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ABSTRACT

This thesis 'is concerned with the production of evaporation

. neutrons in neutron monitors by the charged particle components

of the cosmic radiation at sea level and their detection.

The evaporation neutron detection efficiency of a modified
IGY - type monitor is measured using a novel technique which
uses stopping negative muons as a source of neutrons, and the
result is compared with that expected from previous measuremznts
of other monitors.

Use is made of this result in an experimental sbudy of
neutron production by unaccompanied cosmic ray protons, pions
and muons in the momentum range 1-~30 GeV/c° The éxperiment has
.employed an air~gap magnet spectrograph in conjunction with the
monitors and the results of this study are compared with previous
worke They confirm previcus findings that the yield of evaporation
neutrons in monitors from protons and pions is significantly
overestimated by the only available theoretical model, and suggestions
are made toc account for this discrepancy. Within fairly large
statistical errors, the measured neutron production by fast muons
agrees with the theoretical predictions.

An examination is made of the possibility of using a neutron
monitor in conjunction with an air shower detection array to
measure the changes in slope of the nuclear active particle (NAP)
energy spectrum in extensive air showers (EAS) of energy 1017eV
at sea level which may arise dve to primary particles of different
atomic mass number and fluctuations in the longitudinal development

of proton induced showers. Using NAP spectra predicted by a



ii

mathematical model of the EAS development it is found that monitors
of conventional design are unlikely to be sensitive to these changes
although the total neutron yield per shower could be used as a

measure of the expected differences in the NAP flux.
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CHAPTER ONE N

INTRODUCT ION

1-1 General Introduction

There are principally two aspects of research into the cosmic
radiation; that concerned with it s production and propagation outside
the earth's atmosphere, the astrophysical or origin aspect in which
the radiation is used as a tool for investigating a wider range of
phenomena and that concerned with it s interaction within the
earth's environment, tae nuclear or atomic physics aspect, in which
the pfoperties of the radiation are of primary interest.

Now, as in the, past, cosmic rays offer a unique source of
elzmentary particles for studying interactions of the very highest
energy. (The highest energies attainable by artifical acceleration,
at present, is ~ 2x1012eV)° Amongst' the energetic cosmic rays are
the nuclear active particles (NAPS) which are defined as those particles
which interact through the strong nuclear interaction, and include
neutrons, protons and pions. The other two main groups of particles
constituting the radiation are the soft compeoneni (electrons,
positrons and photons) and the mu-meson component. Studies of NAPs
are of particular importance because of the relatively unknown nature
of the strong interaction compared with the electro-magnetic interaction.
On the other hand, studies of the electromagnetic interaction between
muons and nuclei are also of considerable interest because they give
information about the nuclear structuree In hoth these contexts, the
study of the "evaporation" process resulting from interactions between

NAPs or muons and nuclei has proved to be a powerful tool.

M UNIVE
M licnoe Reiip

% AlIG 1974
\ & nnmg y

o




The charged particle component of the primary cosmic radisation
is known to consist principally of atomic nuclei (and in particular
hydrogen) and stuQies of the NAP component of cosmic rays in the
atmosphere are likely to yield the most direct evidence on the nature
of this primary radiation. A feature of the primary radiation is it s

very wide range of energies from about 108eV to 1020

eV and a consequence
of this is that many different techniques are necessary to investigate
the properties of the radiation. For energies up to 1013eV, the rate
of primaries is sufficiently high to warrant direct ctudies using
satellites and air-borne detectors. Above this point however use has
to be made of the magnification effect of large showers of electrons
and photons produced aflier interactions of the primaries with the air
nuclei, These showers cover a wide area and can be detected at sea
level using arrays of parlicle detectors. In addition to these
extensive air showers (EAé) at sea level, there is a residual flux
of cosmic rays resulting from primaries of less energy. At the very
lowest energies this flux is subject to considerable variations in {ime
due to the interaction of the primary radiation with, for example, the
magnetic fields of the earth and the interplanetary space. Some of
these variations have a periodicity of ery low frequency ('~years)
and studies of them require stable measuring devices. Ground based
deteclors have proved themselves suitable for this purpose: the neutron
monitor is one such device and is the ceniral concern of this thesis.
1-2 The Dewvelopment of the Neutron Monitor

This device owes its existence to the observation that a flux
of fast neutrons (of energy around 100 MeV) is present in the earth's
atmosphere. Since these particles are unstable it was realised that they

could not be primary cosmic rays but rather the products of interactions



in the atmosphere. Much of the ploneer work on the origin of these
neutrons was cfrried out by Tongiorgi in the late 1940's using a thermal
neulron detector (a Boron Tri-flouride (BF3) proportional counter),
surrounded by a medium to slow them down to thermal energies (some
hydrogenous material), and by a target material to simulate the
atmospheric production medium. This work established that fast neutrons
are produced in successive interacltions between the primary radiation
and alr nuclei and that these neutrons, together with the rest of
the NAP component, were responsible for the production of moderate
energy (~10 MeV) neutrons via subsequent interactions with other nuclei.
‘ The resulting extra-nuclear cascade was studied quantitetively by
Cocconiet al.(1950, 1951) who pointed out that the moderate energy neutrons

produced at each stage of the cascade could give information aboul

the development  through a thick absorber. Comparison

-

of the measured neutron multiplicity distribution (the distribution of the
number of neutrons detected per detected interaction) in a variety of
thin absorbers with the observed prong distributiones in emulsions
revealed that the same mechanism that produces the stars in emulsions
was also principally responsible for the production of moderate encrgy
neutrons, 3

The realisation by Simpson (1948, 1949} that the continuous
monitoring of moderate energy neutrons at sea level and at mountain
altitudes could give information about the time variations of the low
energy ( a few GeV) part of the primary spectrum lead to the first
installation of a neutron monitor, in 1952, The design followed closely
that used by Tongiorgi in that BF3 counters surrounded by producer and
moderator were used for local production and moderation of neutrons.

Simpson et al. (1953) demonstrated the need for a protective shield
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of moderating material around the monitor to isolate it from the
producing and ﬁoderating ef fects of the immediate environment.

A standard monitor for use during the International Geophysical
Year was designed by Simpson (1957). This will be referred to here
as ‘the SIGY monitor,

A network of these; or very similar, monitors was built up over
the world duringthe ensuing years and has given considerable information
about the primary particles and their interaction with the solar system,
in the two decades of energy above 1 GeV (Webber, 1962).

A major step in neutron monitor design was made in 1964 when the
NM64 high counting rale monitor was introduced. This device ensured
an important and continuing role for the nautron monitor for some years
to come, in the study of the interaction of the primary radiacicn with
the inter-planetary magnetic field.

1-3 The Response of the Neutron Monitor

It was not until 1964, or well after the IGY type monitors had
been established and their results interpreted, that a detailed study
of the response of a neutron monitor to the various components of cosmic
rays was begun (Hughes et al,1964) using a monitor of a design developed
in the University of Leeds. This IGY type monitor will be referred to
as the LIGY. The study involved measuring the neutron deteétion efficiency
of the monitor, and operating it in conjunction with a cosmic ray
magnet spectrograph. By measuring the average multiplicity of neutrons
detected in the monitor when NAPs of various energies interact inthe producing
layer,the average number of produced neutrons per interacting NAP in a
monitor was found as a function of the NAP energy. It was found that

the neutron detection efficiency was low (a few percent) and that the
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average multiplicity produced by a 1 GeV proton was about 20 and rose
slowly with enérgy. The same group also studied the production of
neutrons. by the electro-magnetic nuclear interaction of muons in the
lead producer of the monitor.

The results of this work were used by Hughes and Marsden (1966)
to calculate the contributions to the total counting rate of a monitor
at sea level, made by the various cosmic ray components. They showed
that fast neutrons of energy of about 100 MeV were responsible for the
vast majority of the produced neutrons, but that protons, pions, muons
and EAS particles gave small contributionse

Theoretical interpretations of star production stem from the model
suggested by Serber (1947) in which the interaction between the NAP

and the nucleus is assumed to take place in two stages; the intra-~

nuclear cascade wilhin the nucleus, followed by the so called "evaporation®

of moderate energy nucleons ( principally neutrons but also charged
particles) from the excited nucleus in conjunction with the emission
of gamma rays. The heavy iracks in the observed star are caused by the
evaporation charged particles, mainly protons. The available data on
neutron production in single interactions of NAPs with nuclei, were
taken by Shen (1968) to predict the neutron yield éer incident NAP in
lead targets of various thicknesses by using a Monie Carlo computztional
itechnique to simulate the extra-nuclear cascade through the target. He
founc it necessary however, to hypothesise a reduction of 50% in the
nominal efficiency of the monitor measured by Hughes—et al.in oxder
to obtain agreement with their experimental results.

A comprehensive review of the design and the response of neutron

monitors has been given by Hatton (1971) and he pointed out that Shen's

hypothesis may not be justifieds Although the neutron detection efficiency
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may decrease for higher NAP energies, the discrepency between Shen's
prediction and the original resultsof Hughes et al,may be too large to be
accounted for by this. This would imply an error in Shen's worke.

An important conclusion from Shen's work that is probably not
invalidated by the inconsistency between the results of the calculations
and the experiment, is that the (exponential) form of the produced
neutron multiplicity distribution remains unchanged at high cosmic
ray energies, and that the average multiplicity increases monotonically
with energy for monitors having producer thicknesses greater than or
equal to the IGY and NM64 thickness (150 g en 2 of lead)s

It had been sugdésted by Hughes and Marsden, that the neutron
multiplicity distribution measured by a monitor could give information
about the time variations of the primary energy spectrum up to at
least 100 GeV, They showed that the energy spectirum of NAPs incident
on the monitor was directly related to the measured multiplicity
distribution and then used a simple model for the interactions of the
primary particle in the atmosphere to relate the primary energy spectrum
to the sea level spectrum. However, the results from a more sophisticated
model (Kodama and Ohuchi, 1968) have been used to show that the
fluctuations of the interactions in the atmosphere severely limit the
sensitivity of sea level spectrum measurements to changes in the
primary spectrum (Hatton 1971),

Although the multiplicity distribution may not give as much
information about the steep low energy primary spectrum as at first
hoped, Shen's results indicate that the multiplicity distribution
measured in EAS could in principle give information about the

relatively flat NAP energy spactrum up to very high energies,
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1-4 The Present Work

An importart aspecl of the present work is concexned with the
possibility of extending the use of a neutron monitor as an energy
measuring device to studies of NAPs in EAS, along the lines outlined
above. It has been shown (Hook et als1970) that the measured average
multiplicity of an IGY type monitor arising from NAFs in EAS is
greater than that found for unaccompanied NMAFs in the cosmic ray
beams Thies would be expected frem tre harder NAP energy spectrum
found in EAS, Since the probability of a higher multiplicity is

larger in EAS, it is possible that the resulting increase in statistical

accuracy could enable the shape of the multiplicity distribution measured

by a neutron monitor to give information about the shape of the NAP
energy spectrum producing the neutrons.
‘ An ICY type monitor has been built in Durham for use in EAS
in conjunction with a Jarge magnet specirogrsph. This wiil be referred
to as the DIGY monitor. The principal aim of the experiment was to
measure the energy spectrum of NAPs directly with the spectrogreph,
using the monitor zs an NAP detector. Unfortunately, as reported by
Hook (1972); it proved difficult to identify ihe tracks of many NAPs
in the spectrograph and so allow momentum analysis due to the
obscuration caused by the prolific elechron-photon component,

However, in view of the uncertainties raised by the work of
Shen in relation to the results of Huéhes et alsfor the basic
performance of monitors, it was thought worthwhile to repeat the
earlier experiments to determine the variation of the average
neutron multiplicity with NAP energy.

A novel method of measuring the neutron detection efficiency
of the DIGY monitor is described (Chapter 3) and the result of the
measurement is compared with other measurements. The neutron

production by protons and pions is measured and compared

with the previous work (Chapter 4) and conclusions are then



drawn in the light of recent calculations of the intra-nuclear
cascade/evaporation processes and of the variation of neutron
detection efficiency with NAP energy (Chapter 2).

A further topic of considerable current interest is the
neutron production by muons at high energies. Although the present
experiment was not originally designed for this work, an attempt
is made in the work reported in Chapter 5 to measure the probability
of neutron production by the muons recorded during the study of
NAPs described in Chapter 4, and the results are compared with the
?arlier experiment of Meyer et al. (1964) and others, over the low
energy region where'the neutron production mechanism is fairly well
understood.

Finally the feasibility of using a neutron monitor in
conjunction with an EAS array ic considered (Chapter 6), with
particular reference to estimating the NAP component and thus the
slage of development of showers of energy 1017eV.

Preliminary results of the experimental work described in
this thesis are given in Diggory et al. (1971), Dixon et al. {1971)
and Hook et al.(1971).
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GHAPTER TWO

THE_FRODUCTION AND DETECTION OF EVAPORAT ION

NEUTRONS IN A NEUTRON_ MONTIOR

2-1 NEUTRON PRODUCTION

2~1.1 Introduction

The production of evaporation neutrons.from a nucleus involves
a two stage process. In tre first stage, the exéitation stage, an
incident particle interscts with the nucleus leaving it in an excited
state. The nucleus subsequently de-excites in the second stage, the
evaporation stage, principally by emitting nucleons, mainly neutxons.
The detection of these evaporation neutrons, provides informatien
about the incident particle and its interaction.

Of all the evaporation neutrons produced in a neutron monitor,
most have resulted from interactions by cosmic ray nucleons, and so it
is particularly important tc undersiand how nucleons interact with nuclel
of various typese

Altnhough the evaporation processc is responsible for the majority
of detected neulrons, slow cascade and fission neutrons resuliing from
the initial interaciion can also contribute and must be allcwed for in
interpreting the neulron moniior response.

2~1.2 Neutron Production by Nucleons having energy less than 2 GeV

In the first stage the nucleon loses energy in a cascade wit hin a
nucleusy from which cascade nucleons and secondary pions are emitted
with energies ranging vp towards the initial nucleon energy. A model
for this intra~nuclear cascade was suggested by Serber (1947). Monte
Carlo calculations based on this model (Netropolis et ale 1958a,b) and
Bertini (1963, 1969, 1971, 1972) have been, carried out for incident
energies up to a few GeV and for a varlety of target nuclei having

mass numbexrs in the range 25 € A 238 to predict the numbers and
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energy spectra of the emitted cas;ade porticles, and also the

excitation energy spectrs and other properties of the residual

nuclei. Although the calculations of Bertini (1969) incorporated

various refinements in the nuclear model such as the diffuseness

of the nucleus and allowances for motion of bound nucleons in local
potentials, considerable agreement was found with the earlier calculations
made in 1958, Of immediate interest in the present work is the relation
between incident proton energy and the average excitation energy of

the target nucleus; fige 2.la, this being the initial condition for

the second stage.

The evaporation process was first postulated by Weisskopf (1937)
whose ideas were subsequently extended by Le Couteur (1950, 1952). The
Fermi gas model of the nucleus has been successful in explaining the
fealures of this processe In these treatmentseach emiited nucleon
leaves the nucleus by virtue of a suitable random fluctuation in its
kinetic energy which is sufficiently large to overcome the attractive
potential towards the nucleus. After each nucleon has been emitted
the nucleus ‘cools down' by an amount appropriate to the energy remcved
by the nucleon, and this will tend to lower the energy of subsequent
nucleonso The Monte Carlo method is highly suitable for computing
the mean produced numbers and energy specira of evaporation particles,
and has been used by Dostrovsky et al.(1958) for a variety of nuclei
having a range of initial excitations from 100 to 700 MeV. Some of their
results are shown in fige 2.1lbe Due to the uncertainty in the nuclear
model, the energy level density parameter ¢ , which relates the initial
nuclear excitation U to the average kinetic energy of the emitted
nucleons, was left as a variable and the results given for the extreme

values A/lO and A/éO where A is the nuclear mass number. Experimentally
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(Newton 5 1956) and theoretically (Ramamurthys,1970; Baba, 1970) the high
value tends to be preferred although most of ihe evidence comes from
low energy work ( U£30 MeV).

Bercovitch et al, (1960) have measured the average produced neutron
multiplicities for proton interactions in thin targets (22 to 44 g cm 2)
for various (wide) ranges of proton energy and mass number of target
nuclei, In order to compare their results with the combined caslculations
of Metropolis and Dostrovsky, they found it necessary to correct their
measurements for the additional neutrons~produced by secondary particles
in extra-nuclear cascades through the finite thickness of target. Their
corrected results agree with the theoretical prediction particularly
if a® A/20 is assumed (fige 2.2a)e

The neutron production due to the initial proton interaction alone,
has been measured by Vasifkov et al. (1968) who used ¢ 1 cm thickness
of various target materials. The results for 5 g c.m"2 of Jlead aze
shown in fig. 2.2a. together with the corrected results of Bercovitch
et al. and the predicted values of Metropolls/bostxovsky(neglecting
slow cascade neutrons). Taken together the two experiments cannot
resolve the two theoretical predictions using o=A/10 ana A/20.

Bertini (1972) has extended the Metropolis/Dostrovsky calculations
and has calculated the total low energy yield (evaporation and cascade °
products) expected in the VasiTkov experimenty using the high value of
oo Although the predicted neutron yield agrees fairly well with the
experimental results for most of the target nuclei, the prediction for
lead is somewhat overestimated (fig. 2.2a)e

The predicted evaporation products and residual nuclei were
compared with experimental radio=chemical and photographic emulsion

results and this revealed some significant differences, particularly
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for heavy nuclei. In particular 4t was evident from both comparisons
that the yield of alpha particles and other heavy charged particles
was grossly underestimated by the nuclear models Two reasons were
suggesteds Direct knockout of alpha particles in the cascade process
was not taken into account (Barashenkov, 1969 )and the large angular
momentum imparted to large nuclei hy the incident nucleon which would
tend to evaporate more heavy nuclei was not allowed for in fhe
evaporation model (Cilat and Grover, 1971). ?he size of the discrepancy
could mean that the results for neutron production should be about 20%
less over the energy range shown in fig. 2.2a. This would result in
tﬁe calculations predicting a slightly lower neutron yield than that
observed by Vasilkove

The available experimental data on neutron production in thin
targets was summarized by Fraser et al (1965) for comparison
with the measured neutron preduction by <1 GeV protons in very thick
targets (where the proton is totally absorbed). A further experiment
of the same type by West and Wood (1971) using a beam of protons from
a syncrotron incident on a 60 cm thick lead target, has measured very
accurately the average neutron yield per incident proton. The two sets
of experimental results are shown in fige 2.2b to be in very good
agreement. The calculations derived from the (less accurate) thin
target experiments are generally 10~20% higher than those shown, indicating
that the results of Vasilkov are overestimates by this amount. Although
the theoretical model of Bertini may be capable of predicting this
lower yield with the above mentioned modifications, no detailed calculations
have been performed to date.

The Monte Carlo calculationsalso predict the energy spectrum of

the evaporation particles and these are compared in fige 2.3a,b and ¢
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with the analytical expression of Le Couteur for neutrons =

Lo &/ll oS
N(E ) = KE_ exp ( En/q- )GE 201
where E is the evaporation neutron energy
K is a constant
7' is related to the initial nuclear temperature 7
by TA:: l’l. T <
12
and the excitation energy U is related to the temperature by the
approximate expression
U=oar 202
where o is the energy level density paraneters

The average energy of the spectrum is

E_ = % T 2.3
Equations 2.2 and 2.3 related En to U so enabling a simple quentitative
comparison to be made between Le Couteur's spectrum and those of
Dostrovsky and Bertini, Thus the average neutron energies evaporated
from Agog at U= 200 and 700 MeV were found by Dostrovsky to be 5.4
and 9.9 MeV respectively compared with the corresponding Le Couteur
values of 5.4 and 10.1 MeVo The difference is ¢2%.

Similarly the average energy of neutrons avaporated from 750 MeV
interactions of protons with lead nuclei calculated by Le Cquteur and
Bertini are 3.7 and 4.0 MeV respectively.

Skytme (1962) has measured the spectrum produced by 150 MeV protons
on a thin tungsten (A = 184) target and this is compared with that
predicted by the calculations of Metropolia/ie Couteur for o= A/10
and A/20 in figo 2¢3de Neither prediction gives a particularly good
fit although & = A/10 is cleacly the better. The same data plotted

in a logarithmic form in figure 2. 3e demonstrates the difficulty in

finding a single value of 7‘(bhe "aveiage" temperature) to fit
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the data. Skyrme could not account for this in terms of the expected
fluctuations in the intra~nuclesr cascade and sugges%ed that some

of the lower energy neutrons may originate from a cooler surface
region of the nucleus. However, Bertini's calculations, using a

more realistic nuclear model than Le Couteur's do not indicate that
this has much effect on the spectrum (figo 2.30c)s It is more likely
that the average energy of the neutronsis overestimated by Le Couteur
due to the underestimation of thealpha particle emission probability
suggested by Bertini, since the alpha pa&ticles would tend to be emitted
early on in the evaporation process whilst the nucleus is relatively
energetic.

However, since the total low energy neutron spectrum includes
about 20% slow cascade particles according to Bertini (1972) which
have a relatively flat energy spectrun (and corrcspondingly higher
average energy) it is possible that Le Couteur's calculated spectrium
may be closer than Skyrme's measured speclrumy to that found in a

nevtron monitor.

2-1.3 Neutron Production by Nucleons having eneray greater than 2 GeV

Barashenkov (1961) has made calculations similar to those made by
Metropolis but at an energy of 9 GeV assuming an intra-nuclear cascade
processy and the results of these agree well with emulsion data. Above
this energy however, the nature of the interaction should alter
(Shen, 1968; Barashenkov et alo 1971). In the cascade model, the nucleon
interacts singly with any nucleon of the nucleus which is passed within
the range of the strong nuclear force. However, above a sufficiently
high incident nucleon velocity, which is higher for larger nuclei, the

thickness of the nucleus will be less than the range of nuclear force
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due to the Lorentz contraction and the nucleon will then interact
collectively with those nucleons lying along the collision axise
A further consideration at this high particle energy is that the
secondary particles will be strongly collimated in the forward direction
and so secondary interactions will be severely inhibileds This essentially
one dimensional ‘'tube® model predicts thal lhe value of nuclear excilation
and hence average number of evaporation neutronc will approach an
assymptotic value as the energy inccease which will be lower than the
corresponding prediction by a three dimensional intra-nuclear cascade.
Results (fig. 2.4) of photographic emulsion studies by Meyer et al.
(1963) and others, have been interpreted by Shen (1967) using a
phenomenelogical 'tube! models as followse
According to Powell et al,(1959) and Harding (1949) the (ollowing
two reletionships are indicated experimentally for average emulsion

nucleis Ag and Br, for which Ax 70.

Np o Nb 2.4
where Np is the number of singly charged evaporation particles emitted
by a nucleus after any interaction, and Nb is 1he corresponding number
of black prongs in the observed star,

<Np> o % <N> : 205
where Nh = NE + Ng is the sum of black and grey prongs in any star,
and is conventionally used as a measure of nuclear excitation.

The Monte Carlo calculations of Dostcovsky (1958) predict that for
A~70 and typical excitation energies of the order of hundreds of MeV,
there are equal numbers of singly charyged evaporation particles and
multiple charged ones, which suggests that Np x 3 Nb, if all the charged

particles give rise to visible prongs (c.Ikeqn. 2.4)o Shen, in noting

this inconsistency, made a compromise and assumed Nn u-% N, = 2460
b

b
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Then using a further result of Dostrovsky relating the number of evaporation

neutrons yp to pxrotons Np (for A = 70 nuclei with excitations of a Few

huridred MeV),

p =2 <Np> 207
Shen related v to Nh thus

- - 2 N == § N >= <& > 2 8

v < p> 5 <N Nh .

Because of this simple relationship, it should be expected that I(v;Ep).,
the probability of evaporating p neutrons after an interaction between
a nucleon of energy F‘p and a Ag/Br nucleus should have the same functional

form as I (l‘g; Ep) and that ¥ behaves in the same way as <N as a

function of E

The mean number <N> is found to nearly reach its assymptotic value
of seven at Ep o 30 GeV (fige 2¢4)o The tube mechanism is not expected
to dominate the intem ction for Ag/Br nuclei until Ep» 200 CeV and so
Shen assumed that the intraj-nuclear cascade is effectively one dimensional
above 30 GeV for Ag Br due to collimation of secondary particles.

