger and
Phillips [15] ha&e used a similar model. They also used this model
in a fit to the prcton-proton total cross section data and predict
an asymptotic limit of L6 mb.

One of the definite restrictions on the growth of the total
cross section is the Froissart bound [11]. This result proved from

the axioms of gquantum field theory states

S
opls) =Clogél:§';.“ as s * @ .

D. Survey of Proton-Iron Inelastic Cross Sections

Proton-nucleus absorption cross sections have been studied
both at accelerators and in cosmic ray experiments. G. Bellettini,
G. Cocconi et al. [16] reported proton-nucleus absorption cross sections
at 20 GeV from an experiment conducted at CERN. In that experiment it

was shown that the absorption cross section was proportional to the
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area covered by the nuclei, A2/3, where A is the atomic number.
Interpolation between their reported absorption cross sections for
aluminum and copper results in a calculated proton-iron cross section
of 800 mb. The total cross sections were determined to one or two
percent, but the calculation of the elastic cross section had associated
errors cf five percenf. The inelastic cross secfion which is the
difference between the total and elastic cross sections has possible
errors of six or seven percent. More recently, J. Engler et al. [17]
reported neutron-nucleus total cross sections which were used in a
similar fashion to calculate a proton-iron inelastic cross section of
727 mb at 21 GeV/c. 1In this calculation the ratio of inelastic to
total cross section determined by G. Bellettini was applied to
Engler's measurements with similar errors.

At energies higher than this, absorption cross section data
is reportea from experiments using cosmic rays as incident hadrons.
Two different kinds of experiments will be mentioned. One is a "bad
geometry" sbsorption experiment and the other an interaction length
measurement using a calorimeter.

The '"bad geometry" type of experiment is an attenuation experimen
comparing the observed counting rate of a detector, above a set energy
threshold, with and without an absorber in the "beam." A proton-iron
absorption cross section of 610 ¥ 30 mb was determined in this way
by Brenner and Williams [187] in an experiment conducted at Echo Lake,

Colorado.
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Calorimeter experiments determine absorption cross sections on
the basis of the distribution of interaction depths of the incident
hadrons. The two best examples of previously reported measurements of
this type are the experiments of N. A. Dobrotin et al. [19] and E. L.
Andronikashivili et al., [20] . The results of this latter group are
similar to the results obtained in this experiment. They reported
a hadron-iron interaction length of 130 £ 6 gm/cm2 corresponding to
an absorption cross section of 710 t 35 mb over the energy range of

50 to 1000 GeV.



CHAPTER II. THE EXPERIMENT

A. _General Description

The experiment described in this thesis was conducted at the
University of Denver High Altitude Laboratory near Echo Lake, Colorado.
The experimental site is at a height of 3231 m above sea level, or
at a depth in the atmosphere of T15 gm/cmz. This location was chosen
in order to obtain a reasonable flux of unaccompanied cosmic ray
hadrons. The flux of hadrons is attenuated in the atmosphere so that
the flux with energy greater than 100 GeV at sea level is about‘7 percent
of the flux at Echo Lake. The experimental apparatus had a useful
admittance {sclid angle-area product) of 0.9L4 m? sr and a trigger rate
of about 20 incident hadrons per hour with energy above 90 GeV.

Both the intensity and the constituents of the unaccompanied
hadron flux have been studied by various groups at different altitudes [21].
The surviving primary proton flux was the desired beam of incident
particles. Howeveg the hadron flux that triggered the apparatus
consisted of both pions and protons. The pilons were produced in the
interactions of the primary cosmic ray flux with the atmosphere above
the apparatus. In order to eliminate hadrons that were accompanied
by other secondaries from a previous collision an array of anti-coincidence
shower counters was placed around the hydrogen target in its midplane.
This array of counters, altogether 7.68 m?, was used to eliminate most

of the pion flux and reject all hadrons with accompanyinpg particles

-16-



that simultaneously deposit energy in the calorimeter. The fraction
of pions in the "beam" was calculated in this experiment so that the
appropriate small correction could be made to the measured cross
sections. This correction was 8 percent for the proton-proton cross
section and 6 percent for the proton-iron cross section.

The experimental arrangement is shown in Fig. 2. The system
was triggered when an unaccompanied charged particle traversed the
top counter and more than a threshold energy of either 36 or 90 GeV
was deposited in the calorimeter. Each event consisted of a charged
cosmic ray hadron which satisfied the triggering requirements, passed
through the top wide gap spark chamber, possibly interacted in the
liquid hydrogen target, and continued alone or with secondaries into
a second wide gap spark chamber and the ionization calorimeter. The
two wide gap spark chambers were used to obtain a photographic record
of the tracks in each spark chanber. The photographs of two events,
one which interacted in the hydrogen and one which did not, are shown
in Figs. 3 and 4, respectively. The coordinates and direction cosines
of hadrons entering and leaving fhe target were determined from the
measurement of tracks on the film. The ionization calorimeter was used
to measure the energy of each event as well as to provide the energy
estimate used in the trigger. The top 200 gm/cm2 of the calorimeter
was a series of ten iron plate spark chambers with 1.9 cm gaps. This
set of spark chambers was used to observe the range of secondaries in
order to differentiate between 6-rays and hadronic secondaries. The

spark chambers, hydrogen target, ionization calorimeter, and associated
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electronics and optics will be described in detail in the following
sections. The calibration procedure will also be discussed. More
detailed discussions of the enerpy measurement are presented in the

next chapter.

B. Spark Charbers and Optics

The two wide pgap spark chambers used to determine the trajectory
of charpged tracks were constructed with two 20.3 cm gaps in which sparks
were photographed. A center foil of 0.0051 cm aluminum was pulsed‘by
a Marx generator for each event and the sparks developed in 20.3 cm gaps
between this foil and two similar ones on either side of it. There
was a 5.1 cm dummy gap above the upper foil and below the lower one so
that all three foils were suspended in the same way and the distance
between them would be the same everywhere. They were suspended from a
2 x 2 m® frame of 1.22 cm thick plate glass. The relative intensity
of the sparks in the two gaps was controlled by resistance between the
two outer foils and the Marx generator ground. In order to eliminate
spark distortion due to a fringe field of the spark chamber foils, closed
loops of wire were wrapped around the glass every 1.27 cm. Between
each successive loop were four 4.7 k) resistors forming a string of 16
resistors across each gap in each of the four corners of the spark
chamber. These resistors resulted in an effective resistance of 9.4 kQ
between the center foil and Marx generator ground and established a
constant voltage gradient at the glass to eliminate a fringe field.

Standard "spark chamber necon' (90 percent Ne, 10 percent He) was

used and good multiple spark efficiency was achieved in the spark
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chambers. To maintain gas purity, this pas was continuously recirculated
at 100 2/hr through a hot calcium oven and a container of ILinde pgrade 13
molecular sieve at liquid nitrogen temperature.

The Marx generators consisted of eight Barium Titanate capacitors
of 3900 pF each. These were charged in parallel to +14 kV and discharged
in series dividing the available charge between the capacitance of the
Marx generator and the 300 pF of the spark chamber. The first stage
was triggered with a -12 kV pulse from a Science Accessories pulser.
With this system the spark chambers were charged and the voltages clipped
by the sparks about 150 nsec after a coincidence indicated an interesting
event. If no spark developed, the resistor strings used to form a
constant voltage gradient at the glass discharged the chamber with an
RC time constant of 5 usec.

Ten narrow gap spark chambers formed the initial 200 gm/cm2 of
the calorimeter. Each of these spark chambers was constructed from
two 203 x 25L cmztiron plates 1.27 cm thick, one of which was on either
side of a 1.91 cm spark gap. The spark chambers were stacked one on
top of the other except where the scintillators for the first two layers
of the calorimeter were inserted. They were viewed through 2.54 cm
of lucite and each had ten internal epoxy-fiberglass 1.27 cm diameter
pillars to support the weight of the iron above the gaps. The spark
chambers were pulsed in pairs by a bank of five paralleled 3900 pF
capacitors charged to 12 kV. A Science Accessories pulser primed the

spark gaps to apply the stored charge of the capacitor banks to

the spark chambers. No clearing field and no recirculation of gas were



-23-

necessary. There were 6 cc of ethyl alecohol added to the iron plate
spark chamber neon to reduce edge sparking.

Lach event in the spark chambers was photograpﬁed in 90 degree
stereo along with binary coded information displayed on neon data lights.
Two Giannini "Flight Research" model number 204, 35 mm cameras equipped
with Leitz 120 mm lenses were used with Eastman Kodek Tri-X film. A system
of front surfaced mirrors,made by sandwiching honeycomb metal with
glass, was used to arrange the information on the film with a demag-

nification of 65.5:1 at the center of the spark chambers.

C. Hydrogen Target

Figure 5 shows details of the construction of the liquid
hydrogen target which was designed and built at Lawrence Radiation
Laboratory (LRL). Liquid hydrogen‘ﬁas contained within an inner flask
made of 304 stainless steel. The useful volume of hydrogen was defined
by a vertical cylinder 34.3 cm tall ahd 205.7 cm in diameter, covered
on the ends by spherical sections with a radius of 205.7 cm. The
spherical sections of the inner " steel flask were 0.12 cm thick and of the
outer aluminum Jjacket were 0.76 cm thick. This much aluminum in the
"beam line" was required in order that the target meet the LRL safety
requirements. The stainless steel flask was required to withstand an
internal test pressure of 2.11 ke/cm? at room temperature. At liquid
hydrogen temperature the flask could withstand about twice this pressure.
The aluminum vacuum jJacket was required to withstand an internal
pressure of T7.03 kg/cm? and an external pressure of 1.41 kg/em?. The
area between the flask and the outer aluminum vessel was evacuated to

a pressure of 10" 7 Torr. The vacuum minimized convective heat transfer
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Y em aluminized

while twenty-five layers of superinsulation (6.35 x 10
mylar) reduced radiative heat transfer. The stainless steel flask was
suspended around its periphery by 96 stainless steel 0.25 cm diameter
rods 27.9 cm long. Calrod heaters were installed in the lower rim of
the inner flask in case quick emptying was deemed advisable. The fill
and vent lines extended to the center of the flask to minimize thermal
stresses, especially during cool down. The heat gain of the inner
vessel from the stainless steel rods, the fill and vent lines, the wires
to the Calrod heaters, and from radiative and convective heat transfer
was 26.7 watts.

There.were two sets of carbon resistors to monitor the liquid
level in the target. One set was in the fill line. The other was
attached to the vertical sections of the fill and vent lines in the
center of the target. The highest of the "calibration resistors" in
the fill line was 2.15 cm below the highest part of the dome of the
inner flask. The first thirty resistors in the fill line were spaced
by 0.794 cm and the next ten by 1.588 ecm. The first of the twelve
resistors in the center of the target was 1.77 cm from the upper dome.
These resistors were spaced by 8.08 em, Voltage momentarily applied
across a resistor would indicate at least a 30 percent difference in
resistance between resistors in liquid or gaseous hydrogen. This was
due to poorer heat dissipation of resistors in gas compared to those
in liquid. Except for a few "calibration fills," the only time recorded

was when the liquid level passed the internal flask resistors. The
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boil off rate remained constant at about 72 liters per day. Figure 6
indicates the depth of hydrogen in the center of the target as a
function of time. The liquid in the flask was '"topped off" every
seven to ten days.

D. Ionization Calorimeter

The hadrons that entered the calorimeter interacted and produced
secondaries that either decayed or interacted again. The energy
measurement of the calorimeter is based on the total energy deposited
in the iron and scintillator by the primary particle and all the
secondary particles produced when the primary particle interacts in the
calorimeter. The hadronic and electromagnetic cascades produced
ionization as the'particles lost energy in the iron, ultimately
transforming the energy of the incident particle into heat. Hadrons
with greater than 70 GeV incident on a thick iron absorber lost less
than one percent of their energy as neutrinos and muons [22]. The
mechanics of the cascade process and the fraction of the total energy
that is not observable as ionization is discussed in Appendix A. The
ionization of the hadronic and electromagnetic cascades was sampled
by ten layers of plastic scintillator inserted into the iron. The
light observed in the scintillators by photomultiplier tubes was
measured, calibrated with respect to the light observed when a single
muon traversed the scintillator, and used to determine the.energy of
the incident hadron.

Many of the general features of the ionization calorimeter were

shown in Fig. 2. The iron plates of the narrow gap spark chamber s
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previously aescribed constitute the top 200 gm/cm2 of the calorimeter.
The remainder was constructed of 254 x 254 cm? plates of 1.27 cm thick
iron. Layers of plastié scintillator were incorporated in the stack
of iron asbout every proton interaction length. The scintillators
sampled the ionization in the nuclear-electromagnetic cascade initiated
by an incident hadron. Table I presents details of the size and place-
ment of the scintillator layers, the two types of photomultiplier tubes
used, and the thickness of iron from the top of the calorimeter down

to the various scintillator layers. The thickness in gm/cm2 of iron

was determined using a density of 7.87 gm/cm?

for the 1.27 cm thick
iron plates. The vertical location of the scintillator layers is
indicated with respect to a coordinate system with an origin at the
center of the hydrogen target. The top counter and layers 1, 2, and
10 of the calorimeter were made of Pilot A scintillator. Layers 3
through 9 were made of Nuclear Enterprises NE102 scintillator.

At each place where a scintillator layer was inserted
in the stack of iron there was a 1.27 cm rib in the center of the
calorimeter tc help support the accumulated weight of iron. This rib
divided the calorimeter into two distinct halves. On either side of it
two squares of scintillator were placed side by side in physical
contact and wrapped in an aluminum, light-tight package. The scintillator
packages were viewed through light pipes on both ends by a total of four
photomultiplier tubes as indicated in Fig. 7. The area of the
scintillator listed in Table I is half of a calorimeter layer or one

of these packages.
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The voltapge sipnals from all eipght phototubes in a calorimeter
layer were passively summed to indicate the total amount of lipht
observed in the whole layer of scintillator. The response of the top
counter and layers 1, 2, and 10 was approximately the same no matter
where a particle traversed the layer. Layer 10 was the least uniform
of these counters and had a variation of less than 20 percent over the
entire area. Much of this variation was in the proximity of the
phototubes. This uniformity was not observed in layers 3 through 9.
In these layers of NE102 scintillator the light was attenuated by its
path length to the phototubes. A map of the response of half of a
calorimeter layer was shown in Fig. 7. The numbers in the figure
correspond to attenuation in dB and have associated systematic errors
of ¥ 0.5 dB. This was the attenuation of the phototube output necessary
in order to reduce the observed light from a single muon through that
position so it was equivalent to the observed light from a single
muon through the center. The ionization in the scintillator was
calculated using the following equation to correct for the relative

brightness of the observed light from various positons in the scintillator:

= - . 1075 . o2
I, = I, (1. - 3.7013 - 10 x*) .