It is clearly important to establish the general characlexr of the
interaction as set out above, because when extrapolating the results
for nuclei of A = 70 to those appropriate to lead nuclei (A = 208 ) which
is the typical value for the target material used in neutron monitorse
the three dimensional intem ction must bc; treated differently from the
one dimensional interaction. Metrobolis showed that PYotA in the 3-D

3

region, which implies that P A® in the 1-D region. For lead nuclei, the
3~D intra-nuclear cascade mechanism should predominate up to 10 GeVj whilsi
in analogy with the results of Ag Br, the 1-D region begins at 50 GeV. Shen's
extrapolation of Meyer's results from A=70 to A =208 is shown in fig. 205 o

The variation of ¥ in the inlermediate energy region (10g Epgso CeV) was

obtained simply by interpolationsg whilst the behaviour below 1 GeV
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was assumed to follow the data of Bercovitch and the calculations of
Metropolis and Dostrovsky. The uncertainty in relating the observed
numbers of black prongs to the numbers of evaporation charged particles
leads to the corresponding uncertainty in p above 1 GeV as represented

by the dashed curveso

2~2 Neutron Production in a Neutron Monitor

2-2+1 Introduction

The thickness of target material in a neutron monitor is typically
100 ¢ cm.-2 for vertically incident cosmic rays. Thus the secondary
iqieractions discovered by Bercovitch (1960) become vecy important
in determining the total yield of evaporation neutrons. The next
task in the relating of P to the energy of incident nucleons,is to
calculate the numbers of neutrons produced by all the nuclei in the
target material which are involved in the extra=nuclear cascade which
developss in general, in each interactione.
2-2.2 Experimental Results

Neutron production in a neutron monitor by single,s momentum
analysed cosmic rays was first investigated by Hughes et al. (1964)
using thé-LIGY monitor and the Durham Magnetic Specirograph. Single
charged particles traversing an air gap magnet\spectrograph and
producing a five fold Geiger Counter coincidence, cauvsed the gating
system of the neutron monitor to operate, and events were recorded
in which one or more neutrons arrived within the gate timees Their
experiment recorded the response of the monitor to protons,pions and
interacting muons, as well as some muons caused by random coincidences
between a non~interacting muon and background neutron pulses arising
from low energy cosmic tay nucleons. These different types of event

were identified by the charge of the particle and the information
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offexed by a tray of flash tubes beneath the monitor aboul the nature
of the interaction within the monitor. Data were recorded in the
form of neutroh multiplicity dislributions as a function of the
momentum of the particless

The rate of events due to incident particles of mean energy E
in which m neutrons are produced was given by

R(mE) = QE) = I (3 E) Blmsy) 2.9
v=m

where Q(E) = rate of interactions,
I(yE) = €% - 1) ™V 2.10
is the probability of y neutrons being produced, as deduced by

Cocconi et al, (1950) where

(o8]
5 I (1E)=1, 2.11
v=1]

B(m,y) = (g) (ef)™(1 ~ ef) Y™ 4s the (binomial) probability
of detecting m neutrons out of i produced if ¢f is the efficiency of
detecting one neutron within the gate time. As pointed out by Geiger

(1956) , equation 2,9 can be re~written as
log R(mE) = log Q(E) + log (e®=1) + m log (ef)-am 2012
- (m+1) log (1 - (1-¢f)e’?)
so a graph of log R against m should be a straight line if the assumption
regarding I(v3E) is correct. Hughes et al. found this to be so for their
datao
The average number of neutrons v(E) produced was then calculated

from their measuvred average number detected, my thus



e}

5E)= 3 vl (E) =@*1)l=pn-1 +1 2,13
v=_1 ‘ ef
o0
S I (wsE)
v=1
— [eo]
where m= 3 mR (r)
m=1
o0
5 R (m)
m=1

The value of ¢ used was 3.03% which was determined in a Ra~Be source
measurement over the central portion of the monitor upon which the beam
of particles from the spectrograph was incident. The value of the gating
efficiency f, wes obtained from their measured distribution of arrival
times of neutrons, taken to be P(t) = K(1 = exp(~t/13.5)) exp(~t/170) ~2.14
However, their values of ¥ are systematically insccurate because
(a5 I(y;E) should be noramlised from yp=0 10, s instead of from
1 tog ,as suggested by Shen (1968), which leads to the
result 3 =(m - 1)/ef 2,15
(b) P(t) is more complex than equation 2.14 and leads to an
overestimation of £ by about 8% (Hatton, 1971). (See
fige 30790
(¢) It was assumed that I(v3;E) is a single exponentials Monte Carlo
calculations (Shen, 1968) have shown that this may not be
true resulting in an underestimation of P .
and (d) Of inaccuracies in the momentum measurement which would lead
to an overestimate of the mean kinetic energy at the higher
energies, due to the rapidly falling spectrume
Hatton (1971) has made corrections appropriate to (a) and (b) which
have increased ¥ by®10¥ at all energies.
2-2.3 Comparison of Monte Carlo calculations with experimenial results
Tn order to compare his deduction of the average produced neutron

multiplicity with the results of Hughes et aly Shen (1968) had to
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perform Monte Carlo calculations of the extra-nuclear cascade within
the producer, allowing for the production of secondary particles. He
calculated the yield of neutrons with energies <30 MeV from all sources,
for a variety of producer thicknesses (less than two intemaction lengths)
and incident energies (40 MeV to 100 GeV) of neutrons, protcnsand pions
Fig. 2.6) His results for the average thickness of the IGY monitor
(t = 0,75 interaction lengths) have been compared with Hughes® corrected
results (after Hatton, 1971) in fige 2.7. The large discrepancy could
be due to a number of Ffactorss

(a) vuncertainty in the monitor efficiency ¢ (see seciion 2.3)

(b) the interpretation of the emulsion results (fige 2.5)

(c) systematic errors in the calculation concerned with the effect

of slow cascade neutrons

(d) the assumption that I(v) is a single exponential.

Fige 2.7 shows how D ;t and Bt' calculated by Shen for‘protons
incident on a producer thickness t = O.75 interaction length vary
with incident energy where ¥ 1is the average number of evaporation
neutrons, ﬁ£ is the average number of evaporation neutrons plus cascade
neutrons less than 30 MeV which have not interacted to produce more
evaporation neutrons, and ﬁ%' is the average number of evaporation
neutrons plus all cascade neutrons less than 30 MeV, which are assumed
to be thermalised before they have a chance to interacl again. The
choice between it & 5% 's is a difficult one dependent on the geometry
of the monitor. Shen assumed for simplicity that E%, the upper limit,
is the quantity appropriate for comparison with experiment. This may
clearly account for part of the discrepancy.

Shen found that the functional form of I(yp; Ep,t) was not simply

of the form e 2¥ s for disciete values of Ep and to On averaging I
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over a range of Ep &t approprlaté to the results of Hughes et al. he
found that I(y; Ep,;) followed much closer an exponential dependence.
However, a significant improvement can be made by fitting a double
exponential to the theoretically predicted distributions

I(ws E ,E)=Ke ¥ -~ K e ™V 2,16

which leads to b= B=L 4 (%,c, Ep) 2.17

where, for t = for Ep ¢ 0615 GeV

o =

[ |
- O
-] [ ]
O
o o
£¥.

and Ep > 60 GeV

and 1.0 ¢ 1ol for 0,15 < Epi 60 GeV

i.e. the results of Hughes et al.would be underestimates by up to 10%.
Shen in considering the effect of a possible overestimation in the
average numberof produced neutrons as a result of mis-interpreting the
emulsion data, found that the prediction for t = 0.75 interaction lengths
could be in error by + 20% above 1 GeV. It is clear therefore that there
is considerable uncertainty in the prediction of ps In the next section
we investigate possible errors in the value of the neutron detection
efficiency used in the experiment of Hughes et al.
2-3 Efficiengy of Detecting Evaporation Neutrons
2-3.1 Introduction.
The evaporation neutrons produced in neutron monitors are con-
ventionally detected using proportional counters filled with BF3 gas
enriched with 90% B*C, The neutrons react as follows

: 4
Blo PRNSER Li37 + He

2
5
The product nuclei have about 2.5 MeV of kinetic energy between them
and can produce up to 80,000 jon pairs, making them easily identifiable

ahove the background of cosmic rays passing through the counter. The
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cross~section for the above reacldion is inversely proportional to
the neutron velocity and so the deteclion process begins by slowing
down the evaporation neutrons to thermal energies (a few eV) by elastic
scattering within the monitor. Lead, with iis hign atomic number,
is not suitable for tnis and so some material with a low A value such
as paraffin or polyethylene has to be included in the structure,
There are two factors cand f entering into the consideration
of the detection efficiency ( = €f). ¢ is the absolute efficiency
of detection and isthe effective efficiency when no time limii is
set for the thermalising and delection processess The other factor,
f; is the consegquence of gating the detection system as a function
of time, and is less than 1 except in the limit when the gote widih
becomes infinitely long. Both ¢ and F depend on the geometry and
material in the monitor.
If the probability of detecting a neutron in an interval dt

at time t after the interaction is P(t) dt then

f(Tl-+ T2) = Jrz P(t) at for a gate
T
- 1

[>.e]

] P(t) dt

[}

opening at t = T1 after the interaction and closing at t = T2

and Tomlinson (1968) found that P(t) will be largely determined by the

« Hatton

various thermalising time constants associated with the various parts
of the monitor, and can be found by recording the arrival times of
neutrons after each interaction. Fig. 3.7 shows the time distribution
for the LIGY from Hatton and Tomlinson showing a doubk exponential;
the smaller time corstant is associated with thermalisation in the
inner paraffin surrounding the BF3 counters, and the larger time

constant is associated with thermalisation in the (outer) paraffin
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surcrounding the whole monitor. .

Unfortunately the thermalising materials or moderators which
are usually used in neutron monitors absorb the majority of thermalised
neutrons and so the overall efficiency is very low, typically a few
per~cent even though careful design can optimise the thickness of
moderator (Hatton and Carmichael (1964)).

A substantial increase in efficiency was obtained by Nobles et al.
(1967), vho replaced the usual lead and paraffin of conventional mcnitors
By bismuth and reacior grade graphite respectively, both of which have
lower thermal neutron absorption cross-séctions.

' Improvements in the efficiency of evaporation ncutron detectors
have also been made (see for example Kaplan (1958) and Barton (1969))
by the use of a scintillator substance viewed by photo~multiplier tubes
which can not only thermalise (if the scintillator is 'losded® with
Gadolinium or similar element) but also detect neutrons through
scatiered proten scintillations and gamma rays emitted during the
slow neutron capture process. Such very high efficiency devices have
not been used to cover a large area, as is often required in cosmic
ray work, but rather in conjunction with experiments at accelerating
machines.

2-3.,2 Experimental Measurements

Measurements of efficlencies of neutron monitors have been made
using a Ra-Be source (Hughes, 1961) and a plutonium spontaneous fission
source (Hatton and Carmichael, 1964)7 whose enengy spectra are shown
in fig. 2.8, Hughes found thatl the efficiency varies throughout the .
horizontal plane of the monitor being a maximum at the centre.

The efficiency e(En,x) for detecting en evaporation neutron will

also depend on its energy En and its depth x of production within the
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monitors This means that when a monitor is used to record a certain
flux of cosmic rays of a certain types the energy spectrum of the
producéd evaporation neutrong; together with the distribution in
production as a function of position in the producer must be known
in order to relate the averaged efficiency to that measured by a
sources Hﬁghes assumed that e(En,x) was not strongly dependent

on En’ that the average enexrgy En of the source neutrons equalled
the average energy of the evaporation neutrons,independent of depth.
A value of ¢= 2.1 ¥ 0.1¥% has been attributed to the average efficiency
of the LIGY for all cosmic ray induced evaporation neutrons. The
results of Treiman and Fonger (1952) showing the production of
neutrons as a function of depth due to the cosmic ray flux at seo
level, indicate that the third approximation is justified, but Monte
Carlo simulations of the detection process (Pearce and Fowler 1964)
have shown that the same may not be true of the assumption regarding
the dependence on the neulron energy.

In the simulation, a cylindrically symmetric arrangement of one
infinitely long unit (i.e. one BF3 counter surrounded by its inner
moderator, producer and reflector in amounts equal to that used in
a monitor) was considered. This was done for two actual monitors, the
standard (Simpson) IGY and the NM64 monitor. The histories of many
evaporation neutrons produced at varying distances from the centre,
and of varying initial energies, were followed and the resultant
detection efficiency determined. This predicted efficiency is not
directly comparable with the actual monitors because in reality
(1) monitors are not infinitely long and '

(11) some tens of per-cent of the neutrons detected by one counter

have been produced and/br thermalised around an adjacent counter
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according to Hatton and Carmichael (1964). The variation of efliciency
with energy for this ideal, long counter geometry is shown in fig 2.9
The decrease in efficiency with increasing energy was attributed by the
authors to the decrease with energy of the nucleon-nucleon elastic
cross=section vhich is responsible for the thermalisation. Hatton (1971)
has calculated that for a typical energy of incident nucleon (150 MeV),
for which the calculations of Metropolis and Le Couteur predict an
evaporation neutron energy spectrum given by fige 2.8a, the correction
that should be made to ¢ is negligible for the LIGY, indicating that
the Ra~Be source closely approximates the actual spectrum even though
ifs average neutron energy is some 40% too high. The equivalent
calculation forthe Pu source measurement however shows lhe value of ¢
to be in error by + 14% inspite of its apparent similarity to the
theoretically predicted spectrume. This indicates that the correclion
to be applied to the source measurement is highly sensitive to the
precise form of the energy speclrum, especially where the reflector
thickness is as thin as that of the NM64. Since

(1) the Ra-Be source spectrum ls open to some considerable doubt

(Hess, 1959)

(i1) in deriving the theorelical evaporation energy spectrum for nuclear
interactions, evaporation neutrons from secondary excited nuclei have
been neglected which would alter the energy spectrum,

and (iii) Le Gouteur®’s spectrum used by Hatton is an approximation s
there must be considerable uncertainty in the absolule efficiency for
neutron detection.

2-3¢e3 VNariation of Efficiepcy with_ incident nucleon energy.

The results of Metropolis et alls calculations (fige 2.1)show that
the average excitation of the target lead nucleus is increasing with

the incident nucleon enexrgy at the upper limit of 1.8 GeV energy
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which they considerede This increase should continue whilet the

3-D intra-nuclear cascade dominates the interaction, ie,up to =10 CeV.
The results of Le Couteur (equations 2.2, 2.3) show that the mean
energy of evaporstion neutrons increases with increased nuclear
excitation, so this should lower the detection efficiency in accordance
with the predictions of Pearce and Fowler (fig. 2.9). On the other
hand, secondary particles from the initial interaction may cause other
nuclear excitation of characteristically less energvy and the evaporated
neutrons from these will have correspondingly highev probabilities of
detectione The maximum variation in efficiency may be roughly
estimated by considering only the initial excitation.

The dependence of average excilation energy on pucleon energy
is only known belcw 1.8 GeV. However, it is possible to sketch the
variation of average excitation enevqy U with nucleon energy Epabove
1 GeV by using the results of calculations by Dostrovsky (fige 2.1)
to relate U to the average number of neutrons produced 3, and Shen
Fige 2.5)to relate Fto Ep. There will be a possible error in U of
i 50 % due to uncertainties in pabove 1 GeV, although there is very
good agreement with Melropolis up to L.8GeV (see fige 2.10).

Assume the energy spectrum of evaporation neutrons due to incident
nucleon energy Ep (giving average initial nuclear temperatureq = %% T*) to
be given by equation 2.1, Then neglecting ionization lcsses before the
interaction the mean efficiency of detecling any evaporation neutron

is

- *
= H !
el rN(En,'r) € (En) dE 2,18
. - e
J NE s7°) dE_
(] -
where eKEn) is the mean efficiency of detecting an evaporation neutron

of energy En produced in the monitor. This haes only been calculzted here
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for two simplified geometries (Pearce and Fowler) but this is sufficient
to show roughly how & ) varies in a typical monitors To test the
sensitivity on #(; ) of variations in E«En)’ values of & were also
calculated for a hypothetical thin reflector monitor where the

relative leakage of 'high' energy evsporation neutrons is about twice
as great as in the SIGY (see fige 2.9)o The results of computing
equation 2.18 are shown in fige 2011

The variations of average efficiencx with the energy Ep of
incident nucleons, for the SIGY and NM64 monitors have been found from
£igss 2010 and 2.1) using equation 2.2 where ¢ has been taken as A/10.
The results of this approximate treatment are shown in fig. 2,12
(curves a and b)s Both grephs have been nomealised to the experimental
source measurement of the LIGY at Ep = 150 MeV. It isevident that
the decrease in efficiency is not very sensitive to the different
monitor designs.

The actual variations will be less than those calculated due to
the secondary interactions and ionization losses. Shen's predictions
for varying thicknesses of lead (see fig. 2.6)show that for a thickness
of 18cm (one inelsstic interaction length), these secondary interactions
contribute an ever increasing fraction of the total neutron yield;
roughly 50% at 3 GeV, rising to 80% at 10 GeV and 95% at 100 GeV.

The first estimate of the effect that these secondary interactions will
have on the excitations of the nuclel can be made by finding out for a
given incident energy (a) the average numbers of cascade nucleons and
created charged pions together with their distributions in energy and
(b) the evaporation neutron yield from these secundaries and surviving
incident nucleon in the extra~-nuclear cascade.

For example, in theenergy region 0.1< Ep< 5 GeV there are a
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negligible number of pions produced but a spectrum of cascade nucleons
with typical energy (Shen, 1968) of 1CO MeV. These, toyether with the
surviving incident nucleon which has a similar’energy to the cascade
nucleonss give rise to as many evaporation neutrons as the first
interaction (fig. 206)0 Thus neglecting tertiary interactions, it

can be estimated that the decrease in efficiency E(Ep) over this range
will be only half of that calculated on the basis of the initial
interaction.

For nucleon and pion energies greatér than 5 GeV the average
number of cascade nucleons per inelastic interaction is proportional
to the average number of evaporation neutrons produced (Shen, 1968)
and so these cascade nucleons should roughly double the neulron yield
at all energies. It would be expected therefore that (neglecting pion
production) the variation in E(Ep) is only half that calculated in
fige 2.12 over the whole of the energy range, (curve c, for the SIGY
only)e

At energies above 50 GeV almost all ( z90%) of the evaporation
neutrons arise from secondary pion interactions and their nucleon
cascades. The energy spectrum of these pions at production is given

approximately by the CKP formuls neglecting the backward cone

N (E = -E /B .
gﬁ (E,) L exp ( 7T/—”) 2,19
: " E_

where E7r is the average pion energy, estimated from data quoted by
Shen (1968). These pions can be thought of as giving rise to an effective

excitation energy given by
oo

dN (E ) -~ -
'l—J.(Ep) - L dEa“- p v (E'IT) U (E’”_) dB'[r 2.20
TN E) 5 .
L dE'n‘ p° v (h,”_) dE’lT

(Neglecting ionization losses)
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Where U () = U (Ep) in fig. 2.10,
E' has been calculated for several values of incident nucleon energy
above 20 GeV and the corresponding variation of E(Ep) is shown in
fige 12 curve d for the SIGY. As previously mentioned, these values
of E(Ep) should be underestimates due to the effect of the low energy
cascade nucleons resulting from the picn interactions. It is difficult
to assess the extent of this effect due to the reduced depth of producer
presented to this next generation of secondaries,and results in the
underestimation not being as great as at 3 GeV. Therefore the variation
of E(Ep) in 0.1<E <100 GeV is given (curve e) for (i) a thin monitor
(i.e. where the neutron yiéld from pion-produced nucleons is negligible),
and (ii) a thick monitor (where this neutzon yield is as great as from
the "initial" secondary picn interactions). In the.region 3 GeV to
20 GeV the variation of E(Ep) has been obteined by interpolation.

The general feature of the variation of efficiency is a decrease
to a winimum at energies of about 5 GeV due to the jncrease in excitation
energies of the target nuclei; followed by a further, slower decrease
until about 1CO GeV dve to the effect of the secondary pions, which
having average energies of a few GeV tend to give higher nuclear
excitationse.

However, there is a major source of uncertainty in the variation
of the average excitation energy [§ forlﬂ)zz GeV as well as the relatively
minor ones concerned with the "evaporation and slow cascade neutron"
spectrum and the effect of secondary interactionse.

The maximum error in the change in efficiency between E_= 0.1
and 5 GeV due to the possikle error in U is + 30%.

Tt has been pointed oult earlier that the Le-Couteur spectrum

assumed here gives higher valves for the average neutron energy than
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that measured at Ep = 150 MeV, and this could cause an error in the
estimated decrease in efficiency. Unfortunately there appears to
have been no direct experimental measurement made of the spectrum

at higher energies so this error can only ke estimated from the error
at lower energieso

The value of E(Ep) at Ep = 150 MeV has been calculated using the
spectrum of Skyrme shown in fige 20.3de This value was only 3% higher
than that expected from the Metxopolis/Le Couteur adopted in the present
work, for o= A/10. The difference at higher energies may be of the
same order, because the results of Pearce and Fowler indicate that the
sensitivity of the monitor to changes in the spectrum does not increase
as En increasess The slope of the evaporation spectrum (see fige 2.3a,b)
decreases at approximately the same rate as the slope of e'(En) in
fige 209 (ieeory L/En), so that as Ep increasesy although the neutron
spectrum increases in width, the relative fall in efficiency over the
spectrum remains the sameo Therefore, assuming the spectrum of
evaporation neutrons produced by, say, a 5 GeV nucleon is as well
represented by the corresponding Le Couteur expression as the measured
Skyrme spectrum is by the Le Couteur spectcum in fig. 2.3d, then a
similar overestimate of E(Ep) would be expected at 5 GeV. It follows
that the error in the decrease in effiency between 0.l and 5 GeV would
be even less than this.

The presence of ionization losses should reduce the decrease in
efficiency (due to the loss of energy of the incident nucleon, before
it interacts) by only a small amount because P for protons and neutrons
are virtually the same for Ep > 1 GeV,

The corresponding effect of ionization loss by the secondary

particles should not be very important because for Ep< 5 GeV the
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majorily of the evaporation neutrons are produced by secondaries
having no charge (neutrons) whereas above about 20 GeV most secondaries
are pions of average energ§' > 1 GeV which should lose only a small
fraclion of their energy before interactings
Considerable, uncertainty lies in the effect of the secondary

interactions which contribute half of the neutron yield at 5 GeV. It
woulcd be possible to obtain a more relisble, quantitative, estimate
of the evaporation spectrum by extending the calculations of Shen
to include the distribution of nuclear excitations and a detailed
t{eatment of the thermalising of the cascade neutrons. However, in
the absence of this, it can be concluded that the efficiency for
deteclting evaporation neutrons produced in a neutron monitor by nucleons
with energies of a few GeV may be about 15% lower than that for detecting
neulrons from 100 MeV nucleons. This would account for a large proportion
of the discrepancy in figo 2.7,

With this uncertainty in botheand p, it is appropriate to try and
obtain a surer estimate of the efficiency, and to use it to measure 3
in a similar experiment to that of Hughes et al. to reduce statistical
exrors and any systematic errors in the method of analysise.

In the next chapter a new method of measuring the efficiency is
described together with its application to an IGY=~type monitor. This
will be followed in chapter 4 by a descriplion of the use of this

monitor to measure the number of neutrons produced by protons and pions.
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CHAPTER _THREE

THE_EXPERIMENTAL EQUIPMENT

The neutron monitor used in this experiment is a development of
the IGY type and will be referred to as the Durham IGY (DIGY), It
was designed for use as an NAP detector in studies of NAPs in extensive
air showers (EAS) in conjunction with a spectrograph and an array
of water Cerenkov detectors. The original aim was to record simultan-
eously a neutron monitor responses one or more momentum analysable
tracks in the spectrograph which impacted on the monitor, and an EAS
falling nearby. By studying the interacti;ns of the momentum measured
perticles in the monitor by means of a tray of flash tubes underneath,
it was hoped to unambigucusly identify most of the NAPs. Unfortunately
as reported by Hook (1972), it proved very difficult to distinguish
visually the NAP tracks from the copious electron*phéton component,
Although the present work is concerned with another aspect of cosmic
ray sludies, that of unaccompanied NAPs, it should be remembered thet
the design of the experimental equipment stems from the esrlier work
described by Hcoke The equipment is shown in figse 3.1 and 2

3-1 The_Durham Neutron Mcnitor (DIGY)
3~1.1 The Design

The results of Shen (1968) demonstrated ihat v and the ratioc

t
A Gt(Ep)/AEp increase generally as the thickness of producer increases
(see fige 2.6) due to the greater probability of absorbing the energy
of the inoident particle through secondary and higher interactions.

This reduces the statistical errors in ;t’ by increasing the probability
of detecting an NAP, particularly for high values of Ep as are found
in air showers, provided the efficiency of neutron detection does not

decrease. For thicknesses greater than about two interaction lengths

it becomes very difficult to calculate ;(Ep) accurately because it
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is no longer possible to assume a-one dimensional approach (Shen, 1968),
Further, any ingrease in producer thickness will tend to decrease the
average solid angle subtended by the inner moderator to the producer
and increase the volume accessible to the neutrons, thus reducing the
neutron detection efficiencys For these reasons it was decided to have
an average thickness of lead producer equal to 1.3 interaction lengths
for nucleon/nucleus interactions, almost double the O.75 interaction
lengths of the S1GY and LIGY. Compared to the LIGY, the sensitive
area was increased by having ten longer BFS counters, each of effective
lengthl07cm and their detcction efficiency was enhanced by the use
of a higher gas pressure. The outer reflecting layer of paraffin
was reduced considerably to 8 em in order to reduce the vertical
dimension, but the resulting loss of evaporation neutrons should be
very small (Hatton and Gacmichael, 1964). A summary of the design
features of a selection of monitors (partly taken from Hatton 1971) is
shown in table 3.1,
3-1.2 Auxiliary Eleclronics

1t was anticipated that good spatial resolution across the
monitor would help to differentiate in an EAS between the neutrons
produced by tw or more NAP candidates impacting on the monitor. To
this end each counter in the monitorwas individually hodoscoped, having
its own amplifier, discriminator, multiplicity recorder and data=
recording facilities. The amplifier/ﬁiscriminator unit for each channel
was built in an all-enclosing, earthed cooper box and placed near to
the BF3 tube, in order to minimise the danger of radiative pick-up
from the nearby flash tube pulsing system. The circuit diagram for
one channel is shown in fige 3.3, The BF, counter was operated with
an EHT of -4,1kV applied to the outer copper electrode. This rather

high value was chosen in order to differentiate more between the
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detected neutron pulses and the radiative pick-up. This pick-up was
also partially filtered away from the counter output by the resistor/
capacitor combination, whose values were found empirically. The
negative signal from the inner elecirode was fed into the primary of

a matehing transformer which gave positive and negative outputs from
two oppositely wound secondaries. These two outputs were fed into the
inverting and non-inverting inputs of a differential amplifier,

SGS typeu_A702A) which produced a negative output signal. This was

fed into a discriminator/pulse-forming circuit (SGS type; A710A) which
produced a 4V positive, 6 psec long square pulse for input pulses greater
(négatively) than the discriminator level. The discriminator level was
chosen on the basis of the pulse height distxibution obtained from the
discriminator input, a typical example of which is shown in fige 344

It was estimated that 90% of the genuine neutron pulses were greater
than the discrimination level and that the noise contribution fxom
cosmic ray traversals of the BF3 tube, was negligible. The dead time
of the amplifien/discriminator was just the length of the square out-
put pulse and would give rise to a negligible fractional loss of
neutrons due to overlap ( ¢1%). The square pulses were Fed along several
meters of 68() co-axial cable to a digital scaling unit shown in fig. 3.5
for use in conjunction withthe operation of the spectrograph. The
signals were gated by an SGR unit (whose only purpose was to prevent
pulses induced by the high voltage flash tube pulsing system from
entering the scaling unit) before passing through the neutron monitor
(NM) gate which was activated by a pulse of accurately known delay
(40psecs) and length (300psecs). Both gates could be controlled bys
say, the Geiger-Muller counters in the specirograph. The pulses

from each conter were counted by a 4-bit binary counter so that the
gated multiplicity in each channel could be vrecorded and displayed

in binary form, using bulbs situated in the field of view of the
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spectrograph recording cameras. An illuminated bulb represented binary
'0' and soy since the most likef& multiplicity is zero most of the
bulbs were tested in each evente It should be noted that the maximum
number that could be read out was 15, and multipliciiies greater than
this would be read out as m=16,

Each of the ten channels was fed into a coincidence citcuit (fig. 3.6)
which added the pulses, gated them with the NM gate, and sent a lmsec
long output pulse to the spectrograph control panel (see section 3.3)
if there was at least one neutron within the gate tine.

The multiplicities in each channel for each event were recorded
by two cameras which were also used to record simultaneously the
information on the particle momentum and charge in the spectrograph.
In addition, the total multiplicity for each event and the times of
detection of the neutrons after some predetermined time could be
recorded on a cathode ray oscillcscope (GRO)
3~1.3 Chegks of the Eguipment

When the monitor was used in conjunction with the spectrograph
it was necessary to gate the multiplicity xecorders against pulses
from radiative pick=up on the BF3 tubes produced by tlke flash~- tube
pulsing system. An SCR gate was used on the inputs to the ten binary
counters, which only opened 4Qfsecs after the flash=tubes were pulsed.
To check that the gate was preventing this pick-up from entering
the multiplicity recorders, the speclrograph and monitor were
operated together for 48 hrs with the EHT of the monitor BF3 counters
of f but all other power supplies on (including the amplifiers and
discriminators of the monitor). No events were recorded during this
time in which the flash~tubes were pulsed about 30K times.

Another potential source of spurious counts from the BF3 counlers

was from theii EHT supply. Due to the high value used (~4kV) normal

EHT coaxial plugs carrying the signal along the inner connection, with
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the EHT on the outer casing,; could not be used to supply ilhe counters
because of slight breakdown across the insulator onto the signal wire
which produced pulses of a few mV. A satisfactory alternative was
found by supplying the BHT in a cable far removed from the signal wire and
connecled to the counter by a battery clip. A comparative check on
the performance of this monitor has been made by measuring the real
and apparent time distributions for the arrival of neutzons (fige 3.7
and 3.8)s The real time distribution (zero time is the time of the
interaction) in the range 40 - 340usec was obtained from all the
events classified as protons or pions in the work described in
Chapter 4, An oscilloscope was triggered at the time of interaction
and any subsequent neutrons recorded by the monitor, appeared on the
trace against a calibrated scale, to be photographed by a camera.

It is seen that the resulting time distribution is very similar to
that obtained from the LIGY (llatton and Tomlinson, 19%68), althougnh
there is evidence of & slightly steeper slope. Considering the
similarity in design of the inner moderator and BF3 counter, a similar
distribution is to be expected.

The apparent time distribution was recorded in a similar way
except'that the oscilloscope was triggered by ihe neutrons themselves
(zero time being the time of arrival of first neutron)e In this way
the arrival times of second and subsequent neutrons after the first,
were measured. It is seen that this time distribution agrees with
the corresponding one for the LIGY up to 400psecs except for a slightly
steeper slope, as found for the xeal time distribution. However,
between 400psece and 1000usec the DIGY appears to be about 50% less
than the LIGY. This can be interpreted, after Hatton and Tomlinson,
as meaning that the thinner reflector of the DIGY is only half as
efficient as that of the LIGY. However in view of the small contribution

to the total counting rate that these reflected neutrons make, the net
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loss in efficiency is only about 5%.

The real time distribution of-the DIGY has not been neasufed
beyond 34Qysec, or less than 40ysec, but il can be found from the
apparent time distribution 1n'the manner of Hatton and Tomlinson,
assuming a distribution of arrival time t of the first neutron
in events of multiplicity my given by é~hu6' where 7 is the mean
lifetime of evaporation neutrons in the monitor. It has been shown
that the observed apparent time distribution of the DIGY is consistent
with the real time distribution given in fige 3.7, assuming ¢ =150 sec,
and using the distribution in multiplicities P(m) found for the DIGY.
It'was found that the predicted apparent time distribution was not
very sensitive to the possible uncertalaties in 4 or P(m),

The counting rates of each channel were indiczted by ten separate
rate-meters which allowed a convenient and effectivé check on its
daily performance, a serious fault in any of the ten channels being
immediately obvious. The multiplicity distributions and count rates
for each channel have been obtained using a multiplicity recorder and
are shown in table 3.2. The neutron gate in the multiplicity recorder
was delayed by 25usec and was 350ysecs in length, so that its results
could be roughly compared with the spectrograph scaling units. In the
above measurements the gate was triggered by the first neutron so thatthe
gating efficiency £ has been obtained from the apparent time distribution
and it was found to have a value of 0.70.

The multiplicity distribution for the whole of the monitor, obtained
in a similar way is shown in fige 3:9. Theaverage multiplicity m
appropriate to f=1 is~l.34,

There is evidence in table 3.2 that channels 4 and 6 may be about
20% less efficlent than Lhe othersj both the counting rates and the

average multiplicities being significantly lower than the others. The
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lower counting rates of the outer channels would be expected because
of the reduced amount of producexr contributing to the count rate of
these channels. The monitors performance with individual interacting
cosmic reye selectcd and meagured by the specliograph can give a
clearer indication of the variation of efficiency across the monitor.
The distribution in number of neutrons detected in each channel for a
few hundred events clcssified as protons and pions (see chapter 4)
interacting in the monitor over a restricted width, is shown in

fige 3410 It ic seen that althouch the frequency of responses from
channels 4 and 6 may be relatively low the distribution in lateral
i&ﬁact of the detected incident protons andpicns over the monitor
indicates no irregularity in the acceptarce function of the monitor
the dip in impacts over channel five being due to the rejection of
protons andpions which pass near the gap of the flash tube tray under
the monitor (see section 4e4.2), Tt would seem that the diffusion of
the evaporation neutrons across the monitor may have smoothed out any
small change in counter efficiency.

A more detailed study of the response of the monitor toc eveporation
neutrons prodvced by interacting particles, particularly siopping
negative muons, is described in section 3¢2
3-1¢4 The Cosmic Ray Beam Count Ratle

Due to the similarity in design between the LIGY and DIGY
(see table 3.1) it is possible to roughly estimate the efficiency
of the DIGY relative to that of the LIGY (which is known from the work
of Hughes etal{1964)) by comparing their counting rateswhen exposed
to the same flux of cosmic raySe

The relative contributions from the various components of this
flux, to the total count rates of ithe NME4 and LIGY, have been calculated

by Hughes and Msrsden (1966), Harman and Hatton (1968) and more recently
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by Hatton (J971) (see table 3.3). Uniortunately, the energy spectrum
of the principal component,reutrons, is the least known of all the
components, but they are nevertheless thought to be responsible for
most of the counls in both NM64 and LIGY. Since the second most
important component, protons are similar to neutrons, to a firsl
approximation the other components may be neglecied.

Using an assumed neutron spectrum N(E)JE and average produced
evaporakion neutron mulliplicity 5(E) (Shen (1968), Hughes et al.(1964)
the median energies of the nucleons contributing to the count rales
of, the monilors have been colculated allowing for attenuation of the
cosmic ray flux in the outer reflector (Hatton, 1971). The difference
(160 MeV for the LIGY compared with 130 MeV for the NM64) was partly
attributed to the different reflector thicknesses (11" and 3" respectively)
which would mainly affect the low energy neutron contribution. This
would have the effect of lowering theaverage produced multiplicity
of the events detected by Lhe NMb4,

The multiplicity distribution of the DIGY should be affacted
in a similar way, not only because of its 3" reflector, but also
because of its thicker producer which increases the fraction of
(1ower mu]tiplicity) muon contributions (Hatton 1971). However, the
problem is complicated by tre presence of the spectrograph (principally
a large mass of iron) underneath whichthe DIGY was built and operated,
and the large solid angle subtended by nearby land masces. The effect
of these would be to reduce the flux of cosmic rays incident on the
monitor so a three counter model ¢ the DIGY was huilt well away from
large objects such as the large mass of iron in ilhe speclrograph, so
that the effect of these objects on the count rate could be Ffound.

The rete of the centre counter was compated with lhal of a counter

in the standard, ten counter model under the spectrograph, and wus



TABLE 3.3

The Relative Contributions to the Total
Counting Rete of a Monitar.

Neutrons

Protons

Pions

Stopping Muons
Interacting Muons

Background

LIGY NM64
0.79 0.76
0.07 0.06
0.01 0.01
0.04 0.03
0,02 0.02
0.06 0.12




found to be 50% higher. There was an uncertainty of about 3% in the
measurements of the centre counter of the mini-monitor regarding the
choice of reflector thickness at the sides. 1n addition, the
unavoidable presence of nearby buildings may have reducad the count
rate by about 10%.

In order to relate the efficiencies of the DIGY and LIGY through
their counting rates it is necessary to correct forthe different
attenuations of the cosmic ray flux by the different reflector thicknesses.
Hatton and Carmichael (1964) have measured the variation of counting
rate with reflector thickness for a two countec NM54 monitor and found
a $aximum rate at 2" thickness. The decrease in rate as the thickness
incresases was attributed primarily to the attenuation of the nucleonic
component of the cosmic ray flux, & secondarily to the absorption of
evaporation neutrons produced outside the monitor. Assuming the count
rate of the DIGY behaves in the same way as the NM64, there would be
a decreasc of 25% in the counl rate if the zeflector thickness was
increased from 3" to the LIGY thickness of 11"; of which ~2% would
be responsible to the absorption of externally produced evaporation
neutronse.

The numbezr n of evaporation neutrons detected per sec per m2 of
(horizonlal) producer surface area, is related to the number N produced
per sec per‘n? of producer by the expression

n= ¢gN 3.1
where ¢ 1is the average efficiency of detecting an evaporation neutron
of any enevgy.

Using a result of Treiman and Fonger (1952), the total neutron
production in s slab of lead of thickness t, due to the cosmic radiation

is approximately

£
N o £ [ exp (/L) & 3.2
o)
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where L = 320 ¢ cm_? .

and £’ is the atienuation of radiation in reflector,which has the value
0.75 for the LIGY compared with the attenuation of the DIGY,as mentioned
earlier.

Evaluating the integral 3.1 for t = 150 and 270 we relate the
expected production rate ND of the DIGY when clear of the sgpectrograph

to the production rate N. of the LIGY thus

L
N
L. 0.57 _ .
NDQ,' f' 0'375 200 NL 303

Using the observed counting ratos/m2 in the table 3.1 we get the estimated

eff&clency of the DIGY

- N n
& = _ﬁL L€ 1, 200 e; wo,021 3.4
5 Dp 2.0 12.0

This result indicates that the efficiency of the DIGY is very similar

to the efficiency of the LIGY used in the.work of Hughes et al.(1964).

The effect of the high pressure countsr in increasing the efficiency of
the monitor (Hatton and Carmichael) was almost exactly compensated by the
choice of discrimination level in the DIGY which was biased against 10§

of the genuine neuirons. One of the actual low pressure BF3 counters

used in the LIGY of Hughes et al. has been placed in the DIGY and operated
with a discrimination level that was ~ LOO¥ efficient in selecting
neutrons. It was found to give the same count rate per length of counter
as the high pressure ones, operated inefficiently.

The effects of the thinner reflector of the DIGY and the possible mal-
functioning of channels 4 and 6 would be to lower its efficiency by about
5% in both cases. A possibly more imporlant factor determining tho
efficiency is the thickness of producer, which alters the density of

neutrons and the mean solid angles presented by the innex thermaliser/
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counters to the lead producer. This differs in the two monitorse
However, its effect is very difficult to predict quantitatively,
because on the one hand , the mean solid angle subtended by the
thinner producer in the LIGY will be higher, leading to a higher
efficiency; but on the other, this may be over=gompensated by the
greater end corrections of lhe shorter monitor. It would therefore
appear coincidental that the two monitors have closely similar
efficiencies.

As a check on this method of estimating the ef{iciency of the
DIGY, the values of n and average reflector thickness in table 3.1
have been used to predict the efficiencies of the other monitors. Using
€= 2.1% for the LIGY, values of 2.2%, 3.4% and 5.7% were obtained for
the SIGY, Ottawa IGY and NM64 monitors, in good agrecment with the
values quoted by Hatton (1971). The Ottawa monitor (Fenton, Fenton
and Rose,1958) is an IGY type design incorporating similarv features
to the DIGY having a comparable thickness of producers gas pressure
and reflector thickness. It s higher estimated efficiency is not
unexpected in view of the large size and length, relative %o producer,
of the inner moderator and counter, which therefore subtend a larger
solid angle to the producer than those in the DIGY,

3-2. Measurement of Absolute Efficiency of the DIGY

3-2.1 Introduction

One of the sources of evaporation neutrons which are detected in
a monitor is the process by which 2 negative muon slows down by
ionization within the producer and becomes captured in an electron orbit
of a lead atome. 1t has a high probabiliiy of cascading into the inner
K~ shell and interacting with ihe nucleus accocding to

p+~|p,-—->n+vu 3.5
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Most of the rest mass energy of the muon is removed by the
neutrino leaving the nucleus with an excitation energy of about 15 MeV.
The subsequent de-excitation, principally by emission of evaporation
particles (~0.5% proton, ~99% neutrons) has been carefully studied
by several authors using devices with neutron detection efficiencies
of the order of 0.5, which are also rather insensitive lo the energy
of the evaporation neutronse The resulting value of 5._, the average
number of neutrons emitted per de-excitation, is knowguto an accuracy
of 4% (MacDonald, 1965), so that if the monitor‘'c response to negative
muons stopping in the monilor is known, it is possible to accurately
calculate itls efficiency for detecting these evaporation neutrons.
3-2,2 The Experiment

In the experiment to be described in Chapter 4, the monitor was
operated in conjunction with a magnet spectrograph in a similar way
to the experiment of Hughes et al.(1964).

The minimum momentum of a muon lo pass vertically through the
thickest part of the DIGY (34C g cm-2). is 530 MeV/c. Amongst the
events recovded on film were a large number of\sjngle particles with
deflections appropriate to momenta less than 700 Ma%/c, negative charge,
no emerging track underneath the monitor and with impacts on the monitor
close to the channel containing the detected neutron(s). These events
were classified as stopping negative muons. During the experimeat in

5

which there were 8.13y10° 4-fold coincidences between the Geiger counters

in the spectrograph (predominantly single muons), the number of events
in the stopping/ufcategory was 1157, the number of detected neutrons

ni;-= 1170, with an arrivel time distribution shown in fige. 3.11. The
results have been corrected for accidental coincidences between a stopping

muon giving no detecled neutron,snd a neutron from the overall monitor

background count rate of 11 sec_l. which accounted for about 10% of the
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events recorded. The corrected time disteibution is very similar to the
real time distribution found for protons and pions, thus justifying the
use of the same gating efficiency £ (=0.7) as in the NAP work in chapter

4,

3-2,3 Number of negative muons stopping in the monitor during the

Experiment

The number of negative muons with apparent magnetic deflection
Ay > 4.2° (corresponding to momenta ¢ 0«7 Ge'\l/c) that stopped in the
monitor during the experiment was calculated in two independent ways.
The first used the vertical muon sea-level spectrum of Allkofer et al,
(1971) (fig. 3.12) correcting for the reduced acceptance of the
spectrograph for low momentum (and hence large magnetic deflection)
particles, angular coulomb scaitering and interaction and othex
meagurement losses in the flash tube trays. The dbs;lute number of
stopping muon candidates was found by normalising the measured number
of the 8.13x105 4~fold Geiger coincidences which were single muons
with momenta 31 GeV/c to the Allkofer integral intensity'at 1 GeV/co

The number of negative muons that stopped in the leaa producar

with a measured deflection in the range (S¢I45wj) is

AV A Pmin
I "’%T AL fz §'(p) W(pAy) dp dlay ) ' 3.6
AYJ

A, Pmin

where S'(p) is the diffz2rential momentum spectrum of muons weighted
with tne probability of being stopped in the lead,

Lf is the probability of a recorded particle being identijfied,
accepted und having a meisureable momentum,

A is the acceptancs of the spesctrograph for infinite momentum
particlies,

T is the tolal sensitive on-time during the run,

and  W(p,A ¢) is the weighting factor function for muons and is the
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probability of a muon of momentum p recorded by the spectrograph of

having a megsured defleclion A¥. This is given by

W(pay) = J [ Al 0084 )0 DE) Py ad, a7

where A(w AP) is the probability of the particle, incident at angle
¢6(as projected onto the deflection measuring plane) and being deflected
through A ¥y of being accepted by the spectrograph in this plane,

B(ﬂé) is the probability of ihe accepted particle being incident
at angle y (in the measuring plane),

c(;éo) is the probability of the particle being accepted by the
spectrograph in the back-front plane (perpendicular to the measuring

plane),

D(ﬁo) is _the prohbabilily of the accepted particle being incident
at angle éo in the back-front plane ,
and P(psA ) is the probability that the incident particle will have
a measured deflection Ay and is given by equations 3,15 and 3.16.
Functions A and C were oblained {from geometric constructions of a

scale model of the spectrograph.

The probability Lf arises through spectrograph inefficiencies, and
consists of contributions from

(1) Ambiguous tracks in the momentum measurement flash tube trays,
manifested as F events (see secls 403). About 8 + 1)¥ of the
single particle events recorded by the spectrograph had an
extra track in one of the momenium meagurement trays. By
triggering the spectrograph randomly it was deduced that virtually
all these tracks were unrelated to the triggering particle. Since

the F events were ignored in the analysis, 8% of stopping muon

candidates were loste.
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(11) Ambiguous iracks in the sub-monitor flash tube tray (X2). By the
same process as (1), partlcles which stop in the monitor (X2 events)
may appear bto pass Lhrough the monitor and be classified as X2 events
(with an X2 track). It was found by random-triggering that 10%
of events would have a spurious track in X2, of which 20% would
be accepted by the analysis procedure so that 2% of the X2 events
will be wrongly classified as X2 events. This estimate has been
substantiated by the number of low momentum muons (5%6 GeV/c) which
appear to pass through the monitor.

(ii4) A small fraction (5%) of the single particles recorded by the
spectrograph had an insufficient number of flashed tubes to allcw
accurate track fitting. These events were ignored in the analysise

{iv) Calculations show that the probabilily of a 350 MeV/c muon interacting
in the 50 ¢ cm-2 of glass in the spectrograph is 10%, wherc an
interaction is defined as a knock-on process producing an electron
with more than 6 MeV (The approximate minimum energy necessary to
produce a visible knock-on track).

(v) Events were rejected if the particle impacted on the monitor near the
gap of the sub-monitor flash tube tray (see section 3.3.6). 1t was
found that 5% of all events irrespective of A Y were rejected for
this reason.

Thus Lg = (692)(c98)(~95)(.90)(c95) = 0.73 3.8

The acceptance A was calculated by recording the rate of muons with
momentum 1 GeV/c (see section 5-3.2) and normalising the 76 cm Hg
atmospheric pressure vate to the absolute rate given by Allkofer et al,.(1971)
after corrections for spectrograph losses had been made (i, iii-v above,

where the knock-on interaction loss was salculated for a 5 GeV/c muon to

be 15%). It should be noted that corrections {i),(iii) and (v} are
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exactly self~cancelling when calculating fﬁ‘p? s thal correction

(iv) should be fairly accurate and self-cancéiling to a degrees and that
the remaining correction (ii), is very small. Therefore the error in

I due to Lf should be smalle

The resulting value for A is 54.1 cm25tr(i 10%), where the error
is due to the statistical uncertainty in the measured rale of muons
51 GeV (6%) and the measurement of Allkofer et al. at L1 GeV (7%).

The sensitive on~time T has been found to be 1056:(106 secs and
includes lossec due to the paralysis time of the instrumeni and catastrophies
such as damage to films spectrograph failures etc.

The monitor presents two different thicknesses of lead (226 and 340
g cm-2) lo vertically incident particles, with relative weights 2:1, and
it has been assumed that all muons with range between R and (226 + R)
(or momentum p in the range 0.225 <p< 0.45 GeV/c) are stopped, whilst
only one third of the muons with range between (226 + R) and (340 + R)
(0,45 ¢p ¢ 0.6 GeV/c) will be stopped (where R = 55 g t.:mm2 Pb is the
minimum range necessary for a muon to traverse the distance from the centre
of the spectrograph to the top of the lead producer).

The differential momentum spectrum S(p) of Allkofer was weighted
by 1 and % in these two ranges. The upper limit of momentum is that
appropriate to the maximum thickness of lead presented to a particle
incident at ~15° (in both planes) to the vertical, this being a typical
figure observed in practice.

The absolute A ydistribution of stopping muons (+ & =) calculated
by equation 3.6 is shown in table 3.4(a), together with the integral
number with Ay > 4.2° (p <0.7 GeV/c). A check can be made on the
weighting factor function by comparing thisAy distribution with that

actually detected (after a suitable normalisation). This is done in
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TABLE 3.4
Distribution of&W for Stopping Muons
Number of Muons perAl inteival Im’][j (X10"4)
LY
o
&Y 40 19,7 9.8 4.2 295 I g
}4.4
a 0,011 1.23 4,06 0.308 5,31
{(10.5)
b 0.055 1,30 3.9 0045 5,31%
(+0.018) (10.08) (40.14) (0.04)
¢ 0627 2,40 3,20 0,53 5, 87
(#0.2) (40.6) (10.6) (10.4) (#0.9)

*Normalised to a

o vama —ta——— ———— ]
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table 3.4 (b) where the A pdistribution of the X2 events with a
neutron monitor response is found to ke in excellent agreement with
prediction. The principsl sources of errors in this determination

are the shape of the low energy muon spectrum (7%), the measured
fraction of muons detected by the spectrograph with momentum 1 GeV/c
(6%) and the weighting factors (unknown but probably small). Note that
the result is indepenaent of the absclute muon intensitye.

The second method of estimating the nrumber of stopping muons removes
these uncertainties, and simply involves analysing the muon runs described
in.Section 5-3.2 and multiplying the fraction of triggers which are X2
events with 2y> 4,2° and satisfy all the analysis requiremenis, by the
total number of GM triggers (8.13x105) during the sensitive on time.

This method however, requires a much larger statistical sample of events
in the muon Tuns to reduce the.error in I> 4.00° The absolute Ay
distribution predicted by this method is shown in table 3.4(c). The
errors are too large to compare lhe Ay distribution, but the value of
¥>4.26 is in good agreement with the first method.