In this equation I° is the observed ionization at a position x cm from
the center of the scintillator. The quantity Ic is the median ionization
of single muons traversing the layer. The calibration procedure to

determine Ic will be discussed in the next section.
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The pulse heipht of the scintillator output at some (x,y)
relative to the sipnal at the center of the layer, x = 0 , is indicated
by the data points in Fig. 8. The inverse of the multiplicative
correction factor applied to the observed ionization, Io, is indicated
by the solid line in that figure. The response of scintillator layers
3 through 9 was corrected in the energy determination of reconstructed
events. The sum of the observed voltage signals from layers 1 through
9 was put through a discriminatér and used to set an energy threshold
for interesting events. There was no correction made for the

scintillator response in the hadron trigger.

E. Electronics and Triggers

The electronics of the experiment consisted of two parts;
a triggering system and an information recording system.
Figure 9 is a block diagram of the trigger electronics and Fig. 10 shows
the arrangement of electronics used in recording information about
the events. i

The two principle coincidence units which indicated that
an interesting event had occurred are labeled in Fig. 9 as '"MUONS CALIB.'
and"HADRON RUN." When the experimental apparatus was being triggered
by hadron events, the output pulse from the "HADRON RUN" coincidence
unit triggered the Marx generators and supplied a pulse to the
information recording electronics via Fi. The signal Fh was used as
a gate pulse for the logarithmic analog to digital converters (LADC's)

as well as a trigger for the camera control circuitry and recording

logic. The "MUON CALIB." coincidence unit could be used to trigger the
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same electronics. However, during a muon calibration the Marx
generators were usually not triggered and pictures were not taken of
‘the events. After the information about the hadron or muon event was
recorded, the film advanced, and the Marx generators recharged, then
the appropriate coincidence unit was reset by the buffer via J3U or J35.
All the fast logic usedvin the trigger was Chronetics.

The inputs to the coincidence units consisted of signals from
the top counter, a group of shower counters, layers 1 and 10 of the
calorimeter, and a sum over layers 1 through 9. The top counter and
the individual layers of the calorimeter have already been described.
The shower counters were in four groups of six counters, each group
along one side of the calorimeter. The signals from all the counters
in a group were passively added, amplified, and summed with the output
from the other groupé. This signal was then used in anti-qoincidence in
both the muon and hadron triggers to reject events with accompanying

shower particles. The summed signal from layers 1 through 9 of the

calorimeter, using attenuators in the anode pulse of lgyers 1 and 2, was
approximately proportional to the energy dissipated in the calorimeter.
This summed signal was then used in the hadron coincidence to select events

above a certain énergy threshold. A summed voltage signal indicating

ionization equivalent to that of 300 single muons corresponded to

a 90 GeV event. Changing the energy threshold for hadron triggers was
accomplished by amplifying the summed voltage. Because the response
of calorimeter layers 3 through 9 depended on where the particles
traversed the scintillator, using this summed signal did lead to

trigger selection effects.
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The coincidence criteria for a charged hadron were a signal
from the top.counter, no signal from the anti-shower array, and a
summed calorimeter signal large enough to trigger a discriminator.
This triggered the coincidence unit labeled "HADRON RUN." A
simple variation of this triggering mode was used to measure the charged
to neutral ratio of incident hadrons. In that case a hadron trigger
was employed that required layer 2 of the calorimeter instead of the
top counter. The charged to neutral ratio was used to calculate the
pion to proton ratio in the incident flux so an appropriate correction
could be made to the measured cross section to find the proton-proton
cross section.

The muon trigger, using the coincidence unit lsbeled "MUON CALIB,"
was a threefold coincidence of the top counter, layer 1, and layer 10
of the calorimeter. It also had the shower counter array in anti-
coincidence. This triggering mode was used mainly for muon calibration
of the calorimeter, which is discussed in the next section.

The electronics shown in Fig. 10 were used to record information

about events which triggered the system, either hadron or muon. The

signal from each layer of the calorimeter was converted into a seven

bit binary number by LeCroy 124LL LADC's. An eighth bit indicated
overflow of the LADC. This information was recorded on magnetic tape
along with the event number, the run number, and other coded information.
During the hadron runs, fiducials and event numbers were also recorded

on film, along with the spark chamber photographs of each event.



e Calibration Procedure

The median ionization of single muons observed in each layer
was used as a reference to calibrate the calorimeter. The median
muon pulse height was used to represent the average muon energy loss
instead of the observed average pulse because of the distortion of the

observed pulse height spectrum when two or more particles traversed a

layer. This possibly introduced a small error into the measurement of
the absolute energy, but the energy of each event relative to the

others was not affected. The energy spectrum of the muons used to
calibrate the calorimeter was dominated by muons with a range slightly
greater than the calorimeter thickness, about 2 GeV. Deeper in the
calorimeter the energy of the muons was less due to the ionization losses
in the iron. The dE/dx of a 1 GeV muon in iron is 1.61 MeV/gm cm 2

and of 2 GeV muons is 1.72 MeV/ gm em 2. TFor the entire calorimeter

the average ionization of a single muon was taken to be 1.7 MeV/gm em 2.
In order to detect and correct for systematic drifts in the photo-
multiplier tubes and the LADC's, a two step calibration procedure was
repeated every seveﬁ to ten days. First, the LADC's were all calibrated
with a pulser and a precision attenuator. Second, the median LADC
measurement of the area under the gated voltage pulse of each layer
wvas determined for single muons traversing the scintillator.
All of the LADC's were calibrated at the same time with a

standard pulse fed through a variable attenuator. The pulse was

attenuated in increments of 5 dB over a range of 0 to 80 dB. The LADC



measurements of eight pulses at each dB setting were recorded on
magnetic tape. The useful range of the LADC's corresponded to an
attenuation range of 60 to 70 dB, depending on the unit. This resulted
in calibrated energy bins of approximately 0.5 dB per channel. The
binary output of one of the LADC's vs. attenuation in dB is shown in
Fig. 11. A straight line fits the curve quite well over most of the
useful range.
The system was triggered by about 1500 muons to determine
the median LADC measurement of the ionization of single muons. The
summed voltage from each layer of the calorimeter was amplified and
fed into the LADC's as indicated in Fig. 10. The binary output of
the LADC's was recorded on megnetic tape for each of these events.
The average ionization of amplified single muons was determined from
the resultant distributions. The nonuniform response of layers 3
through 9 was studied to see how it affected the muon calibration.
It caused a shift of, at most, one LADC channel, but because of the
geometrical acceptance of the apparatus it was, on the average, much less.
The information recorded on magnetic tape from the LADC and muon
calibrations was later used to convert the measured ionization of
hadron events into a multiple of the average muon ionization. A curve
similar to the one illustrated in Fig. 11 was determined in the
calibration procedure for each LADC. The ordinate scale of dB
corresponds to the amount of attenuation éf the standard pulse by the

precision attenuator. Little or no attenuation corresponds to the
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largest binary output available from the LADC, 1778. In the following
discussion,vR is the standard pulse attenuated by some amount so that
it would have an LADC binary output of 1778 on the linear fit. The

voltage signal from an individual layer, Vi’ was measured by an LADC

that was calibrated in terms of dBi.

dBi = 20 log1° Vi/VR .
When the system was triggered by muons, the voltage from each
calorimeter layer was amplified as indicated in Fig. 11 before it
was received by the LADC. Hence, the LADC record of the muon events
corresponds to an amplified muon pulse, VU' The following equation

related this voltage to the unamplified muon pulse, Vi'

v v v
20 10g T+ = 20 log T+ 20 log -
1

10 Vg 10 VU o Vg
The calibration procedure determined the average muon response of
the LADC in terms of attenuation of the precision attenuator. This is
represented in the above equation by 20 1ogl°(Vu/VR). The other term
on the right-hand side in that equation represents the additional
attenuation of the precision attenuator necessary to correct for the
amplification of the muon signal. The quantity determined was the
voltage pulse of a single unamplified muon in terms of attenuation of

the reference voltage pulse.
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For each layer of the calorimeter the voltage received by the
LADC was converted into a multiple of the voltage pulse of a single
unamplified muon. In order to ensure that the number of "équivalent
muons" was a simple multiple of the average ionization of single
muons both the gain and the linear range of the phototubes was checked.
The gains of the eight phototubes used in a layer were matched so that
their useful range would be comparable. The linear range of the
EMI g816B phototubes was tested using a pulsed light source. These
tests showed that the response of the phototubes was linear up to an
anode current of 60 mA. The phototubes were operated éuch that they
were within the linear range even when the ionization observed by a
single phototube caused the LADC to overflow. With this operational
range the summed voltage output from a calorimeter layer was proportional
to the observed ionization. The following equation relates the ratio
of voltage received by the LADC to the reference voltage of the LADC

calibration.

I
v Vv v :
1 R 1

Vh represents the voltage received at the LADC when the system was
triggered on hadrons. Rewritten in terms of the LADC output,

calibrated with respect to the precision attenuator, this equation is
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" " Y
> —_ = 1 — - 20 lo .
20 lo&lo Vl 20 Oglo VR gxo VR

The term 20 loglo(VI/VR) was determined by the LADC and muon galibration.
The other term on the right-hand side represents the binary output

of the LADC calibrated in terms of attenuation of the reference pulse.
This equation uniquely determines the equivalent number of muons in

a layer as a ratio of the measured hadron and muon ionization. Since
6.02 dB corresponds to a factor of 2 in a ratio of voltages, the
equivalent number of muons is 2T. T is the number of factors of 2 in

the ratio of voltages.

T = | 20 1og1°(vh/v1)/6.oel



CHAPTER III. DATA ANALYSIS

The experimental data for a hydrogen inelastic cross section were
accumulated between October, 1968 and.May, 1969. During that time,
116,000 hadrons triggered the apparatus. Two 90 degree stereo photo-
graphs of the spark chamber system were taken for each event. An
example of these pictures has been presented inFigs. 4 and 5. The
calorimeter data for each event was recorded on magnetic tape along
with the information from the muon and the LADC calibrations. In the
subsequent sections the analysis of these data will te described.

These include scanning and measuring of the film, reconstructing
events, and assigning an energy to the events. Justification will also
be furnished for the selection and interpretation of events used in

calculating cross sections.

A. Scanning and Measuring

The purpose of scanning the film was to select from the total
sample of triggers the single incident hadrons that interécted in the
hydrogen and those that traversed the target without evidence of
interaction. The stereo photographs of every hadron-like trigger were
scanned side by side and the events sorted into three categories. The
first consisted of all events that interacted in the hydfogen or
target vessel and diéplayed more than one charpged track in‘the lower
wide gap spark chamber. Events with two charged tracks (vprongs) were
given special consideration in ordér to distinguish between an event

with two charged hadron secondaries and an event with one charged hadron

“hls e
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accompanied by a ®-ray. The second category consisted of events with
only one observed track entering and leaving the hydrogen target. Events
were placed in one of these two groups if there was no evidence that
more than one incident particle could have deposited energy in the
calorimeter. The third category included all triggers that were
rejected from the other two. It included triggers that resulted in
no measurable tracks, as well as triggers where a track developed in
only one of the wide gap spark chambers. In general, the multiple prong
events»corresponded to inelastic interactions, and single prong events
corresponded to incident hadrons that did not inelastically interact in
the target. However, there are three important exceptions: inelastic
collisions where all the charged secondaries had a maximum opening angle
less than 3 mr, inelastic collisions producing only neutral pions, and
non-interacting events that were accompanied by a d-ray. The number of
inelastic collisions that were scanned as one-prong events was evaluated
by a Monte Carlo program and will be discussed in Section E of this
chapter. The non-interacting events accompanied by a d-ray were
distinguished from two and three prong inelastic collisions at the
scanning table.

Most two-prong events consisted of a single hadron accompanied by
a d-ray. These d-rays were knock-on electrons produced by collisions
of the incident hadrons with orbital electrons in the target material.
The d-rays were identified by the following scanning criteria which are
later Jjustified in Section E of this chapter. The track that was most
colinear with the incident particle was assumed to be the ongoing
hadron. The other track or tracks weré either produced secondary hadrons

or d=-rays. A track with kinks resulting from scattering in the spark
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chamber fail or gas was considered a d-ray. Thus if one track of a two-
prong event was not straight or if it showed no signs of producing
ionization in the iron plate spark chambers, the event was grouped with
the one-prong events. For the remaining two- and three-prong events

the range in the iron plate spark chamber of the secondaries of ®-rays
observed. If more than one charged prong produced a track in these
spark c hambers after the third gap, it was grouped with the multiple-
prong events.

In the following discussions concerning single and multiple-prong
events they will also be referred to as non-interacting and interacting
events respectively. The observed interactions account for all but
4 t0 5 percent of the true inelastic interactions. Also, less than 1
percent of the events that were grouped with the one-prong or non-
interacting events were inelastic collisions. Events in both of these
groups were measured and reconstructed. Points along the observed tracks
in the upper and lower wide gap spark chambers were measured on the film
along with fiducial marks. These measurements from the two stereo photo-
graphs were used to compute or '"reconstruct' the trajectory of the
particle in real space.

Events in the group of non~interacting hadrons were measured
on a flying spot digitizer on line to a DDP-12L4 computer. This system,
called the Michigan Automatic Scanning System, MASS, has a resolution
of 10 Y on the film. When a dark track was observed by the scanner, the
left- and right-hand edges were measured three times and the average
interpolated to a point between the least count locations of the cathode
ray tuwe. The scanner was programmed to measure tracks from 10 to 230 u

wide, whereas the approximate width of good tracks was,on the average,
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40 p. In order to measure tracks with reasonasble accuracy, the MASS
system measured 13 points in each gap of the wide gap spark chambers.
In both views, the measurements along the tracks, the event number,
and the measured position of four fiducials were recorded on magnetic
tape.

Interacting events were measured at the University of Wisconsin
on a Nuclear Research Instruments microscope. Eight points were
measured in each gap along each visibleAtrack. The measurement
information was recorded on magnetic tape via a CDC-92L4 computer.
This film plane digitizer had a least count of 1 Y and was also used
to measure photographs of a fiducial grid used in the opties study

discussed in the next section,

B. Optics and Reconstruction

In order to achieve good resolution, necessary opticél corrections
were studied in detail. A sheet of 0.25 inch thick lucite with 32
fiducial marks was mounted and photographed in front of each wide gap
spark chamber. The photOgraﬁhs of {hese fiducials, along lWifh 8 |
fiducials on the glass of the spark chanmber, were measured on the 1 u
resolution microscope. A Chi-squared (xz) fit was performed with these
measurements to determine coefficients of a second-order polynomial
correction function. The functions which corrected for distortionms

in the film plane were assumed to be

2 2
+ + +
y(y,»2,) Y ¥ F g ¥ Py  + Py 2 +Far

"

z Gy + Gz + 2 4 + 2
z(ym, m) xym 2Zm Gaym Guymzm Gszm
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The vertical coordinate on the film is indicated by z and the

horizontal coordinate by y. The functions y(ym,zm) and z(ym,zm) determine
an optics corrected position in the film plane of the measured points
ym and zm. There were four sets of correction functions determined,

one set for each spark chamber in the two orthogonal views. The x2

function formed to determine the four sets of F's and G's was

_ 2 _ 2
. Lo {[y{ y(y, -z ) J [zi' z(ym,zm)] }
X = z + .
. g. A g.
i=) . iy . iz .