Using the mean of these two estimates, and a muon charge ratio
at an appropriate momentum (N(+)/N(-) = 1.28 + .025 (Owen and Wilson,1951)
the effective number of negative muons which stopped in the lead producer
of the monitor duringthe NAP run is %L‘L = 2.45x 10%,

The neutron yield due to low energy negative pions has been estimated
from the pion/muon ratio given by Brooke et ale.(1964), assuming that the
pions produce aboul 10 neutrons per interaction. They should give less
than 1% of ihe neutron yield attributed to stopping negative muons. The
neutron yield due to protons, coulomb scattered to appear to have a

negative charge is also ncgligible since the measured ratio of positive



to negative particles withAq,>4o2° has been found to be only about
5% and so a negligible proportion of the classified negative particles
will be of the opposite charge.

A negligible number of muons will stop in the paraffin wax of the
monitor, predominantly in the two 8. cm thick reflectors. It is
estimated that the fractions of muonsstopped by the monitor which are
stopped in the reflector and inner moderator are only 5% and 3%

respectively.

3~2.4 The Fraction of stopping negative muons which are absorbed

. by the nucleus
The time laken for the muon to stop and cascade into the K shell
10 %ecs) 1s negligible compared with the nuclear absorption and
spontaneous decay life times (7A and Ty respectively) (Tennent, 1960). !
The total probability, per unit time, of the muon's disappearance is
given by

3.9

-

A

7A- increases rapidly with Z for Jlight nuclei, but slower
for heavy nuclei. This has been interpreted (Wheeler,l949) as due to
the variation of nuclear charge densily in the region traversed by
the muon. For large radii the charge density due to protons, decreases
inside the K shell causing the slower increase in 'TA"I with Z. Good
agreement between experiment and theory has been obtained (Primakoff,
1955) for this variation and Tennent has tabulated the weighted mean of
observed values of 4 , (7602 * 2.5 and 2,000nsecs for lead and
paraffin reschtiVe]y)-

Thus the fractions of s topping muons which are ahsorbed in lead

F], and paraffin FP are given by

13
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. e . - T,,!“’- _ {0.965 001 for lead

.I.
F ~ = - .
L,P 7A(L,P) D 0.1 + .00l for paraffin

3.10

3-2.5 The average number 3 . of neutrons produced per ahzorption

Kaplan et al,(1958) and MacPonald et al.(1965) have studied the
emission of neutrons from lead nuclei using a similar technique. Muons
were fired at a variety of targel materials ranging from Al to Pb, which
were surrounded by a high efficiency evaporation neutron detector =
a cadmium=-seeded liquid scintillator {ank viewed by pholonultiplier
tubes and surrounded by a thick paraffin reflector. Stopping events,
which were selected by demanding an anti-coincidence with detectors
behind the target, opened a gate from the neutron detactor for a few
tens of’/x secs (the mean life time of the neutrons being of the
order of ]OLLsecs in this particular detector) and the number of detocted
evaporation neutron pulses were recorded.

The efficiency of the detector was found by replacing the target
with a Cf252 fission aeutron source of average energy 3.87 1 0.08 MeV.
Monte Carlo simulations of the, detection process in a similar detector
(Hicks et al,, 1956) indicate that the efficiency of detecting an
evaporation neutron is not very sensitive to its energy (see Ffige 2.9)
due to the large size of the thermaliser/detecter . Repeated checks of
the efficiency had to be made throughout the two experiments due to the
deterioration of the scintillator solution, which caused the efficiency
to drop. For example, in the experiment of Kaplan et al. the efficiency
fell from 0.60 to 0.49 giving a mean of 0.545. The results of MacDonald
et al.give a value 31{; ].709[i 4%)for the average number of evaporation
neutrons emitted per absorbed stopping muon in lead.

3-2.6 The variation of the DIGY®s efficiency with neutron encray

The number nrf of evaporation neutrons detected by the DIGY due

to lﬂrlmuons stopping in the lead produrer of the monitor is related



to the average efficiency éﬂfor detecting these neutrons by

n.=1 ¥ _ F f¢& 3.11
LTS N ST

Putting in the values of nu-, ﬁ;‘L’ ?ﬂ_ F, and £ evaluated previously,
we get Ep?= 0.0414 (+ 13%)e—-The error in %ﬁ_beinq principally due

to EI'L. (Stopping events in the paraffin give a negligible contribution
to n“- since IM,p FP/IN“LFL< 1%)

As pointed out in section 2~3.2 the efficiency depends on the energy
spectrum of the evaporation neutrons produced and also on the pecsitioan
of production within the monitor. It is therefore necessary to assume
a function e’(En) for ihe DIGY, for the variation of efficiency with
evaporation neulron energy En equivalent to Lhe results of Peatce and
Fowler (1964) for the SIGY and NM64. 1n this respect the DIGY should
be more similar to the NM64 than the SIGY due to its thin outer reflector
which according Lo Peaxce and Fowler gives rise to the relalively higher
fall in efficiency of i1he NM44 as En increases. For this reason, ihe
variation in efficiency of the DIGY is assumed here to be the same as in
the NM64,

The energy spectrum of neutrons produced by nuclear absoxption
of negative muons was measured by Hagge et al,(1964) in conjunction with
the experiment of MacDonald et al, (1965). They assumed a spectrum of

the form

Nu,(En) a E_ exp (-En/en) 3.12

and used a value of 6 = 0.75 (+ 0.25) to get a rough fit to the
experimental data,

More recently, considerable interest in the mechanism of muon
capture has lead to several experiments being made to measure the

neutron spectrume One such experiment by Evseev et al, (1970) has studied
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the spectrum of neutrons in the range l.5 to 13 MeV from lead nuclei.
This spectrum, shown in fig. 3.13, demonstrates that, in the case of
lead at least, the principal yield of neutrons is from evaporation but
that there is a small probability of direct meutron emission in which
the neutron produced in equation 3.5 is emittod without exciting the
nucleuss.

This process produces the high cnergy tail of the spectrum. The

evaporation spectrum was fitted by Evssev et al. by

1 *
Nu_(En) o En‘)/ll exp (£ /7 ) 3.13

where 7%= 1.15 (+ 0.1) MeV,

In view of the small contribution made by the high energy tail,

this simplified spectrum will be used in this work.
The average efficiency &(¢*) of detecting evaporation neutrons

having an energy spectrum N(Engqﬁ) given by Le Gouteur (equation 2.1 and

2.2) can now be calculated thus:-

s . LMEsT) € E) &/ [nesr) e B s
T’N,:(En) ¢ (B ) E/ f”n‘(ﬁn) GE_

[ (]

The value of U appropriate to the median energy (~ 150 MeV) of the nucleoas
contributing to the monitor count rate is 80 MeV (Métropolis)for which
qﬁ;_l.Bl, assuming o= A/lO. The corresponding value of the efficiency
¢ is 0.0376,

3~2.7 Vaziation of efficiency over the producer volume

The above value is appropriate to the region of the monitor within
which the negative muons were restricted io impact by the acceptance of
the spectrograph. Hughes (1961),and Hatton and Carmichael (1)64) showed
that the efficiency falls near the edges so the overall efficiency is less

than 0.376, The variation of efficiency of the DIGY over the horizontal



FIG. 213 Neutron Energy Spectrum from Muon Absorption in
Lead Nuclei
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plane has been estimated in fige 3.14 from the source measurements

of Hughesjand Hatton and Carmichael for the LIGY.and the NM64. The
variation over the producer, of the flux (or acceptance) of stopping
muons has been calculated for the direction parallel to the BF3 counter
axisy using a scale drawing of the spectrograph under the assumptions
that the muons suffer no coulomb scattering in traversing the
spectrograph, and that the muon flux incident on the spectrograph is
isotropice The error due to the ignoring of the scattering should be
negligible (5 1%). This acceptance function is shown in fig. 3.l4a.
Theé variation in acceptance in the direction berpendioular to the counter
axis has been obtained by recording ions with the spectrograph and
plotting the distribution of impacts on the monitor of low (€1 GeV)
momentum muons (fige 3.14b). Although the errors on'this acceptance
function are large only a small ertor will be introduced into the
efficiency correction because the change in efficiency across the
monitor is very small.

The variation of rate of production of neutrons with depth should
be small for both the slow/ufand interacting nucleons, and has been
neglected here.

The average over the whole surface of the DIGY has been calculated
to be 0.0242 by averaging the function-for the DIGY in fig. 3.14.

3~2.8 Discussion of errors and comparison with other measurements

The main uncertainty in this determination of the efficiency
lies in the estimation of T _ ..
o L
The result is not pariicularly sensitive to the uncertainties in
energy spectra of evaporation neutrons, nor to the assumptions about
e%En). The effect of 1he possible errors in the spectra have been

*
estimated by evaluating equation 3.14 for the limits of error of 7°

(as measured by Evseev for stopping muons) and for the spectrum given
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by Skyrme for 150 MeV protons (fig. 2.3). In both cases, the
estimated efficiency changed by less than 3%. The effect on the
spectrum of the uncertainty in the median sea level nucleon energy
of the DIGY, and the low energy secondary nucleons produced by these
nucleons should be small because the excitation energy is not a strong
function of Ep in this region (fig. 2.1la). To test the sensitivity on
g(Ep) of variations in the {unction 6'(En), values of ¢(7) were
calculated (fig. 2.11) assuming two other functions for e’(En)(fig. 2.9)3
onebeing the SIGY prediction of Pearce and Fowler, the other corresponding
to a monitor where the relative leakage of 'high' energy evaporation
neutrons is about twice that in the SIGY. The fact that the resulting
change in g(7%) is negligible for ¢%¢ 2 MeV , is because the
evaporation neutrons produced at these low excitation energies have t?o
low energies to escape through the teflector.

Therefore the best estimate of the efficiency of delecting neutrons
producedby a 2150 MeV nucleon is 0.024 with an error of + 13%.

This value jis slightly higher than the estimate {equation 3.4 )
of 0.0213 based on the relative counting rates of various monitors.
However, considering the approximations made in the comparative estimate,
the new measurement is not inconsistent with the other measurements of
monitor efficiencies (Hughes; Hatton and Carmichael) all of which have
a similar size of error to that given here.

It is hard to decide which of ilhe efficiency measurements is more
reliable than another. The present method has the advantage that the
measurement is carried out with no geometrical alterations to ihe monitor
and is weighted towards the experimenial conditions, i.e. the measured
efficiency is automatically averaged over the volume of the producer and
moderator in a way thal may closely approximate to the production of

neutrons by cosmic ravs. Also eompared to the Ra~Be source measurements
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the present melhod has an obvious édvantage in that it is using a source
of neutrons move similar to those which the monitor normally detects,
being produced by the same mechanism.

On theother hand the present method suvffers from having a spectrum
of cosmic rays as it s source of neutrons - with consequent stalistical
uncertainties in the flux and uncertainties in the interaction of this
flux with the spectrograph. In particular, the lower energy limit of
muons which can pass through the spectrogrsph and be accepted as an event,
is particularly difficult to estimate. (1t should be notsd that if the
muon spectrum had a form similar to that measured by Gardener et al, (1962)
(fig. 3.12) the estimated efficiency would have been considerably highero)

In conclusion, there is certainly no evidence for the commonly qunted
value of efficiency for the LIGY monitor being too hi@h, as suggested by

Shen. On the conirary, the figure of 0.03 given by Hatton may be a slight

underestimate.

The best estimate of the DIGY has been taken as the mean of the two
estimates given here (0.024, 0.021), the increased weight of the two
source measurements compared with the gpe "stopping muor" measurement,
being roughly counteracted by the uncertainties in comparing efficiencies
of the three monitors.
3-3 The Spectrograph
3-3.1 Introcuction

This spectrograph was designed for use in studies of the momentum
spectra of nuclear active particles in air shovers. A detalled description
of it has been made elsewhere (Hook, 1972), so only the main features will
be described here,

An important design specification was to minimise the amount of matter
in the specirograph in order to reduce the probability of tne NAP's, protons

and piorls, intevacting in the spectrograph. For ihis reason an air-gap
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magnet was used. Another important factor in the design was the low
intensity of both unaccompanied NAP syand NAP s in extensive air

showers. This required a detector with a large area and solid angle of
acceptance, and was fullfilled in this case by the use of trays of
Geiger~Miller (GM) counters in conjunction with a neon flash=tube visual
detector array viewed by cameras. A diagram of the spectrograph as used
in the main part of the work is shown in fig, 3.l. Charged single
particles traversing the spectrojraph were selected by demanding o
coincidence between at least one GM counter in each of the trays Gl,
G2, G3 and G4, It was known that only about 1% of these single particles
would be NAP&,. the remainder being muons (Brooke et al, 1964) so the

me thod used by Brooke et al. of selecting the required NAPs was adopted
here incorporating multiple pulsing of the flash tubes and shuttered
cameras. The sequence of events is as follows:

(1) The single particle iriggers the GM counters which causes the flash
tubes to be immediately pulsed, a 2.1 sec paralysis to be imposed on the
system; and the gate between the neutron monitor and the multiplicity
recorders opened after a short time delay (40pu secs),

(2) The neutron multiplicities recorded in each channel during the
300 gy sec gating time are stored before,

(3) The camera shutters are opened whilst the flash tubes are repeatedly
pulsed, to allow the films to record the initial track (retained by virtue
of the after~Fflashing property of flash tubes (Coxell and Wolfendale,1960),
and the displayed neulron multiplicities together with a clock showing
British Standard Time, fiducial lighls on the flash tube trays and the
identifying film and frame numbers for that event;

(4) The shulters are closed before the films are advanced and the

frame number incremented by one
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(5) The multiplicity recorders are re-set to zero and the paralysis
is removed.

1f no neutron is recorded during (2), then steps (3) and (4) are
not carried out. The time sequence of operations is shown in fige 3.12
and the electronic control circuit is shown in fige 3.16.

The events recorded in this way included a large number of muons;
some beling genuine interactions in the monitor whilst others-were random
coincidences between a particle fulfilling the GM counter coincidence
and toe background count rate of the monitor.

3-3.2 The Maynetic Field,

3

The momentum of a single particle has been determined from its
deflection in the magnetic field of the spectrograph assuming a
horizontal uniform field (of flux 0.3 tesla due to a constant current
of 20 amps flowing in the windings), perpendicular to the deflection
measurement plane and completely contained in the air gap volume of
0.1 m%. The magnetic flux density in and around the air-gap has been
measured using a calibrated Hall~effect probe and it has been shown
(Hook 71972) that the effect of the non-uniformities is negligible.

3~3.3 The Visual Detectors

Four trays of neon flach tubes Al, A3, B3 and Bl were used for
measuring the deflection, the A trays enabling the incidenl trajectory
of the particle to be obtained, whilst the B trays gave the deflecled
trajectory. The dimensions are given in table 3.5. Aluminium electrodes
placed between each layer of tubes were connected to a high voltage pulsing
system which could pulse the trays seven times at intervals of about 10 msecse
An interval of 1lime of about 2 secs was necessary ifor re-charging the
syslem after the discharying. The operation of the flash tubes in this
mode has been checked by Hook who found that the loss in efficiency due

to the non-unit probzbijity of after-ilashing is only 5%.
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IABLE 3.5

The Flagh Tube Trays

Tray Al A3 B3 Bl X1 X2

The Flash Internal and External diameter = 1.6 and l.8cm respectively

Tubes Neon gas pressure = 60 cm Hg.
Numbzr of 990 760 760 990 400 1284
Tubes

Number of 10 10 10 10 4 12

fayers

P':\.tCh of 302 302 392 302 s 108 < 1n8

Layers (cm) -

Pitch of 1.907 1,907 1. 907 1.907 =1.8 ~1.8

Tubes (cm)

Length of 120 120 60 60 250 200

Tubes {(cm)

Tube support Supportad at each end in Glose=-packed
accurately machined slots in self supporting
rectangular duralumin tubing

Arrangement Between each layer Betwcen svery

of Electrodes two layers
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Trays of reon flash tubes X1 and X2 were used to help the
distinguishing of the NAPs and muons by observing the way in which
the particles interacted in the monitor. The X2 {ray was constructed
in two halves which were placed as close together as possible. The
effect of the gap of about 10 cm between the edge flash tubes in each
half, was allowed for in the selection procedure, which was based on
the lateral scatter of the particle after having passed through the
monitors The accuracy of these flash tube locations (lmm) was sufficient
to measure the deviation of the average momentum muon recorded in this
work (~3 GeV/c) to an accuracy limited by the tube and array size. The
X1l %ray was used purely to indicate the presence of charged particles
incident on the top of the monitor and so the flash tube location accuracy
was not as important as in the other trays. The diménsions of these
trays are given in table 3.5, These trays were connected to a similar
pulsing unit to the one supplying the momentum measurement trays.

3-3.4 The Single Particle Selection System

The upper-most Lray (G1) of Geiger-diiller {GM) counlers consisted
of three adjacent sets of tep adjacent counters (20th Century Ltds, G60)
(length 0.6m diameter 3cms) placed horizontally and parallel to the axis
of the flash tubes. The outputs from the three sets were fed into a
mixing unit which produced a standard pulse whenever any one of the
thirty counters was discharged.

Each of the trays G2 and G3 consisted of 11 G60 counters arranged
in two close packed layers with their axis horizontal and perpendicular
10 those in Gl. A goincidence unil gave a standard output pulse in the
event of a simultaneous discharge of a counter in each tray.

The G4 tray consisted of 10 GéO counters placed horizontally and
perpendicular to those in Gl. It's output was pulse~formed in the same

way as that of Gl.
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The shaped pulses from Gl, Gé + G3 and G4 were fed into a
coincidence unit which, during the single particle work, gave an
output pulse in the event of simultaneous discharges of GM counters
in each of the four trays. The performance of the GM counters was
checked by monitoring on a ratemeter, the rates of pulses from Gl,
G4 and from the coincidence between G2 + G3.

3-3,5The Recording of Information

Two Shackman automatic 35mm cameras were used lo record on
Il1ford HP4 film the visual ianformation in the spectrograph, one for the
upper (A) half and onefor the lower (B) half of the spectrograph. These
two cameras were fitted with venetian blind type shutters which were
fully open 13msecs after the detection of a neutron coincidence.

A third camera (C)(without shutters) was used to record the
detection times ond multiplicity of the neutrons from the neutron monitor
on an oscilloscope, as mentioned in 3-1.3. The CRO time base was set
at 5qisec/cm and triggered by evecy 4-fold GM coincidence. In order to
reduce the fogging effect of these frequent sweeps of the trace (only
1% of which would produce a neutron) the lower part of the scale was
blanked off, thus obscuring the bare sweep, and only displaying the
positive ungated neutron pulses from the mixed neutron coincidence unit.
3-3.6Computer Track Fitiing

Re~construction of the path of the particles was performed using a
track fitting program, assuming the path to beastraight line in each half
of the spectrograph; the track in each half being filted independently.

The initial estimate of the position of the track is obtained by
leagi~squares analysis ahd gauss fits on the coordinates of the centres
of the flash tubes, and of the gaps in layers with no flashed tubes. These
are followed by a path~fit procedure whereby the track is varied step-wise

over small ranges of angle (+ 0.5°) and transverse position (#O.4cm), the
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goodness of fit being assessed using three critéria in torn. First the
number of flashed tubes traversed by the irack is maximised, then the
length (BMIN) of track traversing unflashed tubes is minimised and
finally the length (BMAX) of track traversing flashed tubes is maximised.
This procedure is carried out for hoth arms of the spectrograph and for
all combinations of tubes in the event of there being more than one
flashed tube in a layer. Using ihe resulting two best fits the angular
deflection AV ,and the apparent momentum p and charge for this deflection
are calculatede The approximate impact across the neutron monitor is
also calculated by dividing the monitor into 80 cells along a line lewvel

with the top of the inner moderator, and finding which cell the track
falls into.

Tracks are rejected which do not fulfil certain conditions regarding
the goodness of fit,; indicating human ervors in track enumeration or
interactions of ihe particle within the speclrograph.

The parameters used for rejection purposes ares-
(a) the number of ignored flashed tubes (not traversed by the track),
(b) the efficiency (defined as BMAX/BMAX+ [BMIN!)) of the lracsy

(c) the difference A between the intersection points Y and Y, of

1
the vpper ano lower tracks respectively with the norizontal line,
perpendicular 1o the axis of the {lash tubes, in the middle of the magnet.
and (d) the intersection points of the tracks with the GM trays.

It was found that interactions or wrongly enumerated flash tubes
would be noticed either by abnormally high values of (a) and (c); a low
value of (b); or a value of (d) outside the geometrical 1limit of the trayse

The angle and centre of gravity of the best straight line through
the illuminated X2 flash tubes (if any) are obtained using the flashed

lubes® centres in a least squires fit; and the actual amount of lead

traversed by i1he particle in the monitor is calculated for those events



with tracks in X2.

The actual lateral displacement of the particle in X2 is compared
with that expected for a muon of momentum p passing through the calculated
thickness of lead, and the probability of the particle being a muon is
calculated (see section 3-3.7(ii)). The event is ‘*flagged' if the
X2 track does not inlersect with the spectrograph track within the
monitor; or if the X2 track, expected on ihe basis of a particle being
a muon, would fall in or near-the gap between the two halves of the
flash tube tray.

3-3.7The Estimation of Ervors in Track Fitting

(A) The Momentum Measurement
In the absence of measurement and reconstruction errors, magnetic
field non-uniformities, and interactions of the particle with the
spectrograph, lhe momentum p of the particle is related to its magnetic
deflection A Uy by
K

p = 3.15
Aym

where K is a constant depending on the nagnetic field (=2.95 for a current
of 20amps). However, in practice the probability P(/;q,;mpm) of observing
a deflection in the range (Qwﬂqu' olmp)can be assumed 1o be given by:i=

Papsy )y = 1 exp ((pumaw]’)  dw 3.6
2

ov 2 20

whexre cr2 = g 2 + 0T2 is the slandard deviation of the distribution

c
and is made up from a contribution T due to particle scattering, and
a contribution T due to measuremenl errors. When a charged particle

of momentum p (GeV/c) and velocity 8 (in uwnits of ¢) traverses x radiation

lengths of material, the rem.s. angle of scatter {in degrees) is given by

o, = 0.148 [x 317
Ps



In the limit as p becomes very large, PQﬁw;A,wm) depends only on
0}, or is independent of p. A useful indication of the limit of accurate
high momentum measurements is the so called maximum detectable momentum
(mdm) defined as that p for which A% = 070 An accurate knowledge of
0% is necessary to extend momentum measurements meaningfully beyond
the mdm. It has been shown by quk (1973, private communjcation)that
O has a value of (0.15 * 0.04)°, corresponding to an mdm of 20 GeV/c
for a magnet current of 20 amps.

_ The track-{itting program has been tested (Hook, 1972) by generating
arfﬁficial events in one of the arms of the spectrograph, and then
analysing them by the programs IL was found that with ithe usual angular
path~-£fit steps of 0»050, the piogram reconstructed the tracks with angles
accurate to 0.1°. Tt would therefore appear that the angular measuring
error of the spectrograph is about 0.11°.

(i1) Tne Particle Identification

The angular displacemenl viewed in iwo dimensions of muons of
incident momentum p, after iraversing a thickness t g cm'-2 of lead is
described by a gaussian (for small t) with a root mean square (measured
in radians) given by

- [
0, = 5.81.10 3 4065 3.18

-

8P

where B8 is the velocity of the muons (in units of the velocity of
light).

The resulting mean lateral scatter in the middle of the X2 tray
is ro, (fig. 3.17).

The lateral displacement of these muons immediately below the

monilor is also given hy a gaussian with a mean (in om) given by

0 = 3.36.107 b 3.19

%
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It has therefore been assumed that the total lateral scatter y in X2

is also a gaussian wilth a mean given by

o, ® V2 0,2 + o-Lz}j 3.20

The measured scatter will be greater than this due to track location
errors. Assuming a gaussian measurement error dislribution with a

AY

mean of Uﬁx, the measured average scatter will be yiven by

=j +o*2 3.21

The distribution of measured lateral scatier (in units ofo«cx)
of'about 300 cosmic ray muons ( 1 GeV/b), detected and computer=~
analysed has been found in fig. 5.5 (solid 1line) to be closely gaussiane
Similar distcibutions for smaller rcanges of muon momentum have beer used
to meke several estimates of O Nx (whicn is independent of mome nvtum e
The resulting mean value of Ui is 1.0 cm, with a standard deviation
of 0.34 cm,

This value would be expected to be considerably higher than the
flash tube location error (f O.lcm) because of the short height of the
tray and the relatively large diameter of the flash tubes, bul since,
in the absence of a refined track fitting procedure such as is used for
the momentum measurement, the best resoluticn of the position of the
track in each layer is ~* 1 cm (the radius of the tubes) this estimate
of the measuiement error seems to be ratner nhigh. Checks of the
enumerition accuracy reveal no significant errors which could cause an
overestimation.

As the muon momentum increases, 0y tends to be dominated by Ny
The value of momzntum fox which O&X= 0tk is about 3 GeV/c and tais
gives a useful estimste of the upper limit of the range of momentum

over-which muons can be rellably identified- However, in view of the
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high probability of an overestimation of ONK? it would seem likely
that reliable identification of muons is possible at twice this
momentum. At the maximun detectable momentum of the spectrog raph
(20 GeV/c) the measurement error Ol is up to ten times the average

coulomb scatter O‘CX and so most of the muons will have a measured

scatlter less than 100—0.



CHAPTER FOUR

NEUTRON PRODUCTION BY FROTONS AND PIONS

4-1 Introduction

The purpose of the work described in thié chapter is to determine
the variation of evaporation neutron production from lead nuclei
with the energy of the interacting.nuclear active particle (NAP). As
in the case of the previous work by Hughes et al. (1964), the MAPs
recorded are mainly positively charged protons, but with a small
contribution of both positive and negative pions. The yield of kaons
and anti-protons in proton collisions are small compared with that of
pions at a few hundred GeV (<10% according to Antipov et al, (1971))
and their survival probabilities are alsc smaller than that of pions,
so that they may be ignored in this analysise

Apart from the reduction in statistical errors, the present
experiment should be an improvement over that of Hughes et al. because
an allowance has been made for the variation of average neutron detecticn
efficiency with MAP energy.
4~2 The Experiment

The spectrograph and monitor were operated together in the mode
described in 3-3.1 with events being recorded on film when the single
particle GM-counter coincidence (a GM event) was followed by at least
one neutron being detected within the gale, which opened 40usec after
the coincidence and closed at 340 ysec (an NM event ).

The rate of these NM events was about 10hr“l compared with the
single particle GM coincidence rate of about 900 hr‘lo

All three recording films were changed daily whilst the equipment

was being checked and the films were immediately developed to ensure
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that the cameras were recording the visual information clearly. At
the beginning and end of each daily run the various event counters,
British standard time and the magnet currentwere noted; and the time
and date marked on the continuous record of the magnet current. The
GM counters and the monitor BF3 counters were checked at these times
using the rate-meters, and any abnormelities noted and corrected. The
magnetic field was reversed daily in order to minimise the effect of
any assymetry in the acceptance of the specirograph which may distort
the apparent charge of a.particle,
' The equipment wes operated in this manner from Dec. 1970 to

Feb. 1971 for a total of 9868.8 hrs. Of Lhis, 553.5 hrs were lost
due to equipment failures, damage to films and (principally) the dead
time of the equipment (equal to 2.1 sec per GM coincidence), and so
the actual sensitive time was 433.3 hrs. During this sensitive time
8.13510° GM and 1.03x10% NM, coincidences were recorded (after the
losses had been subtracted) whilst the magnetic field was maintained
at 20,0 1+ 0.6 amps. Corresponding to a fieid integral of 167 kGecm.
4-3 The Extraction of Data

Each set of three films from the spectrograph was inspected and
the following information noted for each event.

le The film and event numbers

2. British standard time

3o The neutron multiplicity in each neutron channel

4, The number of tracks in each flash tube tray

5. Evidence of any interactions in the spectrograph

6o The arrival times of the neutrons.

Each event was then assigned to one of the following categories:

(A) "B event" ~ a momentum-analysable track (a single treck in each

~
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of the four momentum measurement trays)s and no more ihan one track
in the (sub-monitor) X2 tray.
(B) "F event" ~ a "B event" accompanied by other tracks which were
not momentum=analysable (shorter tracks which do not pass through
each momentum measurement tray).
(€) "EAS event" ~ two or more momentum analysable tracks which may
or may not be accompanied by other tracks.
(D) "B(P) event" - a "B event" with more than one track in X2
(E) "F(P) event" = an "F event" with more than onetrack in X2
() “Dense event" - many tracks but none analysable
(G) "Reject event" ~ an event with either (a) no analysable irack because
(1) a single particle interacted in the spectrograph
or (ii) the spectrograph was triggeted by chance coincidences in
the GM-ielescope;
or (b) a fault in the spectrograph or in the neutron vead-out as
indicated by a large discrepency between that indicated cn films
A and B, and that recorded on film C (as opposed to the occasional
(about one in a nundred) small difference which would be accounted
for by the finite resolution of the pulses on the CRO timebase
viewed by camera C).

The spectrograph records of the "B" and "F" events were projected
and the row numbers of the illuminated {lash tubes in each layer
punched onto a set of three computer cards, togetrer with the identifying
film and event numbers the nominal signed value of magnet current,
the neutron multiplicity in each channel as read out on A and B frames,
and the arrival times of the neutrons. In this way all the available
information about the events (except for British standard time B.S.T)

was stored on computer cardse

N
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The A and B fremes of the "Q(P)", "t (F)" and "EAS" events were
enlarged and printed onto photographic paper so that closer inspections
could be made. The extension of each spectrograph track into X2 was
drawn graphically and the nearest X2 track marked accordingly. The
tracks of these evenis (selecting the marked X2 track only) were then
enumerated onto punched cards in a similar way to the "B"'s and "F"'s
except that a transparent overlay wés used to indicate the tube
positions. In this way all the available information about these
events was stored on computer cards except for B.S.T. and the extrs
X2 tracks. "Dense" and "Reject" events received no further treatment.
Table 4.1 gives the fraction of the total data that fell into each of
these categories.

Each event was analysed by the computer track fitting program
and the results recorded in print and on a computer card, which when
combined with the other three cards formed a set containing almost
all the available information about that event. A few events were
rejected due to interactions in the specirograph which had not been
noticed in ihe initial scan. These were added to the "Reject (a)"
category. A further fraction of the events (5%) were not analysed
due to there being a small number of flashed tubes in a track, which
would increase the Ay measurement error.

4-4 Identification of Protons and Pions

4-4:1 Introduction

There are four distinct processes that can give rise to a single
particle event with a response from the monitor:-
(a) a strong nuclear interaction between protons or pions and a nucleus
in the monitor
(b) an electromagnetic interaction of a fast muon with a nucleus in the

monitor



TABIE 4,1
e | e | Fpciiopof
A B 49
B E, 4
C EAS <1
D B(P) 7
E F(P) <l
F Dense 15
G Reject 25
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(¢) an electromagnetic interactioh of a slow, slopping, negative muon
with a monitor nucleus

and (d) an accidenlal coincidence between the single particle (GM) trigger
(usually produced by a muon that passes through the monitor without
interacting) and the monitor (which counts neutrons produced by
low energy cosmic ray neutrons by process (a)).

There are four sources of ;nformation ihat have been used in the
identification of these procesgses.

I The apparent momentum and charge of the particle (determined from
its deflection in the spectrograph),

I1 The number and position of tracks emerging from the monitor,

IIT The distance between the monitor impact of the particle and the
position of the channel (s) that detected the neutrons,

and IV the arrival times of ihe neutrons. .

The muon momentum corresponding to a range in lead equal to the
maximum thickness (340 g cm-2) presented by ihe monitor to verticsl
particles is 530 MeV/c. The corresponding mean deflection¢5¢m in the
magnetic field (when the erergising current is 20 amps) is about 5° with
a measurement error (principally due to coulomb scattering in the flash
tubes in this case) of  # 0.7°%  This indicates that there should
be few stopping muons having deflections less than 30, and so proton
and pion candidates are only selected if they are deflected by less
than 3° (corresponding to a momentum > 1 GeV).
4~4:2 zz_gyentg (with no track in the X2 tray)

A feature of the events in calegory (b) and the majority of those
in (d), is that the incident particle is not absorbed by the monitor,
whereas the more strongly interacting protons and pions (NAP s) with

energies in the region of interest here (~5 GeV), have a high
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Pprobability of being completely absoxbed, together with their
interaction products. Thus any event WithlAlPl <3° and no track
in X2 is almost certain to be an NAP; and small corrections can be
made for muonic contamination due to the following causess-

lo. A particle emergent underneath the monitor may pass through
the gap between the two halves of the X2 tray,

2. A slow (momentum <0.6 GeV/c) accidental muon in category
(d) may be coulomb scattered to appear to have]A ¢|<3° and then,

stopped in the monitox.

3. A slow negative muon in categoxy (c) may be similarly scattered

and then stopped in the monitor.

Events in which the projection of the incident track falls within
3 cm of the edge of the X2 tray, are rejected to eliminate cause 1,

The number of accidental events and the fraction of these which
would be classified as an NAP (22;p5¢1< 3%) have been calculated (see
section 5-3.2) by analysing events withoul the monitor coincidence.
Similarly the number of genuine stopping negative muon interactions
having wal <30 and whose neutrons are detected, has been estimated.
In both these cases the fraction of non MAP events in the PS¢I < 3%
X2 category is very small (5 1%)o

4-4.3 X2 Events = (with track in the X2 tray)

Events with X2 tracks can be due to either muons or NAP's. The
2-D projection, in the measurement plane, of the lateral scatter y
(fige 3.17) of the incident particle after traversing the monitor,
is found and events are assumed to be NAPs if y is large compared
with that expected for an accidental muon of the same momentum. An

arbitrary uppexr limit of 8(TCY (see sect. 5-3.2) hac been chosen for
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3

the scatter of muons in categories (b) and (d); and all events with
y> 80‘cx have been assumed to be NAPs.. In the case of more than
one track in X2 the parent particle is assumed to be that track with
the minimum value of yo This is justified because in a proton-nucleus
inelastic interaction the proton is usually left with significantly
more energy than any of the secondaries (Sheny 1968). Assuming that
all the product particles havé the same distribution in transverse
momentum, the proton should emeige closest to the incident trajectory.
In the case of pion-nucleus interaclions the incident pion is not known
tor survive but the choice of the nearest secondary should not introduce
a significant bias in the particle selection.

It will be shown (see section 5-3.3) that a small froction of NAP s
have y < eabxo This can be understood in terms of the effect of the 2-D
projection and should not introduce a significant bias. It will also
be shown that small numbers of interacting and accidental muons are
classified as NAPs, particularly at momenta greater than 20 GeM/c due
to the error in track location in X2, and the over-estimation of the
momentum above the mdm, thus underestimgting be. Both these factors
tend to classify muons as NAPs and small corrections have been made
for thems In order to reduce the small correction due to the accidental
muonss the NAP s were only selected if'the impact distance (the minimum
distance between the impacting particle and the nearest edge of the
nearest neutron monjtor channel giving a response), was less than 20 cell
widths. The impact distance distribution for those events (assumed to
be 100% NAP) in the (X2;]Ay < 3°) category is shown in fig. 4.1 together
with the calculated impact distance distribution for accidentzl muons
(see section 5-3.2). It can be seen that almost all the genuine NAP s

have impact distances less than 20 cell widths whereas only about one
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half of the accidental events fall within this limit.

4~5, The Experimental Results

The measured multiplicity distributions for the NAF s in categories
(A) and (D), (i.e. unaccompanied momentum~analysable particles with any
number of X2 tracks) are shown in table 4.2 for different charges and
ranges of deflection Lﬁw[ in the megnetic field of the spectrograph
The different contributions from the X2 (without X2 tracks) and X2
(with X2 track(s)) events are given thus

0lx)
where ()} represents the number of X2 evVents
X represents the number of X2 events

The resulting average multiplicities m for each deflection bin and

charge are calculated before and after the small corrections for muonic

contamination.

S e st Searem.

Incident Particle Eneraqy

4-6.)1 The Measurement of particle enerqy

It has been assumed, after Hughes et ala7that the charge ratio of
positive and negative pions is unity and that there are no anti-protons
over the energy range considered. The neutron multiplicity distribution,
in a given deflection bin, attributable to protons has therefore been
taken as the distribution of positive NAPs (protons and positive pions)
minus the distribution of negative NAPs (negative pions)e

The approximate average momentum for each deflection bin of a
particle can be found (neglectinq spectrograph errors) by assuming the
momentum p of the particle to be given by equation 3.15, and then finding
the mean value of p for each bin. These approximations bew me

increasingly inaccurate as p approaches the mdm (20 GeV/c) when there will be
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high contribulions to the bins of high apparent momentum from particles
with lower momenta, and a considerable "spill over" of particles of
one charge into the other. For this reason the momentum of the pesrticles
with p5¢4 < 0.2°has been taken as 20 GeV/co

Using these assumptions the average kinetic enevrgy for each b%n
has been calculated and a further small correcliion made for the energy
loss by the NAPs in traversing the distance from the centre of the
spectrograph magnet to the top of ihe Pb layer in the monitor. This is
given in table 4.3. Tn order to estimate Llhe error in the estimation
of momentum ncar the mdm the deflectlon distributions for positive and
negative NMAP s have been used after the method of Hook (1972) to derive
the momentum spectrum (N(p)dp) of the protons detected during the
experiment, and this has been used to calculate the mean momentum E
of protons in each A ybin {Ay o 1pj), integrated over the whole
spectrum weighted with the probability PQ3¢9p)daq; of a proton of
momentum p being deflected to have a deflection in (\pAYF AYP) (see

also section 3-2,3). Thus the average momentum is given by:~-

> \;j 401
[ﬁ\l(p)%w,p) dpday
n}m 4

It was found that although the effect of the correction is very

emall less than 10 GeY/c, it sets an upper limit of about 15 GeV/c

for the NAP energy in this work.

4-6.2 The measurement of mean multiplicity

In table 4,3 the average multiplicities m for each deflection bin
have been calculated for those events attributed, in turn, to protons

and negative pionse.
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The "spill over" of particles near the mdm tends to reduce
(a) any difference in m between positive and negative particles and,
(b) the statistical sample of the protcnse

It can be seen in table 4.3 that although m for protons near the
mdm increases considerably compared with that for positive NAPs in
table 4.2 ,~ there is a large error in this value.

The average produced neutron multiplicity J/ for each deflection
cell of both particles has been calculated from the measured average

detected multiplicity m under the assumption that the probability

of » neutrons being produced in interactions of mean energy Ep is

given by
I(y; Ep) = (1 -e)e™™ 4o2
oo -
where % I (y3E )=1 .
v=o p

After Shen (1968), this gives the average produced neutron multiplicity

as

= po a -1
V(Ep) = u§° v I E) = (e = 1) 4.3

©0o — .p
1)2’0 I (v Ep)

Assuming that the probability of detecting m of the p neutrons is
given by
= =y oY
Blmsw) = () (e(E)) £)" (1-e B )™ 404

where f is the gating efficiency , the probability of a detected

multiplicity m in interactions of average energy Ep is

- m Lad
RmE )oa® I(vE ) B (myp) 4.5
P em p

and the average multiplicity is

- = o = - -
m (Ep)~ §=l m R(m,Ep-)- 1 (:-:(_E_?-)_f) e ) 4.6
%;';:1 R (m; I:‘rp) l-(lwc(ﬁp) f)e @
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whence v (Ep) = m (EIE) -1 4.7

e(ﬁp) f

Using the values of m in table 4.3, values of p have been calculated
for two different assumptions about e(ﬁp);(a) that G(Ep) = G(Ep =150 MeV¥) =
0.035 as deduced by the mean of the stopping s and the neutron source
measurements (section 3-2.8).,and (b) that e(Ep) is given by fig. 2.12(e)
normalised to ¢= 0.035 at §p=l50MeV (for protons only). The results
are given in table 4.3.

The gating efficiency f has been taken to be 0.70 being that
ap;propriate to a gate opening and closing at 40 and 340/usec respectively,
after the interaction.

To check the assumption in equation 4.2, plots of log R(m; Ep)
against m have been plotted. Combining equation 4.2, 4.4 and 4.5 we

get

RE)) o 5 ™ p! (e5)™ (1me£ )V ™ 4.8

y=n i (p=m)e

so that

log R{m; Ep)oc m log (gf) = a = log (1 = (1-¢f)e ) 4.9

Thus the plots for interactions of mean energy Ep’ and average
detected multiplicity D should be a straight Jine. These are shown
in fige 4.2 for protons. It is cleaxr that in general R(m,Ep) is not
a single exponentiial function. A much better fit to the poinls can be
obtained using a double exponential expression as shown, which would

follow from I ; 'E'p) being a double exponential of the form

(s Ep) =K exp (-a) - Ky exp (-bv) 4.10
The corresponding expression for R(m;Ep) is given by

ey
=y L ~ay _ ~by
R(msEp) = 'U?ém B(m-.v) (Kae Kbe )
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. - m - )
=k '] lef) e® -k [ eede™ &
a - b -b 40]1
1-(1=¢f)e @ 1-(l-¢f)e
where Ka' = Ka etco

1-(1~€f)e“a

Rough visual fits to the points in fig. 4.2 have been made corresponding

to values of Ka’ Kb’ a and b given in table 4.3 It was noted that for:-

(a) mys1 R(m; Ep) ~ Ka' [ _(ef) g o ] " 4.12
1=(1-¢f)e™®
(b) m=0 R (m; Ep) = Ka' - Kb'

~
=
-/

or R(O;Ep) = a - " b
1-(L=¢f)e 1__(1_€f)e-b
and that due to normalisation 4,13
(c) 1= 5 - Ky
1-e"a l-emb

Thus the slope of log R against m for msy 1 gives the value of a
(equation 4.12). The value of b was obtained in a similar way after
sublraction of the actval distribution from equation 4.12. The normali-
sation constants Ka and Kb where found from the simultaneous equations
4,13, R(Oﬂgp) being found by extrapolating the experimental points as
shown in fige 4.2,
After Shen,the average produced multiplicity is given by

s. ket K e 4,14

(1 -y (1- ™)

The resulting values of (¢, the ratiosof these values ofj7, to those
calculated assuming a single exponential, are given in table 4.3.

4~7 Discussion of Results

The variation of {  the average produced number of neutrons

(¢30 MeV), with energy Ep of proton incident on a lead layer of average
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thickness t = 1.3 interaction lengths is shown in figures 4.3 and 4.4.

To allow for the uncertainty in the effect of the cascade neutrons

mentioned in section 2-2.,3 a shaded area is drawn bounded by the lines

corresponding to p(lower) and i;t (upper) and has been obtained by

averaging the results of Shen (1968) for various thicknesses t. Also

shown are the values of p calculated in table 4.3 for positive and

negative particles (protons and pions respectively) for . 9

the cases in which the efficiency ¢ is constant (fige 4.3) and varies

with Ep (fige 4.4),protons only.

R compare the results of the present experiment with those of

Hughes et al, (1964), the experimentally determined ratio 1‘;1.3/7;&'75

for the same mean proton energies as estimated in the two experiments

is compared in fig. 4.5 with that predicted by Shen. The values of

Vs are those given by Hatten (1971) whilst the values of ﬁi. 4 ate

those obtained without any correction for the variation ofe:(Ep) and

have been interpolated at appropriate energies for purposes of comparison.
A feature of the results of the present experiment is a consistently

lower set of values for P than that predicted by Shen for energies above

0.5 GeVo The discrepency in fig. 4.3 is slightly larger than that noted

by Hatton (1971) and, for protons, is about 40% less than Shen's predicted

{%. Although the low energy experimental value is in good agreement

with ﬁ%, this may be fortultous because at these low energies the

calculation tends to underestimate the neutron yield, according to Shen.
It can be seen in fig. 4.5 that the uncorrected data for the present

experiment are about 15% less than those expected from the experiment

of Hughes et al. assuming the calculations of Shen are accurate enough

to relate the neutron yields from the two thicknesses of leads In fact,

if these calculations greatly overestiimate the neutron yield for energies
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above 0.5 GeV as suggested by figs. 4.3 and 3.7, the predicted ratio
i§.3/5l75 above 0.5 GeV would tend to be too low due to the greater
contribution of neutrons from the low energy secondaries in the
thicker producer. Although this result could indicate an inconsistency
in m between the two sets of data, a plausible explanation, given the
compromise that had to be made in section 3.2.8 between the two
estimates of the DIRY's efficiency, is that the relative efficiency of
this monitor assumed in the present experiment is toehigh by the same
amount. This would account for why the discrepency in figo. 4.3 is
larger than expected from the previous experiment.

*  The results of fig. 4.4 indicate that the estimatiocn of variation
in efficiency considered in section 2-3.3 can account for a significant
proportion (~20%) of the discrepency at the higher energies in fig. 4.3,
whilst having relatively little effect on 3; at low énexgies where there
is good agreement.

Not included in fig. 4.4 is the effect of the double exponeniial
form of the neutron produclion spectrum, which is substantiated in this
experiment for the first time. The approximate correction factors '
for 3 are genemlly higher than those predicted by Shen for a thinner
monitor, but the experimental errors are very large and should only
be taken as qualitative confirmation of Shen's results. In agreement
with the prediction of Shen, the double exponential form is not
perceptible at low energies (< 0.5 GeV) and so the increase in p is
only expected at higher energies. The effecl of this is therefore
similar to the effect of the variation of efficiency noted in fig. 4.4,
increasing j; preferentially at highexr energies and by a similar amount
(~10%).

However, these two factors cin.accounl for less than half of the

discrepency, and the uncertainty in 3, represented by the shaded area
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cannot account for the rest.

The suggestion by Halton that the discrepency between results of
Hughes et al. and Shen could be largely due to the mis-interpretation
of emulsion data for energies greater than 1 GeV and the effect of
the variation in efficiency with energy, may not be true because the
results of the present experimen% (figu 4.4) indicate that Shen's
calculations overestimate 3; significantly at about 1 GeV inspite of
a correction for the lalter effect. To reconcile this, it would be
necessary to assume a decrease in the absolute effieincy of the DIGY
of some 35¥% or considerably more than the errors of the efficiency
me;surements and the variation of efficiency with energy, and would be
inconsistent with efficiency measurements of other monitors.

It has been pointed out in section 2-1.2 that the intra-nuclear
cascade calculations which form the base of Shen's data at this energy,
may overestimate the neytron yield in lead nuclei by as much as 20%
(West and Wood, 1971). If this is so the neutron yield ¢ per inelastic
interaction assumed by Shen and shown in fig. 2.5, may be lower by
this amount below 2 GeVy and so the neutron yield 3 per incident
interacting proton shown in figse 2.7, 4.3 and 4.4 would be down
by a similar amount over this enexgy range.

Therefore, below 2 GeV, it would appear to be more likely that
there is a large (~v20%) systematic error in the theoretical neutron
yield rather than in theabsolute neutron detection efficiency, and that
the discrepency in fig. 4¢3 below 2 GeV can be explained as being due to
roughly equal systematic errors in the theoretical predictions and in the
experimental values.

The general agreement Wetween theory and experiment of the increase

of 7; with proton energy above 2 GeV, indicates that the general features
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of Shen's calculations are correct and, in particular, that the one
dimensional=type model for the nucleon-nucleus interaction is a true
representation. However, the absolute difference in neutron yield
indicates that the interpretation of emulsion data has led to a
significant overestimation which cannot be accounted for by uncertainties
in the neutron detection efficiency at high energies. The estimation
of momentum measurement error near the mdm indicates that the proton
momenta measured by Hughes et al,with a similar specttograph io the
one in this experiment, may be seriously overestimailed at their mdm
(~150 GeV). This is unlikely to change the above conclusion though
because ¥ is a slowly changing function with energy.

The results of Bertini (1972) indicate that the neutron yield
from nuclel may be increasingly overestimated by conventional intra-
nuclear cascade calculations as the size of the nucleus incceases
above A~ 60. This would throw doubt on Shen's simple extraponlaiion
technique of derivinge¢ys for lead from ¢ q? for emulsion nuclei
and could explain why Shen found good agreement with the intranuclear
calculations of Metropolia/Dostxovsky at 1.8 GeV. If, as seem likely,
the Metropolis/bostrovsky value of $ is too high at 1.8 GeV, Shen's
<y> above 1 GeV would also be too high and can account for a
substantial part of thg discrepency in fig. 4.3

There are indications in fig. 4.3 of there being a lower produced
neutron multiplicity from (negative) pions than from protons although
the difference is only statistically significant at the 0% level
(i.e0 there is a 30% probability of 7 for pions being equal to U for
protons). In making his predictions for the neutron yield from
pions in lead, Shen assumed the same <v»as in Ffige 2.54 arguing that

the effect of the increased interaction mean free path (mfp) of pions
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in nuclear matter should be cancelled by the effecl of the increase
in the rate of production of secondaries. More recent experimental
measurements of pion interactions in emulsions (Baraghenkov et aL,1970)
indicate no significant difference inc¢y» between pions and protons up to
6 GeV (see fige 4.6), thus verifying Shen's assumption. The resulting
values of 3, fo1 pions, calculated by the extra=-nuclear-cascade progyram,
assuming the same mfp in lead for pions and protens differed very little
from those for protons, so no significant difference between pions and
protons would be expected in fig. 4.3.

There is no indication of this effect in the results of Hughes
et'al., although their statisticel errors are larger than those in
the present experiment. No source of experimental bias has been
found which could kave caused the observed discrepency; the bulk of
the data (particularly at low energies) consists of X2 events (table 4.2)
which are not susceptible to any biases in the X2 track selection criteria,

and the low momentum cut~off excludes virtually all the stopping negative

Imons.