The summation covered all the measured fiducials of a spark chamber

and the fiducial plate in front of it. The terms yi and zi were the
assigned coordinate§ of the ith fiducial. The terms Giy and Oiz
consisted of errors in specifying yi and zi as well as measuring

errors in Yo and z The minimization of ¥? was done by a University

of Wisconsin library subroutine, GAUSHAUS. It provides a least squares

estimate of the parameters using an iterative technique in which the

estimates at each interation were obtained by a method which combines
the Taylor series method and the method of steevest descent.
Correction of the measured points by the analytic functions
y(ym,zm) and z(ym,zm) did not remove all of the observed optical
distortions. A further non-analytic correction was made to the
corrected position of the measured points. This correction was
inferred by interpolating between displacements of local points of

the fiducial grid.
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Optical differences between the MASS measuring machine and
the microscope were also corrected by use of a fiducial grid. A
transformation, based on measurements of this grid by the two
measuring machines, then changed MASS measured points into microscope

measured points. The transformation had the form

= + + 2 + 2
Y o Al AzyM A3ZM + A“yM + AsyMZm AGZM s
= + + + 2 4 2 .
2\ o B1 BzyM BazM B“yM B;yMzM + BGZM

The subscripts M and Mic refer to MASS measured points and the corrected
equivalent microscope measured points, respectively. The x2 fit to
determine the parameters A and B was similar to the fit just described.
The measured points of all events, once in the microscope
coordinates, were rotated, translated, and applied a differential
magnification so as to properly orient them with respect to the optical

axis. This transformation had the form

+ + C
I Co clyMic CzzMic >

Z

- + .
n (C3 C z, . ClyMic)/C“

2Mlc

The quantities ym and zm represent the measured points which were
corrected in the film plane for optical distortions. The corrected
position of a measured point on the film defined a ray through an ideal
optical system back into the spark chambers. The coordinate system

into which rays were projected is shown in Fig. 12, This is the real

space coordinate system used to describe the experiment and reconstructed



-50-

UPPER SPARK Az
CHAMBER [ Dt X
T R
(‘,' P A,__ g
e ’ WEST VIEW
Pt CAMERA
%7 _
< NORTH_VIEW 0em
/ CAMERA ORIGIN IN CENTER OF
< —+$0cm  SPARK CHAMBERS AND
Y 20em ¢ “"UMIDWAY BETWEEN THEM
LOWER SPARK :
CHAMBER A Tt
P . WEST
P S N B i i VIEW
AT B X CAMERA
P — ,':", """"""""" 3"
X e C
/ ’r
e % CALORIMETER
]

| “NORTH VIEW
CAMERA
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events. The oripin is midway between the centers of the spark chambers.

This point was within 1 cm of the center of hydrogen target.

The parameters describing the hadron trajectory were defined in
the real space coordinate system shown in Fig. 12. A point on the
trajectory along with a set of direction cosines completely defined
the path of a particle. If only one spark was measured in a spark
chamber, five independent parameters were used to characterize the
event. These parameters are labeled in Fig. 13, as o, B, xo, yo, and
§. The a and B are direction cosines, xo and yo are coordinates in
the plane 2z = 0, and § is a drift parameter of the measured track in the
z-direction. The electrons, produced in ionization caused by the charged

hadron, drift toward the center foil of the spark chamber as the spark is

developing. Fbr reconstruction purposes this wvertical drift was
projected into the x, y plane to correct for the observed shift of the
sparks in the upper and lower gaps of a spark chamber. The third
direction cosine of the real space track is not an independent parameter,
but is determined by o and B. These parameters are illustrated
in Fig. 13.

The parameters characterizing a track were determined by the
use of an analytic expression for the distance between two skew lines
in space. One of these lines represented the trajectory of the hadron,
and the other a ray projected from a measured point on the film through
an optical system into the spark chamber. The x2 function which was

minimized to determine the parameters of the trajectory was
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g, = [x' - x)(By; - ¥8) + (v' -y )yoy = avy) + (2" = )

1

. (OtBi - Bai)ysin Gi H

- . = - - 2 2 .
cos ei = oa, + BBi + YYi 5 Y /1 o + B H
x! = x % ____6__@_ ; y' =y _4_' _._6_8____.. .
Yo? + B2 Vo2 + B2

The quantity di’ is the.perpendicular distance between two skew
lines. The subscript i, refers to the projected ray from the ith measurement
on the film of a track. If there was one track in the spark chamber
and the event was measured on MASS, then the summation covered a
possiblc 52 moasurcments. Some of the projected rays from measure-
ments of both views are illustrated in Fig. 13 along with the fit
trajectory.

The secondaries of an interacting event were fit in each view
of the lower spark chamber separately. No correlation was attempted
between secondaries produced in the target and seen in the two views of
the lower spark chanber. A projected trajectory of a secondary was
fit from rays of measured points projected intothe spark chamber. The
secondaries were fit in a plane containing the incident hadron and the
X- or y-axis in the west or north view, respectively.

The interaction vertex was found using the information from both
projected views simultaneously. The point of interaction was determined
by minimizing the square of the distance between a point X1 yI, z_ and

I

all the fit tracks in the upper and lower spark chambers. The resolution
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of the system for‘reconstructing interactions in this manner was % 1.0
em in z and ¥ 0.2 em in x and Y. This resolution was important in order
to separate interactions that occurred in the target walls from those
occurring in the liuqid hydrogen.

The angle between the charged tracks of a non-interacting event
that were observed in the upper and lower wide gap spark chambers was,
on the average, 3 mr. This result was basad on the independent
reconstruction of tracks in the two spark chanmbers. The angle between

the two trajectories, ¢, was defined by the equation

¢ = Arc cos (auuL + BuBL Y L)

The subscripts u and L on the direction cosines refer to the upper and
lower spark chamber fits respectively. Figure 14 shows the shapé of
the distribution of the logarithm of the number of events as a function
of the scaftering angle squared. This distribution is the result of
measuring errors and is so broad that elastic scattering results could
not be obtained. The average elastic scattering angle is expected to

be 2 mr at 100 GeV and decreases with increasing energy.

C. Energy Determination

Since calorimeters were first suggested by Grigorov, Murzin,
and Rapoport [23],they have been studied as a means of energy estimation
of energetic hadrons. During the summer and fall of 1966 an experi-
mental calorimeter was operated at the University of Denver High
Altitude Laboratory. The analysis of that calorimeter by D. ILyon
and A. Subramanian [24] led to the design of the calorimeter used in

this experiment. Details of the construction have been discussed in a
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previous section.
Hadrons traversing material such as iron, dissipate their energy
in electromagnetic and strong interactions [22]. A cosmic ray hadron

incident upon the calorimeter initiates a cascade of hadrons.

When a neutral pion is produced at an interaction site of the cascade,
it decays into Y-rays which begin an electromagnetic shower.

An important step in the energy dissipation, both of the charged hadrons
and the superimposed electromagnetic cascade, is ionization of the
traversed medium. The energy of the incident particle is the sum of
the energy which is observed as light from ionization produced in the
scintillatof, plus a correction for the energy which cannot be
detected.

E = [ [ BN(B,t) aB dt + v(E) .

The function N(B,t), is the number of particles with specific ionization
B, at a depth t, in the iron. The integral represents the energy in
the form of measureable ionization. The term v(EL is the mean energy
dissipated in the calorimeter which is nbt detected. The three
principal contributions to the term v(E), are the nonlinearity
of the probes in measuring ionization, energy leaving the calorimeter's
volume, and nuclear binding energy supplied to the disintegrated iron
nuclei at an interaction site.

The calorimeter was used to determine the energy of the incident
hadron on the basis of ionization sampled in ten layers of plastic
scintillator. The ionization energy represented by the integral in

the last equation was approximated by the following sum
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The coefficient Bc,represents the energy lost by a typical muon which
would satisfy the muon coincidence requirements. The energy spectrum
and typical ionization energy dissipated by the muons used in the
calibration procedure was discussed in Chapter II, Section E. It was
concluded in that section that the calibrated éignal from a single
muon represented an ionization energy, BC, of 1.7 MeV/gm em 2. Each
Ni is the ionization observed in the ith layer divided by the
calibrated single muon ionization in that layer. These equivalent
numbers of muons Ni’ were corrected for the nonlinear response of
the scintillator. Each Ni was multiplied by a correction factor fi,
in order to account for the fact that the electrcmagnetic shower

in the calorimeter was sampled by scintillator, not iron. Due to

the difference in critical energy of iron and scintillator, the low
energy electrons entering the scintillator from the iron were attenuated
by ionization more rapidly than fhey were regenerated by pair production.
This resuited in an underestimate of the ionization energy loss in the
iron. The correction fi, referred to below as the transition effect
correcticn, is discussed further in Appendix A. It is based on the

work of Crannellet 8l. [25] and depends on the thickness of the
scintillator. For layers 1, 2, and 10 the equivalent numbers of muons
observed was corrected upwards by a factor of 1.05, whereas for
layers 3 through 9 the correction was 1.11. The weight factors, wi,
are the thickess of iron between layers i - 1 and i in gm/cmz. The

first layer included in the energy calculation, i = B, is the first
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layer with greater than five equivalent muons. If the incident hadron
interacted in the target the weight factor Wl = 45 gm/cmi included
5 gm/cm2 for the material of the target and spark chamber which

absorbed some energy before the event entered the calorimeter. If the

incident hadron apparently had its first interaction in the calorimeter,

wB was the material traversed between layer B and the average position

of the first interaction in the iron between layers B - 1 and B. The
average position of the first interaction was determined from the

formula

z -t/N\
2 = [ D& T at .
Z

av
B-1

The measurement of X is discussed in Ch. IV, Sec. B. Finally, the sum
terminates at L, the last layer of the calorimeter traversed by the
extrapolated trajectory of the incident hadron. Beyond L the energy
is approximated by the term C(L). For average shower development
at large enough depths into the calorimeter, exponential absorption of
the cascade prevails and the area under the shower curve is approximated
by the integral C(L).

-z/A

c(L) = £ NLfL e daz = A NLf

L

L .

A = 240 gm/cm2 was determined from Fig. 32 and is correct for the
average shower of 300 GeV incident hadrons. The contribution of this
integral to the energy of individual events was occasionally large and

depends on the depth of the first interaction. The average increase



in energy of events due to the term C(L) was 2 to 3 percent.

The calibrated equivalent number of muons in the sampling
layers of the calorimeter are illustrated in Figs. 15 through 17 for
a random selection of events in three energy bins. The energies of
the events shown in these figures were calculated by a formula which
will be discussed below. When the number of equivalent muons Ni’
in each layer i, is corrected by the factor fi for that layer, then
the area under the line connecting the points is proportional to
the observed ionization energy EI’ without the correction C(L). The
higher energy events, which have a superposition of ionization from
more particles in their nuclear-electromagnetic cascade, display
smaller layer by layer fluctuations of the observed ionization.

Since the fluctuations are large there was no correction made for the

presence of the center rib in the calorimeter. Monte Carlo simulation

of cascades in a calorimeter by J. Ranft [26] and W. V. Jones [1 ]
indicate that most of the cascade is contained within a radius of

10 em around the extrapolated incident track. R. Hofstadter [27]
suggests that the lateral spread of the cascade is larger than

this due to neutrons produced in the cascade. If the event traversed
the center rib, the fraction of ionization not Being sampled by
scintillator was less than fluctuations in the observed ionization.

The calculation of ionization energy for the events, E_, also made

I

no correction for the zenith angle of the incident particle. An
event with a zenith angle, 9, traversed a path length in each iron
layer of W sec 6 rather than the normal path length Vs and the

ionizing particles traversed a correspondingly longer path length.
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in the scintillator. Since each Ni observed already contained sec 6
when it was measured, it was not necessary to alter the equation for

EI to account for angles of the incident tracks.

The calculated number of equivalent muons in a layer was the
result of sampling ionization from two sources. One source was the
predominately relativistic particles in the cascade of charged hadrons
that lost energy through electromagnetic interactions with the iron
and scintillator as well as produced neutral pions in successive
nuclear interactions. The neutral pions in turn decayed into y-rays
and initiated electromagnetic cascades. The other source of ionization
was the disintegration products of iron and scintillator nuclei struck
by hadrons in the nuclear cascade. The observed energy of an event

can be written as the sum of ionization energy from these two sources.

The subscript o refers to the observed energy, no refers to the energy
of the incident hadron observed in nuclear disintegration products,
and eo is the remainder. The light output of the scintillators which
sampled ionization on the average represented about half of the true
energy of the incident hadron which was deposited in nuclear
disintegrations, Ent‘

no nt
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This is a consequence of disintegration sites which were in the scintillator
or close enough to it to allow measurement of ionization of disintegration
products. The details of the calculation to determine the fraction of
Ent which was observed are discussed in Appendix A.

The true energy of the event, designated by the subscript t, may
also be written as the sum of energy deposited in nuclear disintegrations

and a remainder due mainly to electromagnetic cascades resulting from

neutral pion decay.

The ionization resulting from electromagnetic showers and the electro-
magnetic interactions of the hadron shower is related to the observed

ionization energy E_. The energy calculated from the electromagnetic and

I
hadron shower ionization, Eet’ in a single layer of the calorimeter, Jj,

is

Eet(,j) = fJ[EQ(J)—EnO(J)] .

Summing over &ll layers of the calorimeter containing the shower

results in the following equation:
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The summation over all observed ionization energy is F_, the calculated

I’
energy , neglecting any correction for nuclear disintegration energy

losses. The energy Eet’is then

The remaining summation represents that half of the nuclear disintegration

energy which was observed and added to E with a correction factor

I
for the transition effect, fj' Since most of the nuclear encounters of
the hadronic cascade occur between layers 2 and 10 of the calorimeter
it is reasonable to factor fJ = 10/9 out of this sum.
L L
z fJEno(") = %Q- z Eno(j) = -:9& Eno
J=B J=B

The equation for Eet’ expressed in terms of EI and Eno>is then

- 10
Bt = B1-5 By
The true energy of the event is
E, = B, *+ (EI - 10/9 + 1/2 Ent) .

Dr. W. V. Jones [1] used his Monte Carlo program to simulate

the nuclear-electromagnetic cascade in the Echo Lake calorimeter.
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Figure 18 indicates his calculation of the fraction of the total energy
which goes into nuclear disintegrations, Ent/Et' This calculated fraction
agrees well with the Monte Carlo results of E. V. Denisov et al. [28].