<

The assumption that the mfp's in lead for protons and pions are the
same needs to be questioned. Evidence from g4=~p and p-p interactions
suggests that this mfp of pions may be about 15% greater than that of
protons at a few GeV (Clacomelli, 1970). This would reduce
the ability of the monitor to absorb the energy of the plons, resulting
in a lower p. However the mfp would have to be consicerably loﬁéer than
that of protons to account for the observed difference in V.

4-8 Gonclusions

Within the uncerlainty in relative efficiency of the LIGY and

DIGY monitors, the results of the present experiment for neutron ~

production by protons are in good agreement with those of Hughes et aleo
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The double exponential pxodﬁction spectrum for neutrons predicted
by Shen has been substantiated qualitativelye.

About halfof the large discrepency between Shen's calculations
and the two experimental results above 0.5 GeV can be accounted for
by the effect of the double exponential spectrum and the variation
of detection efficiency with NAP energy.

Contrary to Hatton's suggestion,the remaining discrepency cannot
be attributed solely to the misinterpretation by Shen of emulsion
data because intra-nuclear cascade calculations which form a basis
ofs his calculations below 1 GeV ace unable to account for the obhserved
values of 7 below 2 GeV. There is evidence elsewhere that conventional
intra-nuclear cascade calculations consistenlly overestimate the yield
of evaporation neutrons from heavy nuclei and so Shen's calculations
are likely to be overestimates tooe. The work of West and Wood indicates
that the scale of the overestimation is large enough to account for the
remaining discrepancy between Shen's prediciions,and the results of
Hughes et al. and the present work.

Within this uncertainty in the absolute value of & the calculations
of Shen appear to be capable of explaining the general rise of j; with
increasing NAP energy measured by the two experiments.

There is evidgnce in the present work that the neutron production
by pions is smaller than that by protons. There appears to be no other
evidence for this in previous work and no theoretical justification for
the observed difference which is only statistically significant at the

F0% level.
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CHAPTER FIVE

R = e i

51 Introduction

There is interest in the process of neutron production by fast muons
both in the nuclear physics and the astrophysical aspects. Several cosmic
ray experiments deep underground have been made in recent years to measure
the sea level energy spectrum of very high energy muons (>1 TeV) using
the rock cover as an energy analvser., It is of great importance to
determine the rate of energy loss in matter of muons at these energies
so that these measuraments can be relatad accurately to the sea level flax.

The rate of energy loss by cosmic ray muons of energy Qu can be

approximated (Barrett et al., 1952) by
-dE = a + bE
ho 7
dx

The first term gives the contribution from ionization and excitation and

J7;

deminates for E#'s 1 TeV whilst the second term conlains contributions from
bremsstrahlung, pair production and pholonuclsar interactions, and becomzs
increasingly important at very high energies. Although the photonuclear
contribulion is the smallsst it is also the least weil known and so limits
the degree of certainty of interpratation of the underground measvrements.
At rather lower energies it is possible to measure this energy loss
and hence obtaln information about the nuclear interaction by comparing
the measured energy spectrum at sea level with that al depths undergrsund.
The nuclear interaction of high energy muons was discovered in under-
ground emulsion studies hy George and Evans (1950) who detected the
characteristic nuclear “"stars". The production of evaporation neutrons
in these interactions was subéequently established by de Pagter et al, (1960).

The limitation in underground studies is the lack of muon energy resolution,

but sea level studies of muon Jnteractions using large spectrographs
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(Meyer et al,y 19645 Allkofer et al., 1968) have enablad the variation of
io- (the nuclezar cross section¥produced neutron multiplicity product)
with muon energy to be measured up to a Ffew hundrsd GeV.

The present experiment investigates muons in the energy range 1~15
GeV, a region where the photonuclezar cross section is now well known
(Galdwell et al., 1969); the purpose of this measurement being the
verification of other cosmic ray measurements in this region, so making
the cosmic ray studies at higher energies mors reliabls. Also it is
hoped that the present experiment, using a thickness of lead producer
intermediate between those used in otner experiments (Allkofer et al,
and, Bergamasco et al) mey clarify the effect of the producer thickness
on the average produced neutron multiplicity j;.

5«2 The Photonuglear Cross=section

Neutron production by muons has been interpreted as due to the
interaction between the electromagnetic field of the muon and the nucleus,
There are two distinct ways by which this interaction takes place,the direct
and the indirect mode. In the first the muon interacts directly with the
nucleus via the vittual photons associated with the muon. In the other, the
interaction is between the nucleus and real photons generatad by electro-

magnetic cascades initiated by the knock-on, peir production or bremsstrsh-

lung processes.
5=2.1 The Direct Neutron Production
The product of the muon=nuclear cross-seclion and the average produced

neutron multiplicity for a muon of energy les given (Allkofer et al.,1968)

by %lm Tﬁax ( )
= Ys
Ecr (an) / N(Eﬂk,fr)ﬂ?) Vo) " dkdr 5.1
Kin “Tin -7

where N is the virtual photon spectrum given by Kesslar (1960)

N(7) is the electromagnetic Fform factor of nuclzons given by

Daiyasu et al., (1962)
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k is the energy of the photon
and 7T is modulus of the squared 4-momentum transfer.
The variation of 1Rr(k)cy’n) the mean multiplicity-photonuclear cross

section product, with photon energy is given for lz2ad in figs 5.1, Allkofer

et al. investigated the effect of three different assumptions regarding

voxk)olﬂo for k > 1 GeVs-

I o—(k) ('}’,n)

= constant (Castagnoli et ai. 1967).
11 (r(k)(y’“)~ k™t in 1 GeV<k<5 GeV

LY
}
) &
(Hogdson et al. 1968)
Gkk)cy’n) = constant,k >5 GeV g h

I11 a-(k)(y’n)'vk-l in ks 1 GeV (Jameel, 1965).

In all three cases v was assumed (Roos, 1961) to vary as

- 1
po k'  for k 3 0.3 GeV
The results of computing equation 5.1 for these three cases are
shown in fig. 5.2 as curves I, II and IIIL.

52,2 The_Indirect Neutrgn Production

The muon-nuclear cross section and multiplicity product for the knock

on process is given by Allkofer et al. as

E max E
e e
o (U e 4n) — ~ . - (Xan)
'VO"(%) . = 0 ¢c011()71’Ee) go(be,k) ?)O‘(l() d Ee dk
e min . 5.2

ﬁcoll is the probability of a muon of energy E transferring energy

E
)
in range (Ee, Ee+dEe) to an atomic electron after traversing unit thickness
of lead, and 9, is the track length of shower photons produced by the
knock~on eiectron. Both ﬁ;oll and g, were taken from Rossi (1956).

The result of this computation is given in fige 5.2 as curve 1V

It was found that this resull was not sensitive to the assumptions about
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ﬁ.o_(k)(Y,n) for k> L GeV due to the lower average energy of photons in

this process.

The total neutron production for these two processes is given in
fig. 5.3 for the three cases I, II and IIl.

Bergamasco et al. (1973) have performed calculations for neutron
production allowing for bremsstrahlung and pair-production, using Caliwell's
more recent data on the photo-nuslear cross-~section (which is very similar
to assumption I of Allkofer et al).

The contribution from bremsstrahlung and pair production is seen in
fige 5.2 (curve V) to be dominant for Es 100 GeV. The resultant contributions

|25

. . . ! .
from these various processes are shown in fig. 5.3 (curves I (Direct and

»

knock=on) and IV {Direct and knock=on, bremsstrahlung and pair production)y
The combined conlribution for k;ock-on and direct interaction as calculated
by Bergamasco et al. agrees with that by Allkofer et al. but the bremsstrah-
lung and pair~production contribulion becomes increasingly more important

as %1 increases above 1D GeV, As pointed out by Bergamasco et al. this
limits the use of measurements of neutrons production by high energy muons
as-a tool to investicale nuclear structure via the direct interaction.

5-2.3 Experimental Measursments at Ses Level

Two pravious experiments have been performed using a neutron monitor
to investigate the photonuclear cross-section at high energies using a
magnet spectrograph for measuring the muon energy.

The first (Meyer et al., 1964) was similar in many respects to the
presenl experiment in that an air gap magnet spectrograph with Geiger-
Miiller counters and a flash tube array having an mdm of 150 Ge%/c was
used; and the muons were selected from data which predominantly consisted
of protons (see Hughes et alj Brooke et al=,1964)u 1t differed particularly

in the design of neutron monitor which was the standard Leeds monitor (LISY),
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This experiment sufferad from Jarge statistical uncertainties in both
the number of interacting muons an& the numbetr of accidental muons caused
by chance coincidences of non=-interacting muons with the background count
rate of the monitor. The hadron contamination was a further possible
source of error.

The more recent experiment by Allkofer et al. (1968) effectively
reduced the numher of accidental muons and likelihood of contamination
by hadrons by placing the menitor under 1500 g cm“2 of solid iron magnet
and the whole experiment inside a concrete bunker with walls and roof
600-800 g cmmz thicke This reduced the flux of hadrons to small proportions
lowéring the monitor background count rate from a noxrmal 200 min—] to
13 min_l, and reducing the number of accidental eveats in the measurement
correspondinglye A solid iron magnet spectrograph utilizing six double
gap spark chambers and four scintillator counters, and having an mdm
of 2,000 GeV/c, was used in conjunction with a 6 counter standard 15Y monitor
(SIGY), The monitor gate was opened ZOllsec af ter the passage of the

particle through the spectrograph and shul after 250y sec, the neutron

multiplicity being recorded for each event,

It can be shown that the product of muon-nuclear cross-section and
mean produced multiplicity Pg-is related to the number n of neutrons

detected after the passage of %1 penetrating muons by

voo = A D
N tef N#

5.3

where A = 207 1is the atomic number of the monitor's producer
No= 6.O2x1023 is Avogadro's Numbsr
t = average thickness of producer (-150g om 2 for vertical
particles in the SIGY and LIGY)

and ¢f = neutron detection efficiency (ef = 0.021 has been used

in the two previous experiments, for all muon enevgies).
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The results of these two experiments using the above values are
shown in fig. 5.3. The results of Allkofer et al. agree well with
prediction I (assuming a virtually constant photonuclear cross—section
above 1 GeV but neglacting bremsstrahlung and pair=-production), agree
rather less well with prediction 1V (including bremsstrahlung and pair
production) at high energies butl give a bad fit to cases II and III.

The Meyer et al. results (obtained only from negative muons in order to
minimise hadron (principally protecn) contamination) are consistently lower
but have significantly larger errors.

Allkofer et al. have calculated the average produced neulion
muitiplicity P assuming an exponential neutron production spectrum, and
found a general increase from 5 to 50 as the nuon energy increased from
2 to 250 CGeVe This disagreed with Meyer et ale. who found a constant{;
within the large experimental errors.
5~2.4 Experimental Measurements_ Underground

Several expzrirents have been performed underground, at deplhs
ranging from 40 mwe to 4,300 mwe.

Bergamasco (1970) used two neutron monitors at 40 mwe,each having
five BF3 counters and a lead producer thickness of 150 g cm_2q pleced
neXt to a liquid scintillator tanke A plastic scintillator muon telescope
accepted muons from two directions (corresponding to two depths, 60 and
110 mwe) and interactions were identified by the puise sequences in the
liquid scintillator., Each coincidence caused a gate to be opened and the
neutrons from the monitors counted. A Ra-Be source was used to measure
the neutron detection efficiency and gave a reporled result of 0.05. The
results were corrected for background coincidences and [or pion interactionss
and Yo evaluated using equation 5.3.

A similar experiment by Bergamasco et ale (1973) at 4,300 mwe utilised

a larger, non-standard neutron detector. This consisted of twenty eight
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BF3 counters, each 40 ¢ long, having a gas pressure of 70 cr Hg,
embedded in a (100 x 100 x 40) o~ paraffin blocke The lead target
had dimensions (80 x 100 x 35)cm3 and was placed 24 cm above the paraffin
blocke

A 2m2 scintillator telescope selected vertical muons and opened a
2 millisecond long neutron gate, allowing the neautron pulses to be countece
The absolute neutron detection efficiency was measured using a Ra-Be source,
and the variation with neutron energy using a Monte Garlo calculation in
a similar manner to Pearce and Fowler (1964). The maximum efficiency,
at 15 MeV, was 0.0064 falling gradually to 0.003 at 50 MeV, but falling
very sharply below 10 MeV. The very low value of the efficiency, particularly
less than 10 MeV could be due to the large distance between the producer
and moderator.

The neutron energy spectrum from the high energy muon interactions
wos assumed to be composed of an evaporative component ( due to the lower
energy photons) and a flal spectrum (due to the high energy photons) and
an estimate was made of their relative contributions from considerations
of the photonuclear cross section and the bremsstrahlung photon spectrum.

This resultedin the expression for ilhe efficiency

<> = 0.85 <eeva;? 1+ 0.15 <e £1ad 5.4

0.0021 (I 0.0005)

whexre <€ = 0.0019 assuming a nuclear temperature of 1.5MeV

eva;;>

and = 0,0C31

€r1et
This compares with a value of 0.C038 (+ 0.0007) obtained using the
Ra=Be source.
The measured values of {g- for the two e xperiments are shown in

fige 93 plotted at the values of mean muon energy appropriate to the

two experiments. Although the low energy point is in good agreement,
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the high energy point is particularly high compared with Allkofer et al's
sea-level measurements. It would be expected to be somewhat higher due to
the extra yield of neutrons that would result from the extra=-nuclear
cascades in the thicker producer (392 g cmm2 cefe 150 g cm-2). The

results for thg average produced nautron multiplicity are, however, in

more reasonable agreement with Allkofer et al. being ¥ = 10 at 15 GeV

and Y= 100 at 275 GeV and so cannot account for the difference. As pointcd
out by Bergamesco et al. the uncertainties in efficiency at these energies

are particularly great and could be onecause of the discrepency ketween

the two.

»

A similar set of experiments by Gorshkov et al. 197laand Gorshkov
et al. 197b has been performed at depths of 40 mwe and 150 mwe using a
monitor of lead producer thickness 170 g cm—Q° By accepting muons from
two directions, results were also obtained for 80 mwe and 800 mwe. Their
results for Py are seen in fig. 5.3 to be in good agreemenl with those of
Allkofer et al.
5-3. The Present Experinent
5-3,1 Introduciion

The experimental arrangement and procedure were the same as in the
work concerned with the neutron production by protons and pions, and are
described in the previous chapter. The data for the muon work were taken
from the same ssmple, namely the events falling in categories A and D
(i.e0 unaccompanied, momentum~analysable tracks with any number of X2

tracks).

8-3.2. The Selection of Muons_and Removal of Accidental Muons

Events were initially selected which had k;w | < 3°, at least one
X2 track which was only slightly deviated and an impact on the monitor

within 20 cells (1 cell = 2 cn wide) of a channel detecting a neutron.



99

A muon loses a very small fraction of its energy in an interaction
(Kessler (1960)) and is practically certain to emerge from the monitor.
Further, the probability of a low four-momentum transfer is very high

and makes a slight angular defleciion similarly likely (Meyer et al.1964)
A maximum limit of the lateral scatter as measured in the X2 flash tube
trays of interacting muons must be assumed in order to remove the effects
of the protons and pions which have characteristically larger scatters

The distribution in y, the lateral scatter (in units of Uéx’ the
typical value of scatter expected for a muon - see section 3-3.7) for all
events with V3w|<83 a monitor response, a nearest impact distance 20 cells
and oneor more X2 tracks, is shown in fig. 5.4 for both positive and
negative particles. There is evidence for there being two superimposed
groups of particles, one predominantly below 8crcx, the other above the
Same.

To investigate the effects of accidentzl events on this distribution,
the specirograph has been operated without requiring a response from the
neutron monitor, although in all other respects identical to the normal
spectrograph and monitor mode. The events recorded in this, so cdled,
muon mode have been analysed in the same way as the normal events into
the categories A to G (section 4.3). Shown in table 5.1 is a summary
of the events recorded.

The distribution in y for the muons in categories A and D, with

|5yl 3% {s given in fig. 5.5 and shows that very few (%3%) of the muons
have scatters greater than 8¢rcx. The large frection of muons with
values of y grealer than Oy CaN be explained in terms of the measurement
errors in the spectrograph and X2 flash tube tray (section 3-3.7).
Assuming that the interacting muons should not be scaltered much more
than 1he non-interacting ones it would seem reasonable to attribute

the majority of those events with y <80'cx to interacting and non-
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FIG. 5.5

The Distribution in Lateral Scatter of Muons in the Neutron Monitor
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interacting muons, and the rest to interacting protons and pions, as
assumed by Meyer et al..

The absolute number of accidental muons in fige 5.4 has been
calculaled and subtracted from the total. The remaining distribution
is assumed to consist of interacting muons (< 8rcx), protons and pions.

The number of accidental muons Yco is given by

Poce = B&“$E§Z%Lg' 5.5
where M = number of single particle triggers (GM s) with ox
without a response from the monitor
At = the monitor gate width (secs)
R = background count rate of the monitor (secnl)
lea = fracltion of accidental events which satisfy the analysis
requirements (i.e. those in categories A and D,
|£\¢|<8°) and only includes that fraction i which
have impact distances within the chocen limit. The
factor a has been found from table 5.1,
and m = average neutron multiplicity for the accidental events.
acc

During the experiment in which the interacting muons were recorded,

R =11 sec“l
At = SOO/use c
M= 8.13x105

andm was found to equal 1.12.

The expected impact distribution for the accidental events has been
calculated (fig. 4.1) using the variation of muon flux over the monitor
found in the muon-mode experiment, and the relative count rates from each
channel given in table 3.2 (normalised 1o a total of R = 11 sec 1). It
has been found that 1 = 27 and 48% of the events fall within a range

10 cells and 20 cells respectively.

YA URTY,
Bov SCILNCF Lﬂ&/f#

3 AUG 1974
r SECIIOR
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The numbers of negative and positive accidental muons have been
calculated assuming a muon charge ratio of 1.28 (Cwen and Wilson,1951)
over the whole of the momentum range.
©-3.2 Proton and Pion Contamination of the Muon Sample

Using the distributions in y for positive and negative particles
with the correction for accidental eventse it is possible to roughly
estimate the numbers of positive and negative NAP s (protons and pions)
having y < &Tbx’ by making the following assumptions:-

l. The muon charge ratio is 1.28 (=N(+)/N(‘),

2, the muon-nuclear cross-section is independent of charge,

3. the y distribution of pions has the same shape as that of protons,
4. there are no interacting muons with y > Saéx.

Then charge ratio r of NAP s in each range of y is the charge ratio

of NAP's with y> 807 (using 3 and 4) which is

r = 9.7 from fig. 5.4,
Therefore assuming 2 we can equate the numbers of positive and
negative interacting muons (allowing for the charge ratio), in each
of the eight ranges of y less thaniabx by

(N~ - x) 3.28 = NT = xr 506

where N and N+ are the numbers of particles in each y range

and X is the number of negative NAP s in each y ranges

The results of this simple analysis indicate that there are about 10
negative NAP s and 100 positive NAPs in the muon sample.

The resdlting interacting muon y-distribution is very similar to
that obtained for accidental muons (fig. 5.5) as expected. The actual
number of interacting muons (of both charges) is estimated to be 260
of which 114 are negative, only aboul one half of the number of accidental

muons removed from Fige Dwd .
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To further improve the selection of interacling muons over the
accidental ones, only thosc events which have impact distances less than
10 cell widths have been usedo The effective number Nu of muons incident

on the monitor during the experiment is then given by

P}J, = M. aoj 5.7
where j is the fraction of inleracting muon events selected under the
impact criterion and has beeA found from the dislribution in impaci
distances for NAP s given in fig. 4.1, to be 0.85.

In view of the large proton contamination of the positive interacting
muohs (~70%), the photonuclear cross=section has only been investigated
using negative muons, where the correction for negative pions is reletively
small (~10%).
5~4 Thz: Experimental Results

The number N of events with X2 trackss; having y< Sobx and impact
distances less than 10 cell widths, and the resulting number n of neutrons
are given in table 5.2 for various ranges of magnetic cefleclion V:wl,

Also shown are the values of these quantities attributed to muon intersctions
i.e. after the pion and accidental muon contaminations have been subtracled.
The relative numbers NLL of muons in each deflection range, incident on the
monitor during the experiment has been found from the muon deflection
spectrum derived from the muon-mode events.

The integral muon momentum spectrum derived from this deflection
spectrum and s.own in figure 5.6 without any momentum measuremeni corrections
being applied, agreed very well with the spectium given by Allkofer et al.
(1971) and Hayman and Wolfendale (1962), after normalisation of the
absolule intensities.

The neutron time distribution for the events with and without the

correction for the accidental muons (which are charscterised by a flat
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time distribution) is shown in fig. 5.7. The agreement of the correcied

distribution with that obtained for NAP s (fig. 3.7) demonstrates that

the effect of the accidental events has been accounted for correctly.
The product of muon cross-section ¢ and mean produced multiplicity

y for each Ay range has been calculated (table 5.2) using

50‘ = A . n. cﬁ%/?b nucleus 5.8
Nt elE )f N
o ( #) |2
where A = 207
N, = 6.02.10%

. t =270 ¢ cm-2

f=0.70

and €(EI,L) = 010350

The mean multiplicity V has been calculated from

v = (m-1) 509
C(EL )£

¢ ~

where m is the average detected multiplicity after corrections
for background events and pions.

The results are given in table 5.2. -

The choice of e(%l),being that appropriate for evaporation neutrons
produced by low energy (~100 MeV) cosmic ray neutrons, is justified because
the nuclear excitation by the two processes should be gimilar, given thet
they produce a similar value of m (1.24 for cosmic ray neutronscompared
with the valuesin table 5.2). At this low energy the nuclear excitation
is rather insensitive to the primary energy (fig. 2¢1) and justifies a
constant efficiency in the first instance., It is apparent that the large
errors in m do not allow a meaningful estimate to be made of the variation

of efficiency with muon energy.
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Real Time Distribution of Neutrons Produced by Interacting Muons
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5-5 Discussion

The values of ;cr measured by Allkofer et al. using the SICGY monitor
ghould not be directly compared with those of Meyer et ale using the LIGY
monitor because the same value of ¢f was used for both experiments. It
has been demonstrated by Hatton (1971) that the efficiency appropriate
to the centre region of the LIGY has been measured to be € = 0.03 whilst
a comparison of the counting rates of the SIGY and LICY indicate (see
section 3-1.4) a relative average efficiency for the whole surface of the
SIGY of 0.022. The efficiency appropriate to the experimental measurements
of Allkofer et al. will admittedly be slightly higher than this if, as is
likély, the muons interacted towards the centre of the monitor but it is
very unlikely that the efficiency is as high as 0.03. Since the precise
correction depends on a knowledge of the acceptance of the speclrograph
and this is not known, the value of 0.C3 could be considered as an over-
estimate by about 20-30%. Using the value of geting efficiency given by
Hatton and Tomlingon (1968) £ = 0.64 (c.f. f = 0.70 quoted by Allkofer
et al) we get €f % 0.C19, which will increase-;b' by at least 8%. These
corrected values would no longer give a very good fit to any of the
calculated curves in fig. 5.3.

The 5&‘ values obtained by Meyer et al. are also too low by 8%
due to the overestimating of f so that these; if corrected, would agree
better with curve I in figure 5.3.

The values of ;ﬁ-for both experiments (corrected for the over-
estimation of f) are shown in figure 5.8 together with the values
calculated in this experiment.

The values obtained in the present experiment are generally mid~way
between these two similar previous experiments and agree well with the
theoretical prediction. The errors shown are the statistical errors not

only due to the neutrons produced by the interactions but also the errors
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due to the subtraction of accidental neutrons. In spite of these large
statistical uncertainties in 50‘, it would be difficult to reconcile the
results of Allkofer et al.'s experiment with those of others if there
was a systematic increase ixlﬁ}of 30% as a result of a lower neutron
deteclion efficiency for the SIGY. Howevery it should be remembered
that no direct measurement of this monitor's efficiency has been made
and so a certain amount of doubt exists about it. .

1t might be expected that all these values should be slightly
higher than the theoretical curves because the theoretical curves are
based on a vanishingly small producer thickness and where the contribution
to v from the extra-~nuclear cascade which develops, in general, in a finite
producer-thickness,is negligible. Further, v should increase with the
producer thickness and this is confirmed by the results in table 5.2 which
show that w for the DIGY (t = 270 g cm-2) is about iwice that for the
SIGY (t = 150 ¢ em 2)o

This result is in contrast to that obtained by Bergamasco et al.
using an even thicker producer (t = 390 g cm—2), but the statisticsl
errors are very large. Although some increase in ; would be expected
as the producer thickness increases, the increase measured in this
experiment, relative to the results of Allkofer et al.; is rather larger
than expected from the comparison of neutron production by NAPs in the
LIGY and DIGY monitors (see fige 4.5). This suggests that either some
events have been mis-classified in the present experiment or the difference
is a statistical fluctvation. The probability of the latter possibility
is estimated to be about 20%

The problem lies in the multiplicity distributions of the two
experiments; either the present experiment has too few low multiplicity

events or that of Allkofer et al. has too many high multiplicity events.