The energy dependence is consistent with the tentative number of nuclear
encounters in the cascade calculated by V. S. Murzin [22]. Each

nuclear encounter contributes 800 MeV to the energy going into nuclear
disintegration in Murzin's model. The central line in Fig. 18 is the

mean (Ent/Et) calculated by Dr. Jones, and the two outer lines indicate
one standard deviaﬂion on either side of this, assuming a symmetric
distribution. The average can be fit very well over the full range of

energy by the equation

E
Ent = —12:22 4 o51g
t Et + 35.13

The more efficient sampling at higher energies is due to a larger
fraction of the energy going directly and indirectly into neutral pion
production resulting in a well sampled electromagnetic cascade.

A reasonable approximation for the energy of each event was
made by combining the last two equations. The result is expressed

in terms of the measured ionization energy EI’ of the event.

_ B+ /B? - bAC
t 2A

A = 0.90356 , B = E; - 26.311 , C = EI - 35.13 .



-67-

*SNOILVHDELNISIA YVATONN NI JILISOdHd AODHHENH INIAIDNI 40 NOILOVYA QT °"OId

(A®9) AO9Y3IN3

000l 00¢ 00l
f 1 |

XXX ©

10 48 A0SIUG AT WV

UiZINW S A e
SBUOP AM X

NJ
\
/x/

NOILOVHS



-68-

D. Event Selection

The number of interactions NI’ which occur when N particles

traverse homogeneous material is

-2/A

N, = N(1 - e pN).

The constant APN,is the average distance which a particle travels in
target material before it interacts with an atomic nucleus. For the
remainder of this paper both the path length in target material, 2,
and the interaction lengths ) ,are expressed in units of gm/cmz.

The relationship between interaction length ApN’ and cross section ODN’

is

A (E) = ___A____
PN N o  (E)

o pN
The constants A and NO are the atomic number and Avagadro's
number, respectively.
The proton-iron inelastic cross section was determined by
measuring the interaction length ApN' The properly normalized

probability distribution for an interaction at a depth &,is

-1/
e PN

Pr % ) ’

Because of the various directions of the incident hadrons, the distance

£ was different for each event. A description of the maximum likelihood
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fit to the interaction length A, which uses the probability Prs is
presented in Chapter IV, Section B.

The probability Pr> could have been used to determine the
proton-proton inelastic cross section. If a total of N particles was
incident on the liquid hydrogen, the number of particles which inter-

act NI’ is

The upper limit of the integral Ri, is the distance along the trajectory
of the incident particles in the liquid hydrogen. Performing the

integral and rewriting the last equation, the accumulated number of

interactions is

Instead of using this method, a thin target approximation was made to
determine the cross section. Assuming that the proton-proton inelastic
cross section is 30 mb, the value known at 20 GeV, the corresponding
interaction length is 55.3 gm/cm?, The ratio of the average—path length

in hydrogen, 3.8 gm/ecm® to this interaction length is

= 0.07 .

>\

Since this ratio is small,the probability for an interaction was almost

the same for all & in the hydrogen. The upper limit for the integral
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over pI was taken as the average value of the path length for

non-interacting events.

This equation, rewritten in terms of the cross section, Opp’ is

u
=32
o |
=
)
<
[
[e]

)
—
|._J
1

zl =
[
 J

ag
bp

The numbers for N_ and N used to determine the proton-proton

I
inelastic cross section were from the scanned number of events within

a specific fiducial volume. The events were scanned according to

the criteria listed in Section A of this chapter. Reconstruction of

all interactions was attempted. Those events which were measured and
failed recénstruction were remeasured up to three times. Thosé that still
failed reconstruction were distributed into all energy bins as

5.5 percent of the number of reconstructed events in the bins. Events
which did not interact in the target were also reconstructed. From

the scanned number of events, including non-interacting events with

an accompanying 0-ray, a sample of 5 x 10" events was reconstructed. This
amounted to 77 percent of the scanned one prong events. Here again

the events which were not measured were distributed like the reconstructed

events. Discussion of this treatment of events, along with tables of

numbers will be presented in Chapter IV, Section D.
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Not all events that trippered the system were acceptable for
use in calculating a cross section. There were three criteria for
determining useful events. First, the reconstructed trajectory of the
event must have passed within a specified fiducial volume. Second,
for the proton-proton cross section, interacting events must have had
a vertex in the liquid hydrogen, not the target walls. Third, the
energy of each event must have been above the low energy region where
the triggering threshold affects the binning of events.

The parameters that determined fiducial volume were defined
in the coordinate system shown in Fig. 12. For each event, the
trajectory of the incident particle was determined by the reconstructed
track in the upper spark chamber and then extrapolated through the
calorimeter.

Events were considered hydrogen interactions only if they did
not have a veftex within 1 cm of the étainless steel flask or the fill
and vent pipes within the target. The 1 cm corresponded to the
z-vertex resolution for target interacting events. With this restriction,
most of the interactions that oc;urred in the steel flask and aluminum
container were eliminated. Some hyarogen events were also discarded.
The average path length in hydrogen along the trajectory of the
event was determined from events which did not intefact in the target.
The depth of liquid hydrogen in the target as a function of time was
shown in Fig. 6. The level of hydrogen in the target for a particular

event was determined by combining that information with the approximate
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elapsed time between the last target fill and when the cvent occurred.
The level of the hydrogen or the upper dome of the flask was the entry
point into liquid hydrogen and the lower dome was the exit point.

The distribution of path lengths, of which the average value is SL.6 cm,
is shown in Fig. 19. The extrapolated vrimary trajectory was required to
pass within 91.4 cm of the x- and y-axis at the level of the top counter,
within 90.0 cm of these axes at layer two of the calorimeter, and

within 110.0 cm at layer eight. These boundaries were chosen so that

at least for events that did not interact in the target, the nuclear-
electromagnetic cascade would Be fairly well contained within the
calorimeter. Table II shows the amount of scintillator in layers 3
through eight which continued beyond the fiducial volume boundaries.

The energy of each reconstructed event was calculated with a
layer by layer ionization correction based on the extrapolated trajectory
of the incident hadron. The energy used in the hadron coincidence to
trigger the system was determined only by ionization with no correction
for the area through which shower particles traversed thé scintillator.
Therefore, close to threshold the trigger tended to select events
which showed considerable ionization because they traversed the scintillator
close to the phototubes. The energy of reconstructed events was
often quite different from the trigger energy , and for the 90 GeV
threshold,events down to 30 GeV +triggered the system. Energy bins
for reconstructed events were chosen to be ¥ 20 percent of the mid-energy
of a bin with the lower edge of the first bin set at 34 GeV. Two
triggering threshold energies were used, one of 36 GeV and the other

of 90 GeV.
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Table II
The Distances from the Edge Extremes of the Fiducial Volume Cut to

the Edge of the Scintillator

Calorimeter Vertical Margin
Layer Coordinate (cm) (cm)

Top Counter 120.13 0

Layer
1 -131.3 1.4
2 -155.7 1.44
3 -18k4.9 27.5
L -205.8 24,3
5 -226.4 21.2
6 -247.0 18.1
T -267.6 15.0

8 ' -287.9 11.9
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The energy bins Just above threshold energy were adversely affected
by the triggering method. The coincidence which indicated that an
interesting event had occurred included a calorimeter signal which was
a discriminated pulse of a weighted sum of the voltages from the
various phototubes of the calorimeter. Structure in the pulse which
was discriminated resulted in many events above threshold energy not
triggering the system. The energy of reconstructed events was
calculated with the corrected LADC output which was a measure of the
area under the voltage pulse, not the voltage pulse height at some
instant. The dispersion of the electron collection times in the
photomultiplier tubes makes the area under the voltage pulse a more
reliable measure of the total amount of 1light observed in the scintillator.

Because of differences between the energy sum used in the trigger and the

energy of reconstructed events, the most populated energy bins that are
near threshold were not used in the calculation of cross sections. In
order to use energy bins that were not affected by the triggering threshold,
only events above Qil GeV were used from the 90 GeV threshold running,
and events above T1 GeV from thé 36 GeV running. At these energies
threshold effects were no longer apparent. Three of the most apparent
effects of the trigger biases were a reduction in the cross section
near threshold, a cascade development which reached its maximum deeper
in the calorimeter and a leveling off of the energy svectrum that at
higher energies was proportional to E 3. The second effect was caused
by the combination of an energy underestimate by the trigger and an
ionization overestimate of events close to the phototubes in layers 3

through 9 of the calorimeter.
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E. Interacting Fvents

Multiple prong events were studied to determine if the secondaries
were indeed from a strong interaction vertex. Events with two and three
visible charged tracks in the lower wide gap spark chamber were examined
to make sure that the secondaries were hadrons and not electrons (S§-rays)
produced in ayknock-oﬂ’process. Delta rays posed a serious problem to
the proper counting of events. Spark chamber efficiency, prongs not

traversing the lower spark chamber, one prong interactions, and the

resolution of the opening angle between tracks, also affected the counting

of events.

Events with two and three tracks in the lower spark chamber
were studied on the scanning table to determine whether the tracks
were from a strong interaction or if there was only one hadron with
accompanying S-rays. If a track in the lower spark chamber showed
any deviation from a straight line it was called a 6-ray. Electrons
produced in a"knock—on?process with less than 50 MeV were very likely
to Coulomb scatter noticeably, about 0.5 degree in the 51 u aluminum
foils of the spark chamber. The remaining two and three prong events,
which had straight tracks in the lower spark chamber, were grouped into
categories depending upon how deeply the tracks accompanying the on-goine
particle penetrated into the iron plate spark chamber. Secondaries
from a strong interaction, which are mostly pions, would penetrate all
ten gaps of the iron plate spark chamber or interact and initiate a

nuclear-electromagnetic cascade in the iron. The kinetic enerpy of the
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pions and protons that penetrate to the depths of the various gaps

of the iron plate spark chamber is given in Table III [29]. A Monte
Carlo program was developed by D. Lyon and C. Risk to investigate
properties of a Reggeized multiperipheral model énd compare it with the
observed interacting events [30]. This Monte Carlo program, that

is referred to later, indicated that 8 percent of the pions which

produce tracks in the lower wide gap spark chamber would not penetrate
all ten gaps of the iron plate spark chamber. Moreover, virtually
none of the charged pions would have a range of less than five gaps.
Interactions in which only neutral pions were produced would most
often result in one prong events which would be grouped incorrectly.
Monte Carlo results indicate that some of the recoil protons have a
range in the calorimeter no greater than that of the electrons and
some of the recoil protons completely miss the lower wide gap spark
chamber. The neutral pions decayed into y-rays wﬁich sometimes produced
electron-positron pairs in the target. These charged particles appeared
as a track in the wide gap spark chamber and as an electromagnetic cascade
in the iron plate spark chamber. The number of inelastic one-prong events
was estimated,on the basis of Monte Carlo analysis, to be L percent of
the number of inelastic interactions. It is significant to note that the
number of events grouped as d-rays and included as non-interacting
events is very close to the calculated number of S-rays that should be
observed.
Hadronic secondaries were differentiated from &-rays on the
basis of their observed range into the iron plate spark chamber. In

order to check the scanning procedure, the number of §-rays with minimum
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Table III

Approximate Range Energy Relations for Pions and Protons in Iron

Protons
Range (gm/cm?) Kinetic Energy (MeV) Total Fnergy (MeV)
15 115 1053
35 : 188 1126
60 260 1198
80 310 1248
100 . 353 1291
120 400 1338
145 450 1388
165 490 1428
185 525 1463
205 560 1L498
Pions

15 >3 193
35 92 232
60 | 133 273
80 164 30L
100 193 333
120 225 365
145 260 300
165 290 430
185 310 450

205 350 490
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energy Em’ sufficient to penetrate to the first,second,and third gaps
of the iron plate spark chanber was calculated. .These calculated
numbers were than compared with the number of d-reys observed in the
three gaps. The calculated numbers of §-rays were based on an incident
flux of 66,000 charged hadrons consisting of both pions and protons.
The differential collision probabilities [31] for a proton and pion of
mass m, and energy E, to produce an electron with energy between E'’

and E'+dE' while traversing a thickness df, are:

2Cm o? ' ) ' 2
& (E.E') &' = £ i 1 - B2 E_,,% —E
0 g2 (E")? Eﬁ E + me?
2Cm c? , '
Qﬂol(E,E') ag' = = aE 1-p2 B .
¢ 2 (E")? E!
B M

The maximum transferrable kinetic energy Eﬁ)for protons and mesons

with v >> 1 is approximated by the relation

The other terms in the equations are mé, the mass of the electron, and

C,which is

The probability that an event will produce a 8-ray in the target

materials with an energy greater than Em is
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2
m c 2 E F
P(E <E<E,) = o€ -2 é—-—%—:--%—ln §M> + 2 (2 -E)
B2 |*m "M "M "m eE; M m

The coefficient_FP.represents the fraction of the flux which is protons,
eabout 0.77. This fradtion is discussed in the following section. The
function P(E_ < E < E),is the probability that the incident hadron
produce a Q-ray while traversing a thickness df of target material.

The effect of producing“knock—on"electrons in the three materials of the

target may be included in the coefficient:

2Cm c? vA A VA
e - 2 L AQI Fe H -
" = 2mec AL KX;-+ zFe ;;— + zH K; = 0.9677 MeV
e

High energy electrons lose energy while traversing the material
of the target, lower wide gap spark chamber, and iron plate spark
chambers. The range of §-rays in the absorbing material indicated the
energy of the knock-on electrons produced. The quantity Em)was the
energy necessary for a §-ray, produced half way through the target
by a 200 GeV hadron, to persist through the different materials to the
first, second, and third gaps of the iron plate spark chamber. The
calculation of Em was based on the results of R. Wilson [32]. A
comparison between the number of predicted and observed §-rays is
shown in Table IV.

The number of observed and predicted §-rays was in reasonable

agreement in gaps 2 and 3. The low number of observed §-rays in gap 1
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Table IV

Comparison of the Observed and Predicted Number of Delta-Rays. Predicted

Number of Delta-Rays Was Calculated on the Basis of 66,000 Hadrons

Traversing the Target.,

Gap of Iron Em P(Em<E<EM) Number Number
Spark Chamber (MeV) Predicted Observed
1 7 1.253 x 10 2 827 437
2 586 1.679 x 10?3 111 107
3 4890 1.828 x 10~ " 12 31
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is due to inefficient sparking in tﬁis particular spérk gap. If a track
continued more than three layers into-thé calorimeter it was considered
as a hadron. Some observed two prong events where one prong is a very
low energy hadron, EP < 1.25 GeV or E1T < 0.3 GeV, may have been rejected
by deleting two prong events in this way. These events will eventually
be added in a correction to the cross section based on Monte Carlo
results.

The smallest angle between tracks which could be resolved on
the scanning table was between 2 and 3 mr, depending on the spark
quality. Here again Monte Carlo results indicate that the number of
events with all tracks within this small an opening angle in the
laboratory is negligible. Only 2 percent of all secondary prongs have
an opening angle less than 2.5 mr and less than 20 percent of the
interactions are observed as two prong events. The resulting correction

would be less than 0.4 percent and was neglected.