Neither alternative is easy to understand and it it nd possible to
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compare meaningfully the two multiplicily distributions because of their
large statistical errors.e In particular, though, the discrepency cannot

be explained in terms of production of neutrons by NAPs in the present
experiment because this would increase relatively the higher multiplicities,
Consequenlly if the average neutron multiplicity increases with thickness
by as much as is suggested by the present experiment, it would be difficult
to reconcile the results for‘;o‘of the present experiment with those of

the shielded and underground experiments, which are generally highex,

It can be seen in fig. 5.8 tral ;o“for the two unshielded experiments
(this experiment and that of Meyer et al) is generally lower than for the
shielded ones. The unshielded experiments differ from the others in their
use of only negative muons, In Allkofer et al.'s experimeni positive
muons account for aboul 50% more produced neutrons than the negative muons,
compared with 30% which would be expected assuming a charge ratio of 1.3
and identicsl cross seclions. Although it has been suggested (e.q.

Osborne et al., 1973) that an anisotrcpy exists betwcen the electro-magretic
interactions of positive and negative mucns, the data summerised here are

of such limited statistical significance, to contribute little to this
conclusion.

The presence of the high background count rate of the monitors in
the two unshielded experiments presents a serious problem, causing a
substantial number of "accidental" events and consequent statistical
errors which are not present in the shielded experiment. Also, there
is a significant probability in both experiments of classifying an NAP
as an interacting muon.

It would be expected therefore that the experiment of Allkofer et al.
is more reliable than the others, it s only mejor source of error being in
the choice of efficiency which may have resulted in Zb'being systematically

underestimated by 30%., Although this would raise the experimental points
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significantly above the calculated values, it might be expected that if
an allowance was made for neutron production in the exira-nuclear cascade,
the calculated values of';o'would increase slightly and so restore betler
agreement with this experiment.

At high muon energies another factor becomes important; the variation
of neutron detection efficiency with muon energy. An attempt was made
to allow for this by Bergamasco et al. but no allowance wags made by
Allkofer et al.. Using the values of <€evaﬁ> and <€ fla€> appropriate
to the SIGY (using e(En) given by Pearce and Fowler 1964) we get
from equation 5.4y <> & 0.027 at EM 250 GeV

' where <€evap” = 0,031

and = 0.005

<€flat’
i.e. a decrease of about 10% from the efficiency at 1 GeV. An alternative
estimate for this decrease can be made from fig. 2512.

Kssuming that the neutrons from a 250 GeV muon (which will produce
about.50 neutrons vn average) have a similar energy spectrum to a 5 GeV
NAP (keing that whic% will also produce about 50 neutrons) the decrease
in efficiency from Exx1 GeV to 250 GeV should be about 10%. This agrees
with the estimate made by Bergamasco.

If Allkofer et alj)s high energy values of Vo are corrected for this
effect the general slope of their data would agree better with Bergamasco
et al.'s predicted curve IV and better agreement would be obtained with
the underground measurements.

5-6 Conclusions

At low energies all the experiments give values of wrwhich agree
generally with each other, within the statistical errors, although the
results of Allkofer et al. may be syslematically too low by a significant
amount due to the overestimation of the neutron detection efficiency of the

S1GY monitor.
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However, close investigation of ;} the awerage number of neutrons
produced per interaction, suggests larger dif ferences between the
experimental results of Allkofer et al. and the present work which
should be manifested in vo-also. The present experiment using an
intermediate thickness of lead producer is estimated to produce twice
as many neutrons per interaclion as either the thin or thick lead
producer experiments of Allkofer et alcsand Bergamasco et al. respectively,
although the statistical errors are large. Since the increase is only
significant at the 20% level, this result is rather inconclusive.

The values of ;o‘measured in the present work and the experiment
of Meyer et al. are generally lower than the others. Although this could
be because of a lower interaction cross=-section for negative muons than
for positive muons, the “possibility of it s having arisen from an
experimental bias cannot be ruled out given the large corrections
necessary in these two experiments to remove the effecl of neutrons
produced by NAPs.

The results of Allkofer et al, appear to constitute the most reliable
data on the variation of W~ with energy over the range 2 to 250 GeV,
having smaller statistical errors and not needingthe large corrections
mentioned above. There is evidence that at lower energies these data
would significantly overestimate W if the most probable value of neutron
detection efficiency of the SIGY is used (which would increase ;O‘at all
energies by about 30%) and so it is possible that a systematic error
may cause Vo~ to be overestimated over the whole energy range. Thic is
not consistent though with the high energy measurements underground which
are significantly higher than those of Allkofer et al., although the
Allkofer et al. values may be too low by about 10% due to the fall in

neutron detection efficiency with muon erergy. However, although there



111

is doubl about the absolute values of Vo measuied by Allkofer et al.,
the increase with energy is reasonably consistent with the results
of the other experiments at the low and high energy limits,

Compared with the theoretical prediction, the results of
the present experiment for the variation of Gb in the low energy
region where direct neutron production by knock-on electrens is
dominant reinforce the general agreement of the other experimental
results in this region.

It has been pointed out that if an allowance is made for the
change in neutron detection efficiency in the experiment of Allkofer
et al, their results for the variation of vo towards higher energies
could give better agreement with the theoretical prediction of

e
Bergamasco et ale.
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CHAPTER SIX

THE USE OF A NEUTRON MONITOR IN EAS

6-1 Introduction

This work originates from the suggeslion by Hughes
and Marsden (1966) that the neutron multiplicity distribution measured
with a monitor could give information about the energy spectra of the
NAPs producing the neutrons. Hughes and Marsden demonstrated that the
multiplicity distribution measured by the LIGY monitor when expcsed
to the sea level flux of cosmic rays, could be accounted for by making
a realistic assumption about the (relatively unknown) sea level neutron
eAergy spectrum. It was deduced that a unique relationship existed
between the incident enexgy spectrum and the produced multiplicity
distribution so that monitoring the changes in the multiplicity
distribution would give information about the tiime variations of the
sea level neutron spectra and, in turn, the primary spectrum. In
particular, the changes in the primary spectrum ahove 15 GeV and up
to 200 GeV would be reflected in measurable changes in the rate of
high multiplicities. ,

Latitude surveys of neutron monitors, reviewed by Hatton (1971},
have demonstrated thal increases in the average multiplicity indeed
occur as the average primary energy increases, but that ihe changes
are rather small due to the {luctuations in the extra~nuclear cascades
in the atmosphere (Kodsma and Ohuchi, 1968) which cause changes in parts
of the primary spectrum to have an affect over a wide range of
multiplicities.

The results of Shen (J968) confirmed that the monitor, in
principle, could be used to detect changes in the sea level NAP

spectra at energies well above that encountered by Hughes and Marsden

and that the sencitivity to changes in the shape of the spectra can
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be increased by increasing the producer thickness.

A monitor has been designed specifically for monitoring the low
energy primary spectrum using the multiplicity distribution (Nobles
et alo 1967). The monitor, called the Lockheed multiplicity monitor,
has a thickness of t = 2.5 inelastic interaction lengthss or more than
three times that of the SIGY or MM64. The efficiency was very high on
account of the large number of BF3 counters employed and the use of
bismuth and reactor-grade graphite for producer and moderator
respectively, both of which have relatively low thermal neutron capture
cross-sections. The effective area presented to the cosmic ray flux
was very small (~ 0.3 2 compared with ~ Tm® for the NM64) and so the
sea level counting rate was also considerably low, and the usefulness
in time variations studies has been rather limited. Hoyever, substantial
changes in the multiplicity distribution during short term variations
in the primary spectrum have been recorded, and changes in the slope
of the spectrum have been estimated by Nobles et alo(1969L

As pointed out by Shen, this exlension in the ue of neutron monitors
is limited in the cosmic ray beam by the sharply falling NAP energy
spectrum, and the poor energy resolution associated with the broad
exponential distribution of the produced neulrons and slow inc;ease of
average produced multiplicity with energy. However in EAS the NAP
energy spectrum has a lower value of slope compared with that found
in time variations studles, and therefore the lack of energy resolution
should not constitute such a limitation. In EAS however, neutron
monitors have almost entirely been used for NAP detection only, e.g.
Danilova (1964); Ghatterjee et al, (1963 ).

Exceptions to this are Hughes and Marsden (1966) who operated
a standard ICY monitor in conjunction with a shower selection device

and measured the average neutron multiplicity m for various ranges
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of density of shower particles. They found that m remained roughly
constant over the range of density 5 to 50 particles per square meter.

More recently, three NM64 monitors have been used by Bthm et al,
(1970) and van Staa et al, (1973) to measure multiplicities recorded
in EAS of size 104 to 5.106 particles and at core distances between
2 and 100me Due to the large sensitive area of their neutron monitors,
they were not able to identify the multiplicity produced by each NAP
but they were able to roughly predict the variation of mean NAP energy
with core distance, which decreasedlmﬁotonically (with the average
multiplicity) for increasing core distances

A measurement in EAS of the multiplicity distribution has been
made by Hook et al, (1970) using a monitor very similar to the one
used in the present experiment. The shape was shown to ;éree with
that expected for the shape of an NAP energy spectrhm given by
Greisen (1960) for a core distance of T = 5m. However it would appear
that the agreement is rather fortuitous because the calculation used
the neutron production multiplicities given by Shen which are almost
gertainly overestimates (see chapter 4).

In the work of Hook et al. a spectrograph situated over the
'monitor was used to simultaneously record, visuslly, the particle density.
I{ was found that the average multiplicity was constant at about 2.2 over
a wide range of particle densities, in agreement with Hughes and Marsden
but that at the highest density measurement (~ 150 particle per m?) near
the shower core, the average multiplicity incressed to 4o This was
interpreted as being possibly due to the hard spectrum of NAPs in the
core region. However, according to BShm et al. the electron-photon
component will make a significant contribution to the neutron yield,

especially in the core region. Also, the high probability of recording
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more than one NAP in the same EAS is a problem in using the multiplicity
distribution for derivation of energy spectra.

In this chapter, the monitor response in large EAS is considered
using the results of computer simulations of the EAS development to
give fairly realistic energy spectra of NAPs, muons and electrons
incident on a monitor situated in an EAS array, so that the usefulness
of monilors in this type of experiment can be assessed.

At the present time, agreement between model calculations of the
development of EAS and experimental dala is based on important
assumptions about the nature of ultra-high energy interactions and of
the primary radiation. Whilst it would be hoped that the response
of a monitor in EAS will give information about this, it is not the
direct concern of this work. Rather, the aim is to use the models to
investigate the sensitivity of the monitor response to changes in certain
important factors affecting the development of the shower, and the
accuracy of measurements of thls response. These factors are the primary
mass and the depth in the atmosphere of the first inleraction of primary
particles, the latter of which is considered to be responsible for large
fluctuations in the properties of showers initiated by protons.

Monitors with different values of producer thickness and neutron
detection efficiency are considered in order to optimise the design of
devices for use in EAS studies.

To estimate the statistical accuracy of the monitor response from
the expected absolute frequency of "useful" showers within the range
of a monitor, the shower colleclion characteristics of an actuval array
must be used. In the present work the array considered is that located

at Haverah Park which is described by Tennent (1968).
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6-2 The Derivation of the Monitor Response to NAPs in EAS

6-2.1 The Multiplicity Distribution
Shen (1968) has shown that the multiplicity distribution M(r)
of detected neutrons due to a flux of MAPs incident on a neutron monitor

can be related to the energy spectrum of the NAPs by

M(r) = % f(m,ES) N (Es) AES 6.1

s
where f(m,ES) = Qx(Es)exp (—a(ES) m) 6.2
is the probability of an NAP of average energy Es giving a detected .

neutron multiplicity mj

and Aa(Es)gexp (OL(ES)) -1 6.3

is the normalization constant so that

o0 -
3 f(“‘:E ) =1 H
m=1 s

and N(Es) is the differential energy spectrum of NAPs.

E is defined as ./r E N(E ) aE whexe
s s s s
HE s

AES is broad enough so that f(nugs) is approximately
an exponential function of m.

As pointed out by Shen, f (m,Es) is not necessarily a single
exponential due to the production of evaporation neutrons from many
nuclei in the extra~nuclear cascade. However, Shen showed that the
average f(m,Es) in a range 4AES could be closely approximated to a
double exponential and this has been confirmed by the results of the
present work (chapter 4). For the purposes of this investigation;
f(m,gs) has been assumed to be a single exponential over similar energy
ranges to those used in Chapter 4. The results of Chapter 4 also indicate
that the average neutron multiplicity m for pions (crobably the principle

NAP component in large EAS) may be lower than that for protons (the
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principle source of neutrons in the work described in Chapter 4). It
has been assumed, following Shen, thal the neutron production by pions
is the same as that by protons.

The measured neutron multiplicity distribution resulting from a
number of EAS incident on a neutron monitor will only correspond to the
calculated distribution in equation 6.1 if the multiplicities of neutrons
from each NAP can be separately identified. If, for example, the detected
multiplicities arise from two NAPs, each characterised by a single
exponential probability distxibution of multiplicities, then the resulting
distribution of multiplicities will be of the characteristic double
ex%onential form described by equation 4.11s In general, if there are
D simultaneously incident NAPs interacting in the neutron monitor, the

probability of y neutrons being produced is given by Bdhm et al. (1970)

ass= i
I W)= 1 e 2i¥i (1 - ¢731) 6.4
i=1,D
2 =
where 1=3,D v 1 v

so that the measured multiplicity (m) distribution is
by m - -3V
q(mst) = 1;§m (g) (€f)" (1=eg) ™ n e 8171 ~e al)
3<1,D
6.5

Clearly, this I(y) function introduces severe complications in the
predicting of the detected multiplicity distribution, and great care must
therefore be taken when measuring the multiplicity distributions in
EAS to - -

(a) minimise the chance of more than one NAP interacting in the

monitor simultaneously, and

(b) try to identify each extra-nuclear cascade by either an

auxiliary apparatus or by individual hodoscoping of the
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neutron detectors Lo resolve the spatial distribution
of detected neutrons.
The probability of m neutrons being detected from one NAP in a
monilor of thickness t and efficiency ¢f is
qlrstsef) = 2
E>E

s th
where 1(t) is the probability of the NAP interacting in the thickness

p(m;t,ef,'és) N(Es) 1(t) AE, 606

t of monitor = (1 = e-t/xﬁ assuming t is less than the range of the NAF

where N is the inelastic interaction length;
Nﬁgs) AsEs is the probability of the NAP having an energy in the
range of width AES and mean Es

m ——
and _5 N )AES= 1

E=0 S
S

whexe Eth is the low energy threshold (i.e. the energy required to
penetrate the reflector of the monitor);

and p is the piobability of an NAP of energy Es producing m detected

neutrons, given by

P(m5t3€f’.§s) = fl" GXp(-a(t,e‘f,Es))] exp ("a(‘t,e‘f,'E-s) m) 6.7
oo
2 =
where g0 P 1
and a = log 1 + 1
v (E et

Assuming a Poissonian distribution in the positions of the NAPs over
the plane containing the monitor as assumed by Bohm et al, the Jimiting
density Dm below which the probability of a monitor‘of area A = lOm2
having two or more NAPs incident on it simultaneously is less than 1%

or 10%, is given by

=1~ 2 o - = o
P(x51) = 1 20,1 my exp(-D, A) = o01, »1 6.8

2

whence Dm.» 1074 and E‘).],O"Zm"2 respectively.
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In the case of a lm2 monitor (or a larger one with a spatial
resolving power of lm2), these limiting densities are

Dm'v 10"1 and 5.,10"1mm2 respectively.

Thus for average NAP densities D less than Dm’ the multiplicity
distribution for Ns showers incident over the monitor of area A is
given by

P(wstyef) = NS?D:A.q (m3tyef) 6.9

and this distribution will have an average multiplicity

o0

m = ELl P(mst,ef) m

i ¢ 6.10
[+ &)
' = | Pmstef)

6-2,2 The Neutron Yield Per Showexr

For NAP densities above this limit Dm(e.g. near the core of the
EAS) the monitor may still be usefully operated as ;n energy absorbing
device. The only quantity of interest would be the average number of
neutrons detected per shower; the actual shape of the multiplicity
distribution being of little relevence in view of the uncertain form of
the production spectrum (equation 6.4).

The average number of neutrons detected per incident NAP is

o0

<m>= n?;:l qlmstsef) m 6.11

and the average number of neutrons detected per shower by a monitor
of area A is

n=«¢m> D.A 6,12
where D is the number of NAPs per unit area with energy Es above

ZEX0e \

6~2.3 The Sensitivitv of Response_ to the NAP Energy Spectrum

A neutron monitor has an NAP energy threshold of about 100 MeV
(Hatton, 1971) and the approximate median energy of NAPs contributing

to the counting rate in the cosmic ray beam at sea level is typically
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150 MeV. A consequence of the sharply falling cosmic ray MAP spectrum
at this energy and the relatively slow rise in 5(Es), (see fige 2.6 )
is that the range of Es contributing to the counting rate is small and
so measurements of variations in the counlting rate essentially give
information on changes in the NAP spectrum at energies just above the
threshold.

Following the suggestion that the multiplicity distribution of
detected neutrons can give information at higher energies, the median
energy ﬁs(m) of NAPs contributing to a detected multiplicity m in the
LIGY has been calculated by Hughes and Marsden'and Hatton, for this
spectrum. They showed that‘gs(m) increased monotonically with m from
0¢12 GeV for m = 1 to 3.5 GeV for m = 6. The upper limit of the energy
range to which multiplicity measurements are sensitive is dependent
on the statistical limitations of the higher multiplicities. In time
veriations studies for example, this limit is determined by the length
of time of a given variation.

In studies of EAS, the median energy contributing to the detected
evaporation neutrons is almost certain to be higher due to the higher
average NAP energy found in a shower environment. For a given monitor,
the upper energy limit will be determined by the frequency of detected
showers,the density of NAPs in the showers and partly by the shape of
the NAP energy spectrum.

In order to estimate the approximate sensitivity of the multiplicity
distribution to changes in the shape of the NAP spectrum.Calculations
have been made (Dixon et al, 197L) of the variation of m with the
exponent Y of the integral NAP energy spectrum (given by N(>Es)= const.
Es-)é; Es> 1 GeV), for a typical neutron monitor. The results are shown
in fig. 6.1s It is seen that for these simplified spectra, the variation

of the average measured multiplicity reflects the change in slope of the
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spectra to a marked degree.

To investligate the effects of fine structure in the spectrum,
the multiplicity distributions have been calculated for the spectra
shown in fig. 6.2. where the NQ>ES) consto Es-l"0 spectrum has
been perturbed in four places in turn (a~d). fhe five resulting
multiplicity distributions are shown in fige 603.

It can be seen that changes in the spectrum at low energies,

a few GeV,are reflected in the multiplicity distribution over a wide
range of multiplicities and the changes at higher energies have far
less effecte This is due to the relatively large contribution to
all multiplicities from the low energy part of the spectrum.

As a result it is possible that the multiplicity distribution
could only be used to measure the slope of the energy spectrum in
the range 1-10 GeV; studies at higher energies requiring statistical
samples which are orders of magnitude larger in size.

It should be remembered that this spectrum represents a very
unrealistic contribution from charged NAPs with energy around 1 GeV.
In reality the spectrum flattens off at low energies due to ionization
losses, and this will increas the sensitivity of the multiplicity
distribution to the spectral shape at higher energies. The effect
of this and the stetisticael limitations will be dealt with later on
when more realistic spectraare considered.

17

6-3 NAPs in EAS Initialed by Primaries of Energy 10™ ‘eV

6~3.1 Introdugtion

The EAS model calculations used in this work (Dixon et al.1973)
cover a wide range of primary particle energy EI(1014-1017eV) and
atomic mass number and predict the numbers and energies of electrons,

muons s nuclecns and pions arriving at sea level at various distances

from the core of the shower.
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Since all these components of EAS can contribute to the production
of neutrons in a monitor, these calculations can be used to estimate
the relative yield of neutrons from each component, The results of
Dixon et al. (1973) and some measutements by Kellerman and Towers (1970)
of photons in showers of high energy have been used to estimate the
average number of neutrons produced in a monitor. The monitor has been
assumed to be one interaction length thick (200g om 2 of lead) with
an area of 10m2 and a neutron detection ef{ficiency of 0,03, The
calculation of the number of producéa neutrons 1s based on equation
6,12, The data for neutron production by NAPs and muons were obtained
from the present work, whilst those for neutrons produced by electrons
and photons was estimated by assuming, after Bohm et al. that the
neutron yield is proportional to the energy flow of the electron-photon
component, normalised to the accelerator result of Bathow et al, (1966 ).

In agreement with Bbhm et al, these results indicated that the
" eleciron-photon component is responsible for a very considerable
proportion of the neutrons produced and also that stopping negative
muons and fast interacting muons give significant contributions at the
larger distances from the core. The absolute number of neutrons produced
by NAPs is encouragingly high near the core but falls off rapidly at the
larger distances. It would appear from this rough estimation that NAP
studies will be seriously hampared by the presence of the electron-
photon companent (and perhaps the muon component as well) unless special
precautions are taken to minimise lhese effectls (by the use of an absorbing
layer above the monitor, for example). The effect of this contamination
and the means by which it may be minimised will be considered in more
detail later on in conjunction with a study of the design of a neutron

monitor for EAS studies.
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The average energy spectra of pions calculated by Dixon et al.
and shown in figs. 6.4,5 and 6 (curve A) for various distances from
the core of a vertical shower initiated by a 1017eV proton, show that
both the average energy of the spectrum and the number of pions increases
as R decreases. Following the results shown in fig. 6.1 it would be
expected that this would be reflected in a neutron multiplicity
distribution of higher average (m).

The probability of detecting a multiplicity m From a pion of

energy ES o

qz (mstsef) = plmsesef, B) NE) 1 (¢)
in & typical m§nitor is indicated in fig. 6.7 for the two spectra (A)
given in figs. 6.4 and 6.6. It appears that the majority of the
neulrons are produced by pions in a relatively marrow energy range
centred on about 10 GeV, and that pions with energies below 1 GeV do not
strongly contribute to the multiplicity distiibution. This has been
regarded as justification for neglecting them in this work.

The median energy for a detected mulliplicity m at 50m increases
from 6 GeV when m = 1, through 14 GeV when m = 10, 23 GeV when m %20,
to 50 GeV when m~30. The statistical accuracy of multiplicity
measurements decreases as the multiplicity increases and eventually
sets an upper limit on the energy range. This limit is determined by
the frequency of showers that are recorded over a given lnegth of time,
and in order to assess the usefulness of the monitor in this context,
it is important to estimate the absolute frequency of NAPs incident
on a monitor giving rise to recorded neutrons in conjunction with a
signal indicating the detection of a shower by a large EAS array.

It is apparent from figs. 6.4,5 and 6 that the lateral distribution
of pions in the shower falls sharply with radial distance R. In view

of the large areas over which these showers are detected, and the severe
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etatistical limitations of studies of large EAS, it is important to
establish the range of R,if any, which will give a 15rge enough yield
of neutrons to justify the use of a monitor. Studies at large ‘R will
be limited by the low flux of pions whilst those at small R will be
limited by the small rate of showers. Since the useful, intermediate
range depends on the frequency and distribution of detected showers
across the detection array, it will be necessary to specify the
geometry of the array. In the next seclion the possibilities of using
a monitor in the Haverah Park array will be considered in more detail.
6-3.2 The Haverah Park EAS Array
. Four deep water cerenkov detectors of area 34m2 provide the

basic means of detecting showers initiated by primary particlesof
energy of about 1017eV. The array trigger requirement is a coincidence
between the detector located at the centre of an equilateral triangle
plus at least any two of the other detectors located 500m away a% %he
apexes of the triangle. Other tanks provide additional information
about the particle densities and assist in the accurate location of the
core of the shower and estimation of the primary particle energy. A
detailed description of this array and the mode of shower analysis has
been given by Tennent (1968).

The probability P(R) of a detected analysable shower having energy

17eV falling in a range of R has been estimated from

greater than about 10
Machin (1972) using a geographical plot of the core locations of a large
number of showers recorded over a number of years at Haverah Park. Since
the rate of these showers is about three per day the number of useful
showers falling within a range of distance R from the monitor per year can
be simply calculated. The number of detected neutrons per year due to

pions (> 1 GeV) incident on the typical lOm2 monitory from showers falling

within this range has been estimated and the results shown in table 6.1.



Table 6. l

The Neutron Yield due lo Pions at Various

radial distances at Haverah Park

Radial Distance Probability of Noytron Yield
Range Incidence of a by pions per
R meters Shower year
< 50 0.05 2 150
50 - 150 0.14 35
150 - 250 0. 10 1
250 - 350 0.10 107!
350 - 450 0.12 1072
450 = 550 0.16 -
550 - 1000 0.33 -
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The upper limit of R can be seen to be around 100m. The lower limit
of R for useful measurements will be determined by the error in core
location in thearea in which the monitor is situated, and has been
taken here as 50m. (Although the present core location accuracy 1is
+25m, future improvements may reduce this to + 5m).