F. Non-Interacting Events

The group of events which satisfied the selection criteria and
traversed the target without interacting consisted of incident protons,
pions and muons. Included in the group of one-prong events
were elastically scattered particles as well as some inelastic inter-
actions with missing or no charged prongs. This section is concerned
with the proper counting of non-interacting events and the necessary
corrections to the cross section to eliminate systematié biases.

In order to correct the measured cross sections so that they
correspond to proton-proton and proton-iron results, the fraction of

pions in the incident hadron flux was determined. This was done by
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experimentally determining the neutral to charged particle ratio in the

incident flux. The neutral particles were neutrons produced in the

interactions of primary cosmic ray protons with the atmosphere. The

model of Pal and Paters [33], which considers the production of

neutrons in proton air collisions, was used to calculate the neutron

to proton ratio of the incident hadron flux. With this ratio and the

neutral to charged ratio the fraction of pions in the incident beam

was calculated. The following analysis was done by P. Viswanath [3L4].
Charged hadrons which trigger the system are mainly protons

and charged pions. In order to estimate the ratio of pions to protons

in the flux; the system was triggered with a threefold coincidence

of layer 2 of the calorimeter, the summed calorimeter signal, and

no signal from the anti-shower counter array. A run with this trigger

yielded 7900 useable events which were analyzed to determine the

neutral toﬁcharge ratio of the incident hadrons. Events passing

through the central portion of the spark chanber were grouped into

two energy bins: 100-200 GeV, an@ 200-500 GeV. ‘Events with tracks

in both wide gap spark chambers and in the iron plate spark chambers

were called charged hadrons. Events with no track in the upper wide

gap spark chamber, which was 100 percent efficient for single tracks

with the geometry cut used, and with a definite cascade developing

in the iron plate spark chamber were called neutral hadrons. Only

a very few neutral events had tracks in the lower wide gap spark

chamber. Table V indicates the observed number of neutral and charged

events and a corrected number of neutral events. It was necessary

to correct the observed number of neutrons to also include neutrons
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Table V

Observed and Corrected Number of Neutral Events and the Neutral to

Charged Particle Ratio

Energy Range

100-200 GeV 200-500 GeV
Observed Number of Neutral
Events 184 91
Corrected Number of Neutral
Events 298 146
Number of Charged Events L66 210
Neutral to Charged Ratio .63 % .07 70t 'ié
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which had not interacted by layer 2. This correction was based on a
neutron iron interaction length of 124 gm/cmz.

The model of Pal and Peters [337 predicts a proton to neutron
ratio at 700 gm/cm? of atmosphere of 1.20. This results in an estimate

of the pion to proton ratio to be

i + 0.15
5 = 0.32 for 100-200 GeV
- 0.13
+ 0.18
T = 0.129 for 200-500 GeV
P = 0.15

This result is very sensitive to small errors in the proton to neutron
ratio. However, the correction to the proton-proton inelastic cross
section for & simall admixture of pions is small. Comparing these
results with other experiments adjusted to 700 gm/cm? a reasonsble

value of the 7/P ratio is 0.3. Assuming the ratio of the pion

to proton inelastic cross sections to be the same as at machine energies

0"ﬂ'--P

Op_p

°

2
3

the correction to the observed cross section for a m/P ratio of 0.3 is

_ 3.2 10
%bs = 13°3 %pptI3%p
- 13
%p T 12 %bs

It was stated in the last section that some of the events which

were inelastic interactions were observed as one prong events because of
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missing tracks. The most likely candidates for this kind of event were
non-interacting events which had a relatively large scattering angle
between the tracks in the upper and lower wide gap spark chambers.
A sample of 7900 hadron triggers which satisfied the selection criteria
was compared with 7500 in-geometry muon triggers taken without the
hydrogen target in placé. The muons were measured without first
scanning the film, and the spark quality on the film did not vary as
much as it did for the long hadron run. Thus the MASS measurement of
muon triggers was somewhat better than the measurement of hadron
triggers. For both sets of data the distribution of apparent 3cattering
angles between the tracks was fit to a Gaussian distribution over the
range from 3 to 9 mr. as shown in Fig. 20. The number of events above
the tail of the fit distributions for scattering angles greater than
8 mr was larger for hadrons than muons. The difference amounted to
3.4 percent of the number of observed events. From this analysis, the
upper limit of the number of one prong events, based on a proton-proton
inelastic cross section of 30 mb, is 33 percent of all interactions. It
is more reasonable to consider the difference in the two distributions as
a result of trying to measure some poor quality hadron pictures on
the MASS scanning machine. This is substantiated by the fact that
non-interacting events with a clearly associated cascade development
in the iron plate spark chamber, as from a neutral secondary, were very
rarely observed. »Thus 33 percent was regarded as an upper limit and
the Monte Carlo result of L percent was used.

High energy muons occasionally trigpered the system. Muon

trigpgers were generully the result of bremsstrahlung or direct pair
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production which produced an electromagnctic cascade. These cascades
would percist only one or two calorimeter layers in contrast to the
longer shower induced by hadrons. The observed ionization of incident
hadrons is also mostly from clectromagnetic cascades. Howcver, the
shower of charged hadrons which develops in the calorimeter produces
neutral pions in successive interactions that initiate electromagnectic
showers which are distributed through many layers of the calorimeter.
The muon initiated showers begin at all depths into the calorimeter,
whereas the hadron interactions are distributed as e-l/lzs. The back-
ground of one and two layer showe?s beginning at all depths was 5 percent
of the one-prong events. Hence, the number of observed events that did
not interact in the target was corrected downward by 5 percent.

An estimate of the fraction of triggers which were caused by muons
is discussed in Appendix C. This estimate is based on the calculations of
P. V. Ramana Murthy [35]. The result is that between 1 and 5 percent,
probably about 2.5 percent, of the triggers are caused by muons. This

calculation supports the 5 percent correction to the data.



CHAPTER TV. DATA AND RESULTS

The data presented and discussed in this chapter are related
to three topies: the energy measurement of the calorimeter, the
proton-iron inelastic cross section, and the proton-proton inelastic
cross section. The observed calorimeter data is presented and compared
with some pertinent Monte Carlo results of Dr. W. V. Jones [1 1. The
calorimeter plays an important'role in the intervretation of the cross
section results and is discussed in some detail. The survival length
of single hadrons entering the calorimeter is used to determine oroton-
iron inelastic cross sections. The energy determination of events
that interact in the target is somewhat different from the energy
determination of single hadrons entering the calorimeter. The
corrections to the observed proton-proton inelastic cross sections

and the corrected cross sections are also presented and discussed.

A. Calorimeter Results

Reconstructed events within the fiducial volume were sorted into

energy bins according to their enerpy, which was calculated as indicated
in the previous chapter. The events were grouped into bins that were ton
percent of the center of the energy bin. However, the energy spectrum
of the incident hadrons resulted in the averapge energy of events in the

bin to be 0.96 of the enerpy at the center of the bin. A few examnles
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of the observed ionization of single events were shown in Figs. 16
through 18. The fluctuations in the number of equivalent muons are
due to the statistical development of the nuclear-electromagnetic
cascade. These fluctuations often result in events being binned
either above or below the bin including the true energy of the event.
Events wherein an extrapolation of the incident trajectory traverses
the full ten layers of the calorimeter contain the maximum amount

of information ebout the cascade development. There are some
differences between the determination of energy of events which

interact in the target as opposed to those that do not. If an

event interacts in the target, the lateral spread of secondaries
incident upon the calorimeter may result in some prongs exiting from
the side. Also, the correction to the observed ionization in a
scintillator was not as accurate inasmuch as it was based on the inter-
section of the extrapolated trajectory of the incident particle with
the scintillators in the calorimeter. Therefore, the following

results are based on energy bins populated only by single hadrons
incident upon the calorimeter which are within the fiducial volume

and have an extrapolated trajectory that traverses all ten scintillator
layers.

Distributions of the number of equivalent muons in a scintillator
layer of the calorimeter are shown in Figs. 21 through 25 for the energy
interval from 211 to 303 GeV. Events were sorted into this interval if
their energy, determined from a weighted sum of the corrected number of

equivalent muons, fell within the svecified enerpgy range. Because of
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this binning procedure, these distributions are strongly correlated.

The width of the distribuﬁions is indicative of the larpe fluctuations

in ionization which are characteristic of shower development. The

largest fluctuations are in the first two layers. The best shaved

distributions are at a depth of 200 to LOO gm/cm2 into the calorimeter,

in the area of maximum average calorimeter shower development. The

results of ionization bursts in the scintillators are insevparably

tangled with fluctuations in the nuclear-electromagnetic cascade.

The events in the zero equivalent muons bin in the first few

layers are hadrons which did not interact until they penetrated

deeper into the calorimeter. After layers three and four most of the

incident hadrons had initiated a cascade and the veak of the distribution

shifts toward the left because mosp of the energy of events whiéh

interact at a shallower depth in the calorimeter was already absorbed.
A comparison can be made between the energy calculated from

a ten layer calorimeter and an energy determined from ionization in

a single layer. The difference in the energy calculated in these two

weys is

The term E is the calculated energy from a ten layer calorimeter and N
is the number of equivalent muons in one of the scintillator layers.
The constant K simply converts the ionization in a single scintillator
at some depth into energy. The fluctuations in the energy resolution
of single events assuming that the calculated energy of the ten layer

calorimeter is correct is
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AE  _ _ \
5 = 1 K(N/E)

Distributions of theterm N/E)for varicus enerpgy bins are shown in

Fig. 26. It is clear from this figure that although the distributions
are rather broad, the peak is fairly well defined. An indication of

how these distributions vary with depth in the calorimeter is shown

in Fig. 27. The optimum thickness of absorber above the scintillator in
a one layer calorimeter is two to three interaction lengths.

In each energy bin, the function

N(z) = K8z - 2 ) ex(-(z - 2 )/Ag)

was fit to the average number of equivalent muons at each calorimeter
layer. The parameters K, 2> P and AS were determined by a least
squares fit. Figure 28 shows the data points as +'s and x's and a
series of curves representing the fit functions of the various energy
bins. The parameter zo,was necessary to accommodate the fast rise

and sharp peak of the data. The'As, which controls the decay of

the showers at large depths, is a function of energy and becomes larger
for higher energies. The maximum of the shower curve at z = PAS does
not seem to move appreciably and changes in AS are balanced by changes
in P. The average ionization sampled at each layer i: a superposition
of showers from many events, some of which t:: el some distance in the
iron before interacting for the first time. 7The parameterization N(z),

is therefore not exactly representative o: *he averase shower sturting

from the interaction point. The aversre sh-wer parameters will be

discussed more completely in a folilowing section.
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Dr. W. V. Jones [1 1 used his Monte Carlo oropram to calculate
the mean and standard deviation of the number of clectrons al the denth
of each of the scintaillator layvers in this calorimeter. Also included
in his calculations were the fraction of energy going into nuclear
disintegrations in each layer'and the energy escaping laterally frcm each
layer. In order to make a comparison between these results and
experimental results the number of electrons in each layer n

ed’

was converted into equivalent muons n 3 and half of the nuclear
u

disintegration energy was included with a transition effect fj’

f E
L5y B
2

n,, = 1.126 n B w
cJ

uJ

eJ :
This notation is the same as that defined in Chapter III, Section D.

The agreement between Monte Carlo and experimental results is shown

in Fig. 29. There are two differences between the results shown. First,
the ideal calorimeter, modeled by the Monte Carlo program, was of pure
iron and the number of particles.calculated was electrons at a particular
depth. However, the calorimeter at Echo Lake was made with plastic
scintillators of finite thickness in which the path length of ionizing
particles was increased by a factor sec 8, where 8 is the zenith angle of
the tracks. Second, the Monte Carlo results were determined by generating
events of a specific energy and observing shower development , whereas

the experimental results are from binning a spectrum of energies.
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The calorimeter calculations of Dr. Jones include a standard
deviation as well as a mean for the weipghted sum over the layers of the
calorimeter. The ratio of these two quantities o/u,..WhiCh is the reso-
lution of the calorimeter is about 0.15 at 100 GeV and 0.08 at 1000 GeV.
The energy resolution for large calorimeters was also estimated by Ramana
Murthy et al. [36] for energies less than 100 GeV by comparing the calcu-
lated energy with the energy measurement of a Cherenkov counter. The
result was an energy resolution of ¥20 percent for his calorimeter. The
widths of the energy bins, into which events were sorted, are ¥20 vercent
of the mid-energy of the bin. This width is larger than one standard
deviation in the dispersion of measured energy about the true energy of
the event;

The events which both entered the calorimeter with more than
twice the thre;hold energy for triggering and remained within the
fiducial volume, were used to determine the differential energy
spectrum of observed hadrons, D(E). The data was used in a maximum-
likelihood fit to determine the power of the energy, E in GeV, for

the equation

- + -
(3.0%0.2) (em? sr sec) ! .

D(E) = 6 x10 °FE
Other experiments have determined this parameter to be 2.67 + 0.05,
for the primary hadron spectrum [32]. If hadrons in the accepted flux
have already wndergone an interaction in the atmosphere, the events
with higher energy will, on the averapge, have more particles which are

closer together than events of lower enerpy. This will result in the
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shower counter array rejecting more of the hirher enerpy events, and
in so doing, make the slope of the spectrum steeper. This differential
energy spectrum was determined from thisexperiment to an accuracy of

+ 10 percent,

B. Proton-Iron Inelastic Cross Sections

The cosmic ray hadrons which had their first inelastic collision
within the calorimeter were used to determine the proton-iron inelastic
cross sections as a function of energy. The event selection criteria
for this analysis were the same as the selction criteria for the
calorimeter study with one additional constraint. This constraint,
that the observed cascade in the calorimeter last a minimum of three
calorimeter layers, eliminated most muon induced electromagnetic showers
which triggered the system. The survival length in absorber of the
selected events was then used to determine A, the interaction length
of hadrons in iron. The first scintillator layer after the interaction
was taken to be the first layer with five or more equivalent muons.

The properly normalized probability that a particle will survive
a thickness 2,of iron without interacéing is

-2/
P(2,\) = F— |
A
In this equation A is the average distance in iron that the incident

particle travels before it undergoes an inelastic collision. The
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likelihood function of a series of independent cvents is the product
of all the probability functions. The number of particles which

survive a distance Z)into the iron is

e—Q/X
T .

N(2) = N
The number NT)is the total number of incident particles. The likelihood
function,cif, for NT particles each traversing a distance Qik,through k
layers of the calorimeter is

N
T B-1 -zik/x

92? - TT' ‘rr 2—_7———

i=1l k=1
The distance the ith particle traveled in iron before it intersected

the kth scintillator layer of the calorimeter is Qi This distance

k'
includes a factor of sec 6 to account for the zenith angle of the

event. Each particle i, is in the product once for each layer of the

)
calorimeter in which the particle has not yet interacted. The product
over k then accounts for the fact that the number of particles N(R),

which do not interact in a distance Qk’ consists of all vparticles which

survive a distance Qk,or greater. The parameter A and the error in

the parameter, A, are determined by the following equations:

9 2
SX.Qn‘)i = 0
-1/2
5?2 .
A = - — (Wn.X%) .
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Explicitly these equations are:

NT B-1 NT B-1
X -
z Qik z r 1 = A
i=1 =1 i=1 =]
N
T B-1 NT B-1 -1/2
Sh = 2 T - 3
z Zik Az r 1 A .
i=1 =1 i=1 k=1

The procedure used to calibrate the calorimeter in terms of
equivalent muons made the various scintillators of the calorimeter
equally sensitive to ionization. The layer position sensitivity,
which made the region of scintillator close to the phototubes much
more sensitive to ionization, was also corrected for. Therefore, the
five or more equivalent muons, which were used to determine the
first scintillator layer after an interaction, is a uniform criterion
for interactions in all regions of the calorimeter. Events with increased
ionization from §-rays produced .in the iron and from fluctuations
in the ionization loss of the hadron in the scintillator are generally
not counted as interactions because of this threshold criterion level. The
parameter A, is insensitive to the choice of threshold level. A noise
level of either three‘or ten equivalent muons only changes the value
of X about 1 percent.

Muons interact within the calorimeter and simulate hadron

events. The muons in the flux of hadron like events which do not
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interact in the target were discussed in Chapter III, Section F. The
muons result in two kinds of cascades within the calorimeter. Electro-
magnetic interactions of muons resulting in pair production cause
relatively short cascades. Muon-photo-nuclear interactions should
result in cascades exactly like those initiated by hadrons. The
cascade in the calorimeter was required to persist a minimum of 240
gm/cm? of iron and, on the average,;was required to persist 300 gm/cm?.
This requirement eliminates most of the muon induced electromagnetic
showers which may trigger the calorimeter. The muon-photo-nuclear
interactions occur equally likely at any depth of iron and constitute
a small constant background of events which survive to any depth.
Both hadron and muon events whose first interaction in the iron is
deeper than layer six of the calorimeter are not used in the fit to
determine interaction length. When an event occurs after layer six, the
hadron coincidence trigger samples ionization from only three layers.
Because of layer by layer fluctuations in the observed ionization, these
events do not always trigger the system. Therefore, the maximum
likelihood fit to intefaction lengtﬁ A,was terminated at layer six.
This cutoff eliminates further consideration of muon-photo-nuclear
interactions.

The results of the analysis of the survival lengths of hadrons in
iron are plotted in Fig. 30 and listed in Table VI. Also shown in
Fig. 30 are two empirical equations that were fit to the maximum likelihood
parameter A ,determined for seven energy intervals. These two equations

are
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Table VI

Results of Maximum Likelihood Fit to Iron Interaction Length

Energy Number of Interaction Length Error in Interaction Length
(GeV) Events (gm/cm?) (gm/cm?)
8l 2198 122.92 2.07
121 1255 129.02 2.98
172 583 114,47 3.98
2k9 2375 122.29 2.1k
355 1017 120.80 3.29
512 Lot 125.09 5.28

738 179 113.02 T.71
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A(E) 122.6 £ 1.1 gm/cm?
and

AE)

(133.1 ¥ 9.6) - (4.6 £ 4.27) 1op,10 (F) pm/cm? .

The energy E,in this second equation is in GeV. These data are consistent
with n constant cross section over the energy range from 70 to 900 GeV.
The constant inelastic cross section calculated for the constant

interaction length is

6. (E) = 756.3% 7.0 m .

hFe

The incident hadron flux for which the interaction length was determined
consisted of both pions and protons. The correction to the observed
cross section due to pions was calculated from a pion to proton ratio
of 0.3 and the ratio of pion-iron to proton-iron cross sections. The
ratio of the pion-iron to the proton-iron inelastic cross sections were
determined from accelerator measurements and used to find the inelastic
proton-iron cross section from the observed interaction length. As an
alternative way of determining this correction the optical model
calculations of P. Sievers [37] were also used to calculate the pion-
iron and proton-iron total cross sections. Here the nucleus is
represented by a radius and a mean free path of the incident hadron in
the nuclear material Xy The difference between the pion-iron and proton-
iron cross section can be found by associating with each a characteristic
xo leaving the radius of the nucleus the same.

P. Sievers developed his model by assuming a constant opacity and

a nucleus with an absorption probability that depends on the amount of
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nuclear matter traversed. The optical thickness of the nucleus a(b),

in an impact parameter representation is

s fol2 _ 32
a(b) = 1 - exp <?° /R b ;) R

X
(o]

where RPN = ry Al/3 and A is the atomic weight of the nucleus. The
two parameters in his model are Xy the nucleon mean free path in
nuclear matter, and rP, the radius of the nucleons. The amount of
nuclear matter presented to the incident pions and protons for

most impact parameters is large compared to their mean free path in
nuclear material. Therefore, the difference between the proton-iron
and pion-iron cross sections is duvue to large impact parameter events

where the collision occurs near the periphery of the nucleus. The

scattering amplitude for this model was approximated by the expression

R
£(6) = ik S/ b a(pb)Jd (kbe) d .
0 o

This equation, combined with the optical theorem, results in a total

cross section .

op = 2m {R? - 2[1 - (R + e ® 0% .

where q = 2/xo. There is good agreement between predicted and experimental
values of the proton-nucleus total cross section when X, = 3f and
rP = 1.27 f. [38].

The optical radius R,used in this model was the effective radius

of the target nucleus when the incident particle has no dimensions.
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In order to calculate a pion-iron total cross section the mean free
path of the pion in nuclear material, xO = 5.35 f, was chosen holding
R constant such that the pion-proton total cross section predicted by
the model was 27.02 mb. The ratio of the pion-iron and proton-iron

total cross sections calculated with this xo was

Using the pion to proton ratio of the flux, (which was discussed in

Chapter III, Section F,) F = 0.3, the proton-iron cross section is

expressed in terms of the observed cross section o

hFe® by the equation

5 = L*F
hFe 1+ FD hFe

- - t
OpFe 1.0k49 the 793.3 % 7.b mb .

The pion-nucleus and proton-nucleus cross sections measured in
accelerator experiments yield a.somewhat different ratio F. The pion-
iron and proton-iron inelastic cross sections were both calculated by
interpolating between the reported aluminum and copper cross sections.

The pion-nucleus inelastic cross sections were reported by J. V. Allaby

et al. [397] at L0 GeV/c. The proton-iron cross section was determined

in a less direct procedure using the neutron nucleus results of

J. Engler et al. [17] at 21 GeV/c. It was assumed that the proton-nucleus
and neutron-nucleus total cross sections were the same. The aluminum

and copper total cross sections were multiplied by the ratio of inelastic

to total cross section reported by G. Bellettini et al. [16] and the
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results interpolated to give a neutron-iron inelastic cross section.
The ratio of the calculated inelastic cross sections was
G
nFe 554 mb

D = = = 0.762 .
opFe T27 mb

The corrected proton-iron cross section is then

= = i
opFe 1.058 OhFe 800.2 T.bmb .

Thus the pions in the flux result in a 5 to 6 percent correction to the
observed hadron-iron cross section to convert it into a proton-iron
cross section. The correction based on accelerator measurements is
probably most nearly correct.

The proton-iron inelastic cross section reported here is identical
to the inelastic cross section which may be calculated from the proton-
nculeus cross sections reported by G. Bellettini et al.[167, at 20 GeV/c.
The proton-iron cross section calculated by interpolating between the
measured aluminum and copper absorption cross sections is

= s
opFe 800 £ 50 mb .

The neutron-nucleus total cross sections reported by J. Engler et al. [17]
are somewhat different from this. A proton-iron cross section calculated
from Engler's measurements was given in Chapter I, Section D as

' = t
che 127 50 mb .

E. L. Andronikashvili et al. [207] have also measured a hadron-iron

cross section using a calorimeter and the cosmic ray hadron flux.
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However, they did not correct their results for the fraction of pions

in the "beam." Their hadron-iron cross section was

= 3 .
the 710 35 mb

This result is somewhat lower but is consistent with the uncorrected
hadron-iron cross section reported here. Some of the difference may be
associated with the different kinds of detectors used in the calorimeter
and a somewhat different pion to proton ratio. However, both experiments
are consistent with a flat cross section over the energy range from
50 to 1000 GeV.

The interaction length A, is somewhat dependent both on the
nunber of calorimeter layers which are included in the maximum
likelihood fit and on the parameter A,in the énergy calculation which
is used to correct for the amount of energy which leaves the calorimeter,
C(L). It is evident from Fig. 32 that the shower decay parameter A,
is energ& dependent. The value of A(E) used, 2k0 gm/cm?, is correct for a
300 GeV hadron shower. Typically, for a T30 GeV event which interacts
near layer six, about halfway th?ough the calorimeter, the correction
C(L), amounts to 15 percent of the energy of the event. Because
this correction is so small, on the average, the number of events in
an energy bin is insensitive to the choice of A(E). Changing A to
200 or 300 gm/cm2 results in a change of about 1 percent in the fit
interaction length. The change is less when the shower decay parameter

A(E),is diminished. The calculated interaction length for the energy
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bins is more dependent on the depth in the calorimeter at which the
maximum likelihood fit is terminated. If X is fit using information
from only the first four layers of the calorimeter, the resultant
proton-iron inelastic cross section is considerably flatter and about

820 * 7 mb. Therefore, there is a possible systematic error of about
T percent in the cross section results. There seems to be no Justification
for not using layers five and six in the fit. Rather, these layers

add to the information determining the interaction length.

C. Monte Carlo Corrections

Because of the method used to detérmine the proton-proton
inelastic cross section, a small systematic energy underestimate of
target interacting events relative to the energy of non-interacting
events will result in a large decrease in the calculated cross
section. This extreme sensitivity to energy biases is a result of
the binning of events from the energy>spectrum of incident hadrons,

« E ®, discussed in Section A of this chapter. The effect on the
measured cross section caused bf an energy bias is discussed
in detail in Appendix B. This sensitivity of results to small
systematic energy biases motivated further study of the calorimeter and
a Monte Carlo program. Biases resulting from the fbllowing three effects
were studied.

1. The secondaries and the nuclear-electromagnetic cascades of
events which interact in the target do not always remain within the
volume of the calorimeter. Secondaries from an interaction may miss

or leave the side of the calorimeter. Also the observed cascades of
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the secondary particles may be truncated if the shower exits from
the calorimeter.

2. The lateral spread of secondaries from target interactions
results in uncertainty in corrections to the observed ionization
necessitated by the nonuniform scintillator response. The individual
layer ionization corrections were calculated using the extrapolated
incident track and the formula discussed in Chapter II, Section C.
The radius of the calorimeter shower about this exptrapolated track
is greater when the first interaction occurs above the calorimeter and
may result in a systematic energy bias.

3. The measured energy of an event may depend on the position
of the first interaction relative_to the scintillators invthe
calorimeter. The events which did not interact in the target had
a distributed first interaction positioniin the calorimeter, whereas
the interactions in the hydrogen all occurred about 5 + 3 gm/cm2 above
the top of the calorimeter.

The same events that were used in the calorimeter studies
of the previous sections were also used to study the effect of the
position of the first interaction on the measured énergy. A total
of 1,338 events from the energy bin between 211 and 303 GeV were
grouped according to the first gap of the iron plate spark chamber
in which significant ionization was observed. The results are shown
in Fig. 31. There is no preference within this energy bin to select

events because they interact at some optimum position for energy
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measurement. If there were, the line indicated in Fig. 31 would not

be continuous at the positions of the scintillators. These scintillators
are between the second and third gap and the sixth and seventh gap. The
number of events interacting at some position and appearing in this
énergy interval is determined only by the proton-iron cross section. The
proton-iron interaction length determined from the line in Fig. 31 is

103 gm/ em?. This measurement is not as accurate as the results
discussed in the preceding section for several reasons. The procedure
of determining the first interaction position by scanning is not as
reliable as using the scintillator layers that were calibfated with
muons. The scanning method is dependent upon consistent spark chamber
efficiency and good resolution of closely grouped secondaries. Neither
of these qualities was achieved in the iron plate spark chambers.
Furthermore,the path length of surviving hadrons was not used. Instead,
the vertical thickness of iron from the top of the caloriméter was

used to calculate the interaction length.

The Monte Carlo programrused to investigate energy biases
consisted of a method of generating proton-proton interactions and a
scheme for generating the calorimeter showers resulting from the
secondaries of the interaction. The method used to generate the
proton-proton interactions has been discussed briefly in a paper reporting
the angular distributions of the secondaries of interacting events [30].
The method of generating the calorimeter showers is of more concern here.
Table VII illustrates the average effects of the energy measurement
of a 600 GeV interaction, comparing it with the shower development

of Just one incident hadron. The event which interacts in the hydrogen
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has an inelasticity of 0.5 and produces three pions; 2/3 charged and 1/3
neutral. The neutral pions were assumed to produce an electromagnetic
cascade. The energy of the charged secondaries was adjusted so that a
fraction of this energy, taken from the curve in Fig. 18, was not
observed. Energy of the recoil proton was ignored. The measured energy
in the calorimeter is the same for the interacting event and the single

charged hadron.

The calorimeter cascades generated by the Monte Carlo program
were not concerned with the details of the cascade but developed an
average shower similar to thosé exemplified in Fig. 32. These
calorimeter curves differ from the average curves of Section A of
this chapter. Previously the ordinate began at the top of the
calorimeter and indicated average ionization in each of the ten
layers. In Fig. 32 the cascade begins at the average position of the
first interaction in the thickness of iron between scintillator layers.
The average position of the first interaction was calculated using an
interaction length of 124 gm/cmz. It was further assumed that all
information concerning the observed fluctuations was contained in
the average shower curve. The generated shower curves were

n(e) = x0T s ,
where

t = & -20 gm/em?
and

A(F) = 28.2)4 log, P + 32.94% .,
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The constant K, was chosen to normalize the area under the shower

curve so that

E = [ KN(R) a2
2=20

The calorimeter cascades caused by the neutral pions produced
in the first interaction were generated as if they were cascades
produced by single electrons. The electromagnetic shower curves of

Snyder and Serber given by Rossi [311were approximated by the function

-t/A
N'(L) = K t%e S \
where
a(E) = 0.29 log (E/e ) + 1.638
and
A(E) = 0.81L log (E/e ) + 15.17h gn/cn® |
t = 2 -6.5 gm/em? .

The constant KE, was chosen so that the area under the shower curve

was the energy.

oo

E = [ Kq N'(2) as
L =6.5
The number of observed equivalent muons in a layer of the
calorimeter was the sum of ionization from all cascades which traversed

the layer. The ionization of each cascade observed in a layer at a
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depth 2, along the path of the shower was adjusted by
1.0/[1.0 - 3.7013 . 105 . x? ]

for the scintillator response,by the appropriate transition effect,
and by a factor of sec 6 for the path length in the scintillator.
After adding the ionization from all secondary showers traversing the
layers, the energy was calculated exactly as if the event was an
experimentally observed event.