6-3.3 The Enerqy Spectra of NAPs - Model Calculations

In investigating the neutron monitor response to EAS, substantial
use has been made of the EAS simulations of Dixon et al.(1973). A full
description of this model is given in recent papers (Dixon et alf1973),
Dixon, Waddington and Turver (1973) and Dixon and Turver (1973)).

. The model basically consists of two partse The first deals with
the primary particle interactions and the creation of all the pions
in nuclear induced interactions using the Monte Carlo method, whilst
the second takes the resulting matrix of pion energies and heighis
of production in the atmosphere and follows the development of the
resulting pion, electron and muon components, down to sea level by a
step by step procedure allowing for ionization losses. The predictions
of this model include the general 3-D characteristics of the pions
greater than 1 GeV at sea levels In view of the limited range in radial
distance R that will yield useful resulis from neutron monitor studies,
results of the EAS simulations Will only be given here for three values
of R at 50m, 100m and 200m.

No allowance has been made in the model for nucleon/anti~nucleon

production in a high energy interaction. Such nucleon/énti-nucleon

production could account for up to 30% of the energy available for particle

production (Grieder, 1970). The effect of this important modification

will be considexed later.
6~3.4 The General Characteristics_ of the Simulated Showers

In the absence of nucleon/énti-nucleon production, and with the

assumption that all secondary particles produced in nuclear interactions
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are pions all but A of the NAFs in each shower are pions. Thus, it

is assumed that any neutrons produced in nuclear interactions in the
atmosphere give a negligible contribution to the NAPs at sea level,
Since neutrons are primarily responsible for the "background" count
rate of neutron monitors, this is an important assumption to make and
consitutes perhaps the greatest limitation to the application of the
simulation data to the present wozk,

A comparison of results for the average showers produced by

17

primary particles of two masses and an energy EI = 10” 'eV is shown

in figse 604,5 and 6 (curves A and D). It is seen that the pion
épectra from the heavy incident nucleus (for which A = B6) have
almost exactly the same shapes as those from protons, although the
absolute numbers of pions are\slightly higher.
The showers have been chosen from a lavge sample t6 reflect

the average development to be expectede It is well known that
the form of the proton~induced shower at sea level is particularly
sensitive to the depth of maximum cascade development which in turn
reflects fluctuations in the depth of first interaclion. Also shown
(curves B and G) are the spectra resulting from two substantial
fluctuations in this depth. The actual values of the depth (measured
in ¢ cm-'2 from the top of the atmosphere)and corresponding depths t
at shower maximum (the depth at which the number of particles in the
shower, mainly electrons, reaches ils maximum during the almospheric
deveiopment) are given in Table 6.2. Since about 10¥ of the showers
interact within 10 g cm”2 and the same greater than 200 g cm~2, the
relative frequency of showers B or C relative to the average is

approximately O.1l.

It can be seen that the absolute number of pions greater than



Table 6,2

T

The Fluctuations of the Proton Induced Showers

Shower Type

Depth of First

Depth of Shower

interaction ma ximum
g cm-2 g cm
A 98 700
B 13.5 600
Cc 270 850
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1 GeV fluctuates by a factor of apout 1CO% at all radial distances.

The late developing shower ( curve G) is characterised by a
relatively large number of pions at low energy and a somewhat low
number at high energy. The opposite is the case for the early
developing shower (curve B)a

6-3.5 Comparison with Experimental Measurements and other Calculations

In view of the many uncertainties in any model of the development
of EAS, it is important to determine to what extent the predictions

represent accurately the real showers,

The total pion energy spectrum for shower A (approximately

normalised to a 10%°

eV shower) is compared in figo 6.8 with some
measurements of NAP spectra above 10 GeV compiled by Tanahashi (1970)
and 2 low energy measurement of Chatterjee et al. (1963). It is seen
that above 10 GeV although the shape is in reasonable agreement, the
predicted absolute intensity is too high by a factor of five. However
there is very good agreement with the low energy point.

Included in fig. 6.8 are some results of a model of Grieder (1970)
which includes some anti-nucleon production and gave the best overall
fit to the available experimental data. These overestimate the NAP
intensity even more, although the shape is in good agreement. Cther
results of this model indicate that the anti-nucleon production process
causes an increase in numbers of NAPs so the NAP intensities predicted

by Dixon et al.would not be expected to fall when an allowance for anti-
nucleon production is included. It would also seem that although the
fraction of nucleons in the NAP component increases dramatically with
anti-nucleon production, the shape of the MAP energy spectrum above

10 GeV would not necessarily be altered greatly.

The steeper slope of the combined experimental data between 1 and

1C GeV implies a larger contribution from NAPs with energy below 1 GeV
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than predicted by the model, .

In facl the experiment of Chatterjee et al,used neutron monitor
type devices which would have had an energy threshold of about 100 MeV,
so it is possible that the mean NAP energy has been overestimated. In

this case the measured slope would give better agreement but extend
to lower NAP energies, whilst the absolute intensity at 1 GeV would
be lower than that predicted by the model.

The difference in slope could be qualitatively understood in terms
of a neutral component of NAPs (neutrons) produced either by nucleon/
ahti-nucleon pair production or by inelastic pion-air nuclei interactions
in the fomm of intra=nuclear cascade products. This compcnent could
give an important contribution to the NAPs in the low energy region
where ionization losses of charged particles play an important role.

The multiplicity distributions detected by three NM64 monitors
of total area 21 m2 in showers of typical size lO5 parlicles have been
used to derive the lateral distribution and lateral energy distribution
of NAPs and the relationship between the total number of NAPs and
shower size (BShm et al. 1970)o Their measured lateral distribution
(a relationship not strongly dependent on model parametcrs) for showers
of size 105 particles is compared with Dixon et alls calculations
for 10%%eV showers in figs 6.9. It seems that at this lower energy
the predicted absolute number of particles is underestimated although
the shape of the lateral distribution for radial distances R>10m, is
in good agreement.

However, B6hm et al cohsidered their measurements to be over-
estimates of the NAF intensity on account of neutron production by

the eleciron-photon components Their mecasurement may also have a

contribution from NAPs less than 1 GeV.

- emary sy
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Further, as pointed out by Hook (1972) there are difficulties
in comparing measurements of showers (of a—given average size) with
predictions (for the energy of primary particle that produces, on
average the same shower size) due to the large fluctuations which
occur in the shower development,

Thus it would appear that the model of Dixon et al., inspite
of the simplifying assumptions concerning the development of the NAP
component is capable of reproducing the bioad features of the NAPs
above 1 GeV at sea levelos It should be noted however, thatthere is
evidence of the predicted absolute intensity of NAPs being too high
and the slope of the NAP energy spectrum being too flat, with a low
energy cut-off that is too highe

6~4, The Monitor Response in EAS of Enexrgy 1017eV

6-4.1 Introduction

In the previous section it has been established that a monitor
placed in the Haverah Park EAS array should produvce a significant
yield of neutrons due to pions of energy a few GeV. Also, the variation
of median pion energy appropriate to a multiplicity m, has been estimated
for the NAP spectra calculated by Dixon et ale.

It has been demonstrated that the model of Dixon et al, gives a
reasonable description of the shapes of the NAP energy spectra at least
above 10 GeV and the lateral distribution at sea level although the
absolute intensity of NAPs may be overestimated. The model also indicates
that the electron-photon component may give a considerable contribution
to the neutron yield. However, the model suffers from the ignoring of
low energy neutrons which could give a significant yield of evaporation
neutrons in a monitor,

The uncertainty in absolute value of m for pions mentioned in

section 6~2.1, further compounds the problems not only of estimating
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the absolute intensity of NAPs‘put also the slope of their energy
spectrum )/lo However since the variation of m with energy for
pions, neutrons and protons above 1 GeV should be similar, it would
seem justifiable to use this model and the available information on
neutron production by protons, to investigate the changes in the
monitor response due to different NAP spectra at sea level due to
fluctuations in development, and different primary particle masseso

This section attempts to answer the following questions for
a variety of monitor designs.

(1) Given that @ is expected to increase with smaller spectral
élope‘y& can thedifferences in Y1 predicted by Dixon et al. for
showers A -~ D be resolved with the likely statistical errors of m
after collecting say, one year's data?

(2) What is the maximum energy of NAP about which information
can be obtained from measurements of multiplicity distributions
during one year?

(3) Can measurements of n, the neutron yleld per shower, be
used for either definitive measurements of, say, the degree of
fluctuation of each shower, or giving useful information about the
differences in say, the average fluctuations of dif ferent samples
of showers?

The multiplicity distributlion of detected neutrons p(mzt,ef)
attributable to distinct NAPs and the average number of detected
neutrons per shower n attributable to all the NAPs incident
simultaneously on the monitor have been calculated for the spectra
‘of pions at sea-level in showers shown as A, B and G in figs. 604,5
and 6, resulting from primary protons of energy 1017eV, and the
spectra shown as D in the case of showers initisted by primary

particles of mass MI = 56, of the same energy.
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Four basic designs of monitor were considered representing
the combinalions of two values of thickness (one and two NAP inelastic
interaction lengths) and two values of effic{ency (0.03 and 0.06)3
these are the sort of values which could be realised in practice
using the IGY-~and NM64 type monitors. The area of the monitor was
assumed to he 1Om2 in all cases. The results are summarised in Table 6.3
6~4,2 The Multiplicity Distribution

The multiplicity distributions corresponding to showers A and D
each resulting from 100 showers falling 50m from the t = 2,¢f = 0,06
monitor are shown in figo 6.10. This sample of showers would require
about one year to be collected using the Haverah Park array and therefore
constitutes the typical size of statistical sample which may be
investigated. It can be seen that the shape of the multiplicity
distribution is not particularly sensitive to this large variation in
primary mass and that the primary mass could not be idenlified even
with the thick, high efficiency monitor, using one year's data and
neglecting all systematic errors.

The effect on the multiplicity distributions of fluctuvations
in the proton induced shower is shown in fig. 6.11 where showers
A, B and C have been assumed to fall 50m from the t = 2,¢ = 0.06
monitor with relative frequencies 1.0 : O.1: O.l respectively, These
results show that the multiplicity distribution would be more able
to reveal information about these fluctuations although not even the
high efficiency/fhick monitoxr would give results thal approach
statistical significance. ‘

Define moax for a given multiplicity distribution corresponding
to a given NAP spectrum incident on a given monitor,as that multiplicity
for which the expected number of events with multiplicity greater than

moax attributable to single NAPs per yeary is say ten. Then the median
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energy Emax corresponding to m is a measure of the maximum energy

max
to which the multiplicity distribution is sensitive. Calculations
indicate that Emax increases from ~ 12 GeV to ~ 20 GeV for an increase
in thickness from t = 1 to 2, at both efficiencies, for spectrum A

in fige 6.4, corresponding lo mmax::g for the t = 1, ¢f = 0,03 monitor
and m&;ﬁS for the t = 2, ¢f = 0,06 monitor.

The corresponding values of Emax for the different multiplicity
distributions caused by fluctuations in the proton showers (curves
G-and B in fig. 6.4) are lower than this on account of the larger
statistical errors, and are ~8 and ~ 10 GeV respectively for the
t = 1 and 2 monitors.

This it appears that the size of the statistical errors would
limit the information about the shape of the energy spectrum of NAPs
in these showers to enexrgies less than 20 GeV. Further, the differences
in spectral shape in this energy range predicted by Dixon et al. for
the two primary masses and the fluctuations in development are too
small to be resolved by the designs considered here.

The errors in m calculated for the four monitor designs can be
used to estimate from fige 6.1, the error in the slope of the integral
NAP spectrum (assuming that the slope can be considered as constant
over the sensitive energy ranges 1 = 10 GeV or so) which gives the
best fit to the multiplicity distribution recorded over one 'year
ignoring potentially large systematic errors due to electronwphoton
contamination etc.s assumptions about the neutron production spectrum
(including the absolule value of ) and the monitor efficiency. This
error for the 50m spectrum is about + 30% for all four designs considered
here.

6-4,3 The Neutron Yield per Shower

The neutron yield per shower n, is slightly higher for shower
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D than for shower A at all radial distances considered (see fig.6~12)

reflecling the higher absolute intensity of pions (3l GeV) predicted
by the model for the showers initiated by the heavy primary particles.
However the errors are too large to enabhle definitive measurements

to be made of individual showers to distinguish between the A and D
spectra.

The neutron yield shows greater variations for the fluctuations
in development of the showers initiated by primery protons (curves
B and C in fig. 6.12) again reflecting the absolute intensity of
pions above 1 GeV, but the standard deviations are still too large
to enable definitive measurements.

The similarity in spectral shapes A-D causing arelailively
constant mean measured multiplicity per incident NAP enables the
neutron monitor to be tused as a NAP density measuring device over
a range of radial distances R from the shower core.

Rewriting equation 6.11, we have the number of NAPs per unit

area above ~1 GeV given by

n n
D= e = ———r 6.13

If we assume a single exponential production spectrum averaged

over the sensitive energy range, then this becoues
n
(m-1)1(t)A
Such an assumption may be justified given that the distributions

D =

in figs. 6.10 and 11 follow a reasonably straight line up to Moo x?
although this is partly because it was assumed in their derivation
that f(m,Es) (ES averaged over a few GeV) was of this forme If this
assumption is not found to be valid, it should be possible to obtain
a meaningful estimate of D by extrapolating the detected multiplicity
distribution back to zero (see fig. 4.2) thus obtaining the total

number of interacting MAPs including those producing no detected
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neutrons and hence < mye

If equation 6.13 is evaluated for samples of showers, of a given
size, whose cores fall in various bands Ry R + AR of radial distance
from the monitor, the radial density distribution of NAPs will be
obtainede The absolute intensity will be uncertain to the error in
the form of the production spectrum averaged over all NAP energies
contributing to n.

Thus, although ihe errors in n are too large to allow meaningful
definitive measurements on individual showers, such an analysis on
a sample of showers which is thought to have, says, developed late in
the atmosphere, or be due to a heavy primary, can give an independent
test of this hypothesis by the estimated relative changes in the
NAP density. In particular, the results in table 6.3 indicate that
the measured difference from the mean NAF density of the early and
late developing showers at radial distances of aboul 50m would be
statistically significant dbove the 50% level for all the monitors
considered here, for the expected yearly sample sizes.

Of great importance at short radial distances (£ 50m) is the
ability to identify neutrons from single NMAP interactions (in order
to evaluate <m> )and to measure the position of the shower core
accurately, At 50m, the probability of more than 1 NAP falling
simultaneously on an area ©of lm2 js about 10% for the shower represented
by curve C in fig. 6.4 so that showers falling at distances less than
this are liable to give a signficant probability of producing "unresolved"
neutronss The core location accutacy is probably of even greater
importance, From fige 6.12 it can be seen that an error of + 5m in
core location (ihat expected from an "improved" Haverah Park array)
leads to an error in n of 25% at 50m. The, present array with its

core location error (+ 25m) would lead to an ecrror in n of about 100%
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and would thus be of little use in NAP studies,

It has been demonstrated earlier that the model of Dixon et al.
may be seriously in error in predicting the nucleon/anti-nucleon
composition of the NAP component. Since the work of Grieder (1970)
indicates that the shape of the MAP energy spectrum is rather insensitive
to assumptions made about nucleon/anti-nucleon production, the average
measured multiplicity m for NAPs should also be insensitive to these
-assumptions provided that the average multiplicity ; produced by the
various NAP components are very similar, Given that i: has been
assumed to be that measured for protons in the present work, and ';
fpr neutrons should be almost identical to that for protons above
1 GeV according to Shen (1968), the only additional source of unceitainty
is due to the anti-nucleons which are present in slightly less numbers
than the nucleons at sea level and about 15% of the total number of NAPs,
according to Grieder, However, it would not be expected that a anti-
nucleon annihilation reaction of a few GeV in the producer of a neutron
monitor and producing a few pions with energy of about 1 GeV would result
in a value of 'E very different to that resulting from an average
strong interaction of a nucleon of the same enexrgy. Therefore the
effect on m of this modification in the EAS model would not be very
great. However, if as suggested earlier, neutrons of energies less
than 1 GeV give an important contribution to the NAP spectrum the
predicted average measured multiplicity could become sensitive to
the assumptions about anti~nucleon production because ; for neutrons
is considerably higher than that for protons or pions in this energy
region.

In the absence of a model that takes account of this low energy
component it is difficult to accurately estimate its effect. Cextainly

it would increase the total neutron yield and lower the average
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multiplicitylﬁs in addition to reducing the statistical errors in
these quantities, thus enabling the showers investigated here to be
resolved more easily.
6-4.4 The Design of Monitor

As pointed out by Shen and Hatton, an increase in thickness
t of producer will increase the sensitivity of the multiplicity
distribution to changes in the NAP energy spectrum by making ;
a more rapidly changing function of energy and will also bias the
monitor towards higher NAP energies.

The results in table 6,3 confirm that the thicker monitor is
more able to resolve the differences in m between the various spectra
and show that the corresponding increase in efficiency has less effect.
Also, the high energy bias has been demonstrated in section 6-4.2
where it was found that a t = 2 monitor would respond to NAPs up to
about 20 GeV compared with 12 GeV for the t = 1 monitor. An increase
in t also increases the probability of an NAPs detection by increasing
both the probability i (t) of its interacting and (by increasing v)
the probability of it s producing at leagt one detected neutron. All
these factors are important if the monitor is to be used as an energy
spectrometer based upon multiplicity measurements. Even when the
monitor is only to be used as an NAP detector, the increase in detection
prokability of a thicker monitor is to be desired also. The upperx
limit of t = 2 (chosen in this work because of the lack of calculations
of ;(Es) for thicknesses greater than this) wold therefore appear
to be highly desirables

An increase in thickness of the producer of a conventional IGY
type monitor from t = 1 to 2 would reduce the monitors efficiency
through the reduction in solid angle subtended by the counter/moderator
to the producer, unless the monitor were designed to compensate for this

by increasing the number of counters.
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An obvious alternative method of increasing t is to place two
monitors on top of each other; in this way the t = 2, ¢f = 0.06
design parameters could be approached using two NM64 monitors.

In order to maintain the spatial resolving power of the monitor,
it would be necessary to individually hodoscope the counters as in
the DIGY monitor described in this work. It was shown in fig. 4.1
that a negligible number of neutrons were detected 40cm beyond the
point of interaction meagsured across the monitor, so that it is
feasible to expect a resolution of 1 m2 by accepting neutrons from
any, say, five adjacent counters.

. In view of the fact that the electron-photon component of EAS
can give rise to considerable neutron production, it is important
to take steps to minimise it s effect. Approximate calculations
have been made of the neutron yield due to electrons and photons

in a 1017eV shower at various distances from the shower core of a
monitor protected by a layer of lead of thickness 10 radiation
lengths ( 5cm). The calculations of Messel and Crawford (1969)
give the yield of secondary electrons and photons of various energies
at various depths of absorber for various energies of incident electrons
and photons. These have been used, weighted with the incident spectra
calculated by Dixon et alrand measured by Kellerman and Towers to
obtain the residual flux of electrons and photons of various energies
emerging beneath the absorber. The resulting neutron yield from
secondary electrons and photons has then been estimated assuming
approximate values for the track length of photons (produced by
secondary electrons) and the photonuclear cross-section~neutron
multiplicity product. It was found that the neutron yield due to
electrons and photons £11 to less than 0.2% of that calculated for

the unshielded monitor. for all core distances, and that this resulting
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yield was due to 10-20 MeV photons produced by 200-500 MeV incident
electrons and photons. This indicates that in practice a smaller
amount of absorber would be sufficient to reduce the effect of
electrons and photons, and that the outer thermaliser-reflector
may in some cases be sufficiently thick to serve the purpose. In
the case considered above,the NAP flux would be reduced by the
absorber by less than 25%.

6-5 GConclusions

The results of calculations have shown that the expected neutron
yield in a 10m° monitor of established designs due to 10! ’eV showers
recorded for example by the Haverah Park array in one year is too
small 1o enable the measured multiplicity distribution to be used
to resolve the differences in shape of the NAP energy spectra in
showers predicted by Dixon et al. for two widely differing primery
particle masses, and for the fluctuations in development expected if
the primavies are protons.

It has alsc been shown thet the total neutron yield per shower
for these monitors of surface area 10m2, cannot be used for meaningful
definitive measurements of individual showers due to the large
statistical errors. However, this yield per shower, measured over
a number of showers, can be used in conjunction with the measured
multiplicity distribution to measure the NAP density changes at
various distances from the core caused by the fluctuations in
development of proton initiated showers and could assist in identi-
fying the mass of the primary particle that initiates the showers.

Further, the response of a monitor could also give significant
information about the accuracy of various EAS models such as the

one used here, by measuring the absolute NAP flux and the slope of
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the integral energy spectrum in this region to within a statistical
error of 30%, although uncertainties in the neutron production
spectrum of pions will increase the systematic uncertainties in
both quantities.

In particular, the prediction of the present model that there
is a negligible flux of NAPs below 1 GeV could be tested. Any such
flux would tend to raise the neutron yield per shower whilst lowering
the average multiplicity.

The calculations have confirmed that an increase in the monitor's
producer thickness improves the energy resolution but that the high
density of NAPs in 1017eV showers requires individual hodoscoping
of the counters, and a small amount of absorber ( ~10 radiation lengths
of lead) may be necessary to remove the effects of the electron-

photon component.
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CHAPTER SEVEN

SUGGESTIONS_ FOR_FURTHER WORK

7-1 The Mechanism of Neutron Production

The results of the present work demonstrate that it is only
possible tc reconcile the theoretically predicted response of a
monitor tc protcns and pions with that meagured, by making a number
of fairly critical assumptions relating to intra-nuclear cascade
theory, interaction mean free paths, and the energy and number
spectra of evaporation particles produced in the monitor, particularly
above about 10 GeV where the derivation of the response of the monitor
is based on a relatively crude extrapolation from results of emulsion
experiments.

This implies two important points.

(a) At the present time, experiments to investigate nuclear
physics problems using monitors are bound to give limited information
compared with "thin target" experiments such as that of MacDonald et
ale (1965) using controlled beams of particles incident on devices
with high neutron detection efficiencies, which are relatively
insensitive to the neutron energy, and where extra-nuclear cascade
effects can be ignored.

(b) For meaningful interpretation of certain neutron monitor
measurements of a given cosmic ray component it will be necessary
to have a sound empirical knowledge of the response of the monitor
to that component. For example, in EAS work the lack of information
on neutron prcduction by pions is a particular problems If monitors
were to be used for acurate measurements of, say, the shape of the
NAF energy spectrum, it would be necessary to calibrate them in a

beam of pions with various energies at an accelerator machine.
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7-2 The_ use of monitors in EAS = Galculations

Although the results of the present work indicate that the use
of a monitor toc measure changes in the shape of the NAP energy
spectrum in large EAS may not yield fruitful results, there remains
the possibility that

(a) this conclusion is significantly in error because of errors
in the model of the development of EAS (particularly at low MAF energies)
and (b) in smaller EAS there may be more favourable conditions for
the use of a monitor in this way (in that the statistical errors
associated with the more frequent showers are likely to be smaller
than those found in the present work).

This would suggest that further work needs to be carried oul
on deriving the very low energy NAP component in EAS both large and
smally and incorporating the interaction of this component with the
monitor in a similar way to the method of Hatton (1971) in deriving
the total counling rate of monitors, and possibly in accordance with
the philoscphy of Hillas (1970) in deriving the monitor response
as part of the EAS calculation. An important ingredient in any
such treatment would be a realistic treatment of the interaction
of the electron-photon (and possibly muon) component with the monitor.

Although neutron monitors have been used extensively for MAF
detection in EAS there appcars to be conflicting information about
the nature and energy of the detected NAPs, and of the effect of
the electron-photon component, thus limiting the usefulness of the
results of such work. It would be.hoped that measurements of the
multiplicity dictribution could, in conjunction with the theoretical
approach mentioned above, help the development of a clearer

understanding of the NAP component at low energies.
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7-3 The Use of Monitors in EAS - Experimental Work

It has been demonstrated that even in the absence of such
detailed knowledge, a monitor could be used to help identify
fluctuations in the NAP flux due to the shower development, providing
that the shape of the NAF energy specirum remains more or less
constant (as appears to be the case from calculations in large EAS)
so that the uncertainty in the NAP energy is relatively unimportant.
This suggests that an experimental study along these lines could give
useful results even in the absence of more refined modelling techniques.

Compared with other NAP detectors, neutron monitors are simple
to build, and can be operated for long periods with minimal attention;
and these factors may offset their lack of energy resolution. Recent
work by Queng et al.(1973)demonstrates that the use of a form of
concrete (madecﬁ'SiOz) tc act as both producer and thermaliser in
monitors may offer a cheaper alternative to the more usval materials,
a factor of great importance when trying to cover large areas within

an EAS array.
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