Events were generated with an energy spectrum of E ®. The
energy determination of events which interacted in the liquid hydrogen
has been described. The energy of events which underwent their first
interaction in the calorimeter was calculated by generating the first
interaction exactly as if it were a proton-proton collision. The
interaction vertex of these events occurred at a distance S into the
calorimeter which was distributed as e_s/lgh. The event flux in
energy bins'corresponding to the experimental energy bins was observed
to determine the correction to the cross section, necessary because the
calorimeter, on the average, systematically measured a different energs for
interacting and non-interacting events. The corrections to the
cross sections were calculated from the relative rate of interacting
and non-interacting events in an energy bin. These Monte Carlo
corrections are shown in Fig. 33. The lowest energy corrections
are not as reliable as the others since the program did not exactly
duplicate the behavior of the trigger. The Monte Carlo results also
include two other small corrections. There is a correction for four

percent of the interactions that were two-prong events but appeared
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as non-interacting one-prong events. There is also a small correction
for the charged pion secondaries of the first interaction which decay
into muons before developing a cascade in the calorimeter. This is much

less than 1 percent.

D. Proton-Proton Inelastic Cross Sections

The proton-proton inelastic cross section was calculated using
a thin target approximation and a corrected number of scanned events.
The procedure was discussed in Chapter III, Section D. Corrections to
the scanned number of interacting and non-interacting events were
discussed in preceding sections along with the corrections to the observed
cross section. In this section the numbers of events and the
appropriate corrections are presented and used to calculate cross sections.
Cross sections were calculated from the scanned number of events
adjusted so that the same fraction of scanned events and reconstructed
events satisfied the selection requirements. These event selection
criteria were discussed in Chapter III, Section D. Table VIIT shows,
for both interacting and non—interaéting events, the Aumber of
reconstructed events and the reduced number of events meeting the
fiducial volume, z-vertex, and energy requirements.

The validity of this procedure for determining the number of
scanned events which satisfied the same criteria was checked by
rescanning the events which failed reconstruction. All but 5.5 percent
of the events which interacted in the target were reconstructed. The
remaining events were not reconstructed as a result of measuring errors.
Reconstruction failure was not correlated with multiplicity, energy, or event

type. This small fraction of events was distributed over all energy bins
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Table VIII

Summary of the Effects of the Event Selection Requirements on the

Number of Reconstructed Events. The Numbers of Interactions in This

Table Pertain Only to Events with Three or More Observed Secondaries

Interacting Events

Fraction of
Total Remaining

Number of
Events
Number of events _ 2228
Number remaining after geometry cut 1420
Number remaining with interaction
vertex in liquid hydrogen 806
Nunber of events in useful energy
bins ' 382
Non-Interacting Events
Number of events 50,000
Nunber remaining after geometry cut 30,766

Number remaining in useful energy
bins : 8,004

0.6L

0.36

0.17

0.62

0.16
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as 5.5 percent of the number of events already in each bin. Events
which apparently did not interact in the target and were not reconstructed
were distributed over the energy bins in a similar way. Only 77 percent
of the non-interacting events were reconstructed and the remaining
23 percent were distributed over all energy bins. Some events were
not measured and some measurements were discarded due to magnetic tape
recording problems and event number mismeasurement in one of the two
stereo views. However, 12.4 percent of the events which were measured
failed to reconstruct. Of these failed events, 73.6 percent were
caused by poor fiducial measurements by the MASS system. Most of the
other reconstruction failures were due to intensity and resolution
difference between the periphery of the MASS scanning field and the
center. Some of the events were definitely bad events reflecting a
difference between the scanning criteria for interacting and non-
interacting events. This prompted a rescan of 10 percent of the film.
An average of 3 percent of the events which were grouped as "good" events
which did not interact in the target should not have been counted
if the scanning criteria had been identical between interacting and
non-interacting events.

Further corrections to the scanned number of events which met
the selection criteria were discussed in the last two sections of the
previous chapter. The scanned number of "good" events is shown for
two triggering threshold categories in Table IX along with the subsequent
corrections to this number. The correction for a 5 percent muon
simulation of non-interacting hadron events and the 3 percent overcount

are lumped together in the first 8 percent correction. The number of
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interactions within the fiducial volume which apparently traversed the
hydrogen and interaclted in the lower stainless steel dome or lower aluminum

Jackel of the target was added to the observed non-interacting flux.

Although the observed number of interactions that occur in the target
walls may be as much as 50 percent low, as will be shown shortly, it
amounts to less than 4 percent of the straight through flux. This
error introduced into the cross section will make the result less than
2 percent too high.

Cross sections were calculated from the scanned number of events
shown in Table IX. The number Ef events in the eight useful energy
bins was calculated from the fraction of in geometry reconstructed events
in each bin. These fractions are listed in Table X. The numbers of
events which did not interact in the target and are distributed into the
energy bins of Table X are the scanned numbers of events. The corrected
numbers of interactions also listed in that table correspond to a
scanned number of interactions including two prong interactions that were
not eliminated as S-rays. The cross section calculated from these
numbers is labeled in Table XI as an "apparent cross section." These
cross sections were calculated using the following formula introduced in

Chapter III, Section D.

=

o
PP Nty

N
E
loge 1 - N

The averapge path length in hydrogen Qav’ was 3.34 gm/cm?® for events

from the 36 GeV threshold running and 3.87 {rm/cm2 for all events with
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energy greater than 211 GeV. The pions in the flux of incident hadrons
was discussed in Chapter III, Secticn F. The correction for an
admixture of pions does not make a large difference in the cross section
and the size of the correction was assumed to be the same for all
energies. At accelerator energies the pion cross section is about 2/3
of the proton cross section so a constant m/p ratio of 0.3 gives a
correction to the observed cross section of 13/12. The cross section
incorporating this correction for the pion flux is also listed in

Table XI. Finally, the calculated cross section including the Monte
Carlo corrections discussed in the previous section are listed in

Table XI and displayed in Fig. 34. The indicated error in the cross
section, 80, represents statistical errors only and was calculated

with the formula
1/2

Cross sections were also calculated using target empty
information instead of the requirement that the vertex be at least
1 cm from the target walls. The number of observed interactions

NI(H,W))is the sum of interactions in the walls N_(w), and in the

I

hydrogen NI(H). The ratio of the number of interactions in the

hydrogen to the total number of incident hadrons NT, is

N N (Hw) (W)

N Nop N

Since the flux of incident particles is much larger than the nunber of

hydrogen interactions, the ratio of the wall interactions to the flux

hydrogen interactions, the ratio of the wall interactions to the flux
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is approximately determined by the target empty ratio of interactions,

N_(TE), to the flux, N_(TE).

I T

N_(w) NI(TE)

1]

T NT(TE)

The cross section was calculated from the number of events with energy

greater than 146 GeV, using the equation

-
o A NI(H,W N
pp N2 N, N (TE

o av T

This equation with the corrected numbers of events is

B} 789.2 _30.86
%p " h2omb | 9B3TZ T T3h9.5 :

This cross section, after applying a correction of 13/12 for the
pion component of the flux, is 20.4 + 3.6 mb. This result does not
contain the Monte Carlo correction but requires the same correction as
the proton-proton cross section previously calculated. It is in
excellent agreement with the 'cross section with correction for pion
flux" listed in Table XI. This result shows that the requirement that
a hydrogen interaction have a vertex at least 1.0 cm from the target
walls determines the total number of hydropen and the total number of
target wall interactions correctly.

There is pgood experimental evidence that the cross sections listed
in Table XI are low even after the Monte Carlo corrections. This
information was obtained from an analysis of the number of interactions

which occurred in the upper and lower domes of the target vessel. ‘The

which occurred in the upper and lower domes of the target vessel. ‘T'he
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interactlons-thnt oceurred both in the tarpet wanlls and in the

hydrogen were mcasured and reconstructed. The selection of events

with a vertex in the hydrogen was made after reconstruction. The
interactions which occurred in the aluminum and stainless steel of

the target were subjected to the same energy and geometrical require-
ments as the hydrogen events. The remaining number of events is the
result of event selection biases similar to those determining the

number of hydrogen events. The observed number of proton-nucleus events
was compared with the number of events expected to occur in the target
walls. The expected number of events was based on the proton—iron
inelastic cross section already discussed and on the assumption that the
proton—aluminum cross section is also independent of energy. The
proton-aluminum cross section was approximated by the neutron-aluminum
total cross section measured by J. Engler et al. [17] at 20 GeV/c and
adjusted o have the same ratio of inelastic to total cross section

as those reported by G. Bellettini et al. [167. The proton-aluminum
cross section determined in this way is LUL mb. The probability that

an incident hadron interacted in the aluminum and iron of the target
walls was calculated using»these cross sections. The number of wall
interactions expected and observed is shown in Table XI . Not only

are there too few observed interactions in the target walls, but there
are 41l observed events in the lower dome with three or more charged
tracks and only 209 in the upper dome. The number of hydrogen interactions
with three or more charged secondaries is shown in Fip. 35. This data
also shows some 7 dependence. This information indicates that the

number of observed interactions is a function of the height above the
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top of the calorimeter. A similar z-vertex blas was not observed if the
incident hadron had its first interaction within the calorimeter. Tf
there were & similar z-vertex dependence of the number of events, the line
shown in Fig. 31 would have a discontinuity at the scintillator layers.
The z-dependence of the number of events which occur above the top of the
calorimeter is most probably the result of energy leaving the sides of
the calorimeter or energy being dissipated before entering the
calorimeter, and not entirely accounted for in the Monte Carlo corrections.
The correction factor necessary to correct the observed proton-
proton cross section was derivéd from the difference between the
expected and observed number of target wall interactions. The "corrected
number of wall interactions" listed in Table XII corresponds to
the scanned number of interactions that occurred in the target walls.
Included in this number are two-prong events which were not rejected
as 8-rays. The inverse of the "fraction of expected number (of events)
Observed" shown in Taeble XII is the correction factor for the target
wall interactions which is close to the cross section correction factor.
Since the average position of thé liquid hydrogen presented to the beam
was 10.1 cm below the average position of the target domes, a correction
factor was applied to the hydrogen cross sections that was a linear
interpolation between the correction factors of 2.27 for the upper dome
and 1.14 for the lower dome. The correction factor for the hydrogen
was 91.9 percent of the correction necessary for the iron cross section,
The proton-proton cross section data is shown in Fig. 36 and listed in
Tdble XII. It is not clear to what extent differences between the

proton-proton and proton-nucleus interactions will affect this correction,
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but the proton-nucleus correction is likely to be too large for the
hydrogen data. This is because the higher average multiplicity of iron
and aluminum interactions may result in more energy escaning both
before entering the calorimeter and out the sides of the calorimeter. The
proton-proton cross section was recalculated for two energy bins. In an
energy bin from 71 to 211 GeV, with an average energy of 109 GeV,
the inelastic cross section was 32.4 % 3,6 mb. For the other energy
interval the incident hadrons had a measured energy greater than 211 GeV
and an average energy of 3L2 GeV. The proton-proton cross section
calculated for this group of events was 32.3 ¥ 3.2 mb.

The alternative method of determining the correction factor for
the observed proton-proton cross section was the Monte Carlo program
for computer generation of events. This Monte Carlo program was dis-
cussed in Chapter IV, Section C, and the results of the analysis were
presented in Fig. 33. The proton-proton inelastic cross section was
presented in Fig. 34, both with and without the Monte Carlo corrections.
The corrected cross section calculated for the same two energy bins
discussed above was 26.3 ¥ 2.0 mia at 109 GeV and 23.2 ¥ 1.5 nb at 342 GeV.
These results are different from the cross section which was calculated
with a correction determined from the target wall interaction analysis,
and they are not a smodth extrapolation of the accelerator data plotted
in Fig. 1. There are two apparent weaknesses of the Monte Carlo results
that make this correction doubtful. First, the Monte Carlo program
did not predict the decrease in the number of observed interactions as the
height of the vertex above the top of the calorimeter increases. Second,

the method of generating the observed ionization in the scintillators
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of the calorimeter did not correctly simulate either the lateral spread

or the fluctuations of the real cascades.



CHAPTER V. CONCLUSIONS

The original purpose of this experiment was to make a direct
measurement of the proton-proton inelastic cross section. This cross
section was determined from the ratio of the number of interacting
(multiple-prong) to non-interacting (one-prong) events. Both the
events which interacted in the liquid hydrogen and those which did not
were grouped into similar energy bins so that the cross section could be
calculated as a function of energy. However, because of the steeply
falling energy spectrum of incident hadrons, « E °, this method of
calculating the cross section was very sensitive to small energy biases.
A systematically low energy measurement of interacting events relative
to non-interacting events resulted in an observed cross section that was
about 2/3 of what was expected on the basis of an extrapolation of
accelerator data. In order to determine a reasonable correction for
the energy bias, the ionization calorimeter used to measure energy was
studied in detail.

A study of the first interaction position of incident particles
in the calorimeter led to a good experimental measurment of the hadron-
iron interaction length. The analysis showed that the corresvonding
hadron-iron cross section was essentially independent of energy in the

interval from 70 to 900 GeV. Although this cross section

- +
chFe = 756 £ 7 mb

-1ka-
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is somewhat higher than that reported by E. L. Andronikashvili [20], it
is consistent with his results. Subsequent corrections to the observed
hadron-iron cross section that were used to obtain a proton-iron cross
section include some uncertainty. The determined proton-iron cross

section was

- +
che Boor7Tm .

There is some experimental evidence that the size of this cross section,
but not the energy dependence, may bé uncertain by as much as 7 percent.
The proton-proton cross sections calculated from the data without
a correction for the energy bias were asbout 20 mb, the necessary correction
was based on a comparison of the observed proton-nucleus cross section
Just discussed. The proton-proton cross sections calculated for two
energy intervals with average energies of 109 and 342 GeV were 32 % )
and 32 ¥ 3 nb, respectively. The data indicate that the proton-proton
cross section is energy-independent at very high energies. The
assumption of an energy independent proton-aluminum cross section was
built into these results. Howevér, the uncorrected proton-proton and
hadron-iron inelastic cross sections show no energy dependence. The
hadron-nucleus cross section determined from the target vessel inter-
actions was energy independent. Thus, the proton-proton cross section
corrected with these data was also constant. Results of a Monte Carlo
analysis show a larger correction for side leakage at low energies. This
indicates that the proton-proton cross section may decrease at higher
energies., The proton-proton inelastic cross section results do not
distinguish between the three Regge models discussed in Chapter I,

Section C.
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A proton-iron inelastic cross section that is constant with
energy does not necessarily preclude an energy dependent proton-proton
or proton-carbon inelastic cross section. Because of the shadowing of
particles in the nucleus, the iron cross section may sppear almost flat,
while the hydrogen and carbon cross sections change. Results of N. L.
Grigorov [5 ] from an attenuation experiment using a carbon target
indicate a rising cross section. However, the proton-proton inelastic
cross section reported here does not show an increase with energy.

This experiment did not yield an unambiguous measurement of
the proton-proton inelastic cross section. The reported cross sections
include a correction factor of about 1.6 that was determined for
proton-nucleus interactions rather than for proton-proton interactions.
The measurements could be improved in either of two ways. One way
would be to conduct a similar experiment using an attenuation method
to calculate the cross section. The alternative that would also determine
the proper correction for this data, is to calibrate the response of
the calorimeter for both interacting and non-interacting events. That
experiment, which is similar to this one with the exception of an
additional magnet and wide gap spark chamber for momentum analysis, is

presently under construction at Echo Lake, Colorado [hO].



APPENDIX A. CALORIMETER ENERGY MEASUREMENT CORRECTIONS

A single hadron entering the top of the calorimeter interacts
and begins a series of nuclear interactions and electromagnetic
cascades which ultimately converts most of the energy of the incident
particle into ionization in the iron. At each nuclear interaction site,
new particles may be produced such as charged pions, neutral pions,
and kaons. Nucleons and nuclear fragments may also be emitted from
the struck nucleus. The neutral pions quickly decay into Yy-rays and
start electromagnetic cascades in the iron. The high energy charged
mesons and ﬁucleons continue to interact and produce a cascade of
hadrops. Among the particles likely to be produced in each successive
interaction are neutral pions, which feed the electromagnetic cascade.

The ionization within the iron can be sampled at various depths,
and a Weigﬁted sum of the number of minimum ionizing particles sampled
can be used to calculate an energy for the incident particle. Corrections
must be made because the sampled.ionization does not represent all of
the energy of the incident particle. Two causes of discrepancy will
be discussed. These are: 1) a transition effect caused by the difference
in critical energy between iron and scintillator, and 2) a poor
efficiency for sampling in scintillator the heavily ionizing particles
which are produced in a nuclear disintegration. In addition to these,
Murzin [22] has calculated that at 50 GeV the neutrinos and fast muons

produced by charged pion decay carry away no more than 1 percent of the

~145-
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energy, and at higher energies the fraction of energy lost in this
way becomes even smaller.

1. Transition Effect: The number of minimum ionizing particles
in the electromagnetic cascade will be systematically underestimated by
the plastic scintillator. Iron has a critical energy Eo ~ 21 MeV,
and the cascade produced in iron will have a larger number of low energy
electrons than a cascade produced in scintillator which has a critical
energy Eo ~ T0 MeV. The electromagnetic cascade entering a sampling
layer of scintillator will be more quickly absorbed than it is
regenerated. Therefore, the amount of ionization sampled is less than
the amount of ionization in the iron.

The transition effect was studied experimentally by Crannell,
Crannell, Gillespie, Pinkau, and Whiteney [257] using an electron induced
cascade. Using their results, the underestimate is sbout 5 percent for
1.9cm thick scintillator and about 10 percent for 3.8 cm thick scintillator.

2. DNuclear Disintegration: At each interaction site of the nuclear
active cascade some of the energy of the incident particle goes into
disintegration of the struck nucleus. Various estimates have been made
concerning the amount of energy lost in this way. Of speciai interest
is the work of W. V. Jones. It is important to estimate the average
fraction of this energy which is sampled in the calorimeter.

The fundamental ideas for interpreting high energy nuclear
reactions were first expressed by Heisenberg and Serber [hl]. They

pointed out that for high energy hadrons incident on a nucleus, the



=147~

energy of the incident particle is large compared to the interaction
energy of the nucleons with each other. The wavelength of the incident
particle is small compared to the average distance between nucleons

in the nucleus. Therefore, it is reasonable to think of the incoming
particle as interacting with individual nucleons and not with the
nucleus as a whole. The struck nucleon or nucleons may be immediately
knocked out of the nucleus or may interact with other nucleons before
leaving. The extreme case is that in which the recoil nucleon just
moves around within the nucleus and does not leave. The recoil
nucleon's interaction with other nucleons causes an intra-nuclear
cascade. The excited nucleus then evaporates nucleons or clusters of
nucleons until it is steble enough to lose energy by longer term
processes such as Y emission. Studies of nuclear disintegrations
caused by cosmic rays traversing photographic emulsions were reported
by Powell, Fowler, and Perkins [42]. This information, along with the
response of Nuclear Enterprizes 102 plastic scintillator to heavily
ionizing particles as reported by Goodings and Pugh [43], is the

basis for the following estimateé. Murzin has made similar estimates of
disintegration losses for his calorimeter [22].

The nuclear disintegration studies reported by Powell, Fowler,
and Perkins used emulsions with an average atomic number of about 80. It
was assumed that disintegrations of iron nuclei are similar. The average
disintegration energy is 800 MeV, and two "grey" tracks are produced with
an average energy of 165 MeV. These '"grey' tracks represent recoil

protons knocked out of the nucleus by the incident particle.



-148-

Since the number of protons and neutrons in a nucleus is roughly equal,
an average of two neutrons of comparable average'energy would also be
produced. Neutrons of this energy travel an average of one collision
length before they interact and produce '"secondary stars." The
ionization resulting from "secondary stars" occurring in the scintillator
is predominately due to neutrons from disintegration sites in the iron.
The fraction of disintegration energy measured by sampling the
ionization of "secondary stars' produced by recoil neutrons is expressed

by the equation:

FN = PN FeLe .

In this equation P_ is the average fraction of energy in a "primary

N
star" which is carried away by recoil neutrons. If two neutrons are
produced with an averagé kinetic energy of 165 MeV, then 330 MeV out

of 800 MeV is carried by secondary neutrons. The scintillator
efficiency term Le’ was necessary because for heavily ionizing particles
the light output of scintillator is not directly proportional to the
ionization density or energy deposited in the scintillator. The term
Le, estimated for secondary protons having an energy between 10 and

15 MeV, is about 2/3. The fraction of energy that goes into charged
particles in "secondary stars," Fe’ is about 1/3 of the incident

neutron energy. A sizable fraction of the neutron energy supplies

the binding energy to the nucleus for release of heavily ionizing

particles. Some of this energy also goes into evaporation of very
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low energy neutrons from the nucleus. The fraction FN)is then

= 30 1.2

The heavily ionizing evaporation products from "primary stars "

occurring in the scintillator will also contribute some measurable
ionization. The average fraction of disintegration energy going into
the production of these evaporation fragments Py is about 1/6 of the
total. The evaporation products are similar to those of "secondary
stars." The fraction of primary energy measured by sampling the

ionization of evaporation products from "primary stars" is

~ OQOh .
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The charged "grey'" tracks produced in "primary stars" will also
contribute to the ionization observed. If the "primary stars'
occurred 1in iron, the average percentage of disintegration energy PP’
going into the production of "grey" tracks, mostly recoil protonms, |
is 330 MeV out of 800 MeV. The light output of the scintillator Ly > is
almost proportional to the energy going into ionization by a 165 MeV

proton. The fraction of observed energy FP’ from the recoil protons

produced at disintegration sites in iron is -

. 30 1
Fp = Pp XLy ~ %50 %20 ~ 2% -
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Plastic scintillator does not have an atomic number of about 80,
but rather an average atomic number for the struck nucleus closer to 12.
The nuclear disintegrations that occur within the scintillator will
not have as large an intra-nuclear cascade as iron. The number of
nucleons struck by the incident particle will be fewer. If both the
excitation and the recoil products are roughly proportional to the
radius of the nucleus, then carbon has only half the disintegration
energy loss of iron. This means that the ionization of "primary stars"
which occur in the scintillator is about half of the ionization resulting
from "primary stars'" which occur in the iron. Therefore, the
scintillator samples about half of the ionization from heavily ionizing
particles, FH.
The scintillator also samples energy loss of '"grey" tracks of
"primary stars" produced in the iron if the interaction site is not
too far from the scintillator. The ionization energy loss per centimeter
of iron is about five times greater than scintillator. However, the
number of nuclear disintegrations per centimeter is also approximately
five times larger. '"Grey" tracks of an average energy of 165 MeV,
have an average path length in scintillator of about five times the
thickness used. This means that "grey" tracks produced in the iron
close to the scintillator will be sampled quite well. Therefore, FP
is a good approximation for the ionization in iron due to "grey" tracks.
A reasonable estimate for the fraction of disintegration enerpgy

in both iron and scintillator that the scintillators sample is
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F
H 1
FW*H s ~ 2 -

Murzin has estimated that for a particle incident upon the
calorimeter with an energy of 40 GeV, there are 25 "primary stars,"
for an energy of 300 GeV about 100 "primary stars," and for 1000 GeV about
200. On the basis of Rosenfeld Tables, the ratio of collision lengths of
scintillator to iron, for an average layer of this calorimeter, is 0.06.
Ionization from the 6 percent of the nuclear disintegrations which
occur in the scintillator is measured along with some from the iron
close to the scintillator. The ionization which is measured in the
scintillator is applied to half the thickness of iron on either side
of the scintillator. Therefore, on the average, 1/2 of the energy
going into nuclear disintegrations is measured correctly. However,
since there are so few sampled disintegrations, what is measured
will result in fluctuations of the calculated energy sbout the true

energy.



APPENDIX B. SPECTRUM SHIFTS

The cross section for a target element, in this case hydrogen,

can be approximated by the following equation

A2 N (E)
pNo <Z> NI(E) + NS(E)

o(E) =

In this equation No is Avagadro’s number, A is the atomic number of
hydrogen, p the density of hydrogen, and <Z> the average thickness
of hydrogen along the '"beam line." The terms NS and NI are,
respectively, the number of particles which do not interact in the
target and the number which do interact. The N's are the number of

events in an energy bin, Ek' The differential energy spectrum of the

incident particles can be expressed as

N (E) = kg

Y was determined for this experiment to be about 3. The constant K,
properly corrects for the flux entering the fiducial volume chosen.

number of events in an energy bin is then

E,
N(E) = fE KEY aE = KI(E, )
1
1 1 1
A y -1 [Ey-l i EY-%} .

2 1l

=152~

The
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Suppose that the measured energy of an event interacting in the
target is less than if the event had not interacted. Let & be the
fractional energy difference. The number of interacting and non-

interacting events can then be written

E
N (E ) = IE 2 K (1 - YEY q = K (1 - 6)'YI(Ek)
1
E, -y
NS(Ek) = [ . Ky B GE = Kg I(Ek) .
1

The observed cross section for the two fluxes is then

KIE'Y(l -8y

A1
o(E ) =
% PN, <z> KSE‘Y + KIE’Y(l -8
N
. A 1 To 1
O(Ek) i pNo <z> NS + NIo (1 - G)Y '

The number of interacting events observed, NIo’ are in the energy
bin over the interval El to E2.

It is clear from this last equation that a small shift in the
energy spectrum for interacting events will make a large change in the
observed cross section. As an example, a § = 0.1 corresponds to a
correction factor of 1.37 in the observed cross section to make it
properly normalized. Hence it is evident that this type of experiment

is very sensitive to slight energy biases between interacting and

non-interacting events.



APPENDIX C. MUON TRIGGERS

High energy muons occasionally lost enough energy within the
calorimeter to trigger the hadron coincidence unit. These events were
scanned and measured as non-interacting events along with the hadron
events which apparently did not interact in the target. The ratio of

muon to hadron triggers was

r
R = 2 |
™h
where
= 3 (E)P (E,E ) F G (S
T, fE u( ) u(E Ec) .-u(e) u(s) dE dA dQ dz
C
and
r, = fE Jh(E)Ph(E,Ec)Fh(e) Gh(S) dE dA 40 dz
(o]

The subscript u, refers to muon events and the subscript h, refers to
hadron events. The probability that a hadron with incident energy E,
greater than 100 GeV would trigger the system is about one.

Ph(E,Ec) = 1 if E > Ec .

The angular distribution of the incident hadrons, Fh(e), was assumed
to be isotropic. The anti-coincidence factor, Gh(§3, is the fraction

of particles that do not come associated with showers capable of

-154-
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giving a signal in the shower counters. The function Jh(E)’ is the
differential intensity of the incident hadrons. The tripger rate of

incident hadrons rh, may be rewritten as

r, = (0.9 m? sr) G(S) J J(E) & .
Ee
This approximation, with G(S) = 1, was used to determine the integral

flux of incident cosmic rsy hadrons,

[}

S g J(E)E = 3x 10°7 (E/100)"2 (cm? sec sr) ! .
- C

The trigger rate of incident muons ru, was also calculated. The
angular distribution of the incident muon flux FU(GL is approximately
isotropic [44]. Hence, the acceptance for muons was the same as that
used for h;drons. Any dependence on the geometrical factor for hadrons
Fh(a), was not removed from the calculation of the integral hadron
flux and therefore is contained in Jh(E). The function Gu(§3’ is
the fraction of muons which are not accompanied by showers which

produce a signal in the shower counters. This fraction 457 is

G(S) = 0.75 + 0.15 .

The function JU(E)’ is the differential intensity of incident cosmic

ray muons and PU(E’EC) is the probability that an incident particle of



-156-

energy E, transfers an energy Ec’ in the calorimeter. Thus the ratio

of muon to hadron triggers is

IE Ju(E)Ph(E,Ec) dE dz

R = = .

3 x 10" 7(E/100)" 2

The energy dissipated by the incident muon in the calorimeter
is the result of three electromagnetic processes: '"knock-on"
production, bremsstrahlung, and direct pair production. The observed
ionization will depend on the position of the electromagnetic cascade
with respect to the scintillator. The larger the energy transfer is,
the more likely it is that the electromagnetic cascade triggers the
éalorimeter. As a first approximation assume that only muons with
energy greater than 200 GeV contribute to the calorimeter triggers,
The probability of an energy transfer greater than 100 GeV.by the

three electromagnetic processes is

1. "knock-on'production 0.4 x 107%/gm cm ?
2. bremsstrh lung 1.9 x 10 /gm cm 2
3. pair production 1.4 x 1075/gm cm 2

Thus the total probability that more than 100 GeV will be deppsited by
muons with energy greater than 200 GeV is 3.7 x lo_s/gm em 2.

Since only the first 900 gm/cm2 of the calorimeter is considered in the
trigger, the energy transfer must be contained in this volume. Finally,
the flux of incident muons with energy greater than 200 GeV is

2.9 x 10 ¢ (cm? sr.sec)”!. This integrated muon spectrum is decreasing

with energy as E 2.
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Inserting this information into the last equation results in an estimate

of the ratio of muon to proton triggers
R = 0.024 .

One of the approximations used in obtaining this result was
that only muons with greater than 200 GeV trigger the system. However,
even muons with less than 100 GeV could trigger the system by trans-
ferring nearly all of their energy into electromagnetic cascades whose
peak ionization is sampled. This effect could result in the estimate
being a factor of two low. However the rétio of muon to hadron

triggers is in the interval

0.01 < R < 0.05 .
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