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A B S T R A C T 

This thesis i s 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 

I6Y - type monitor i s measured using a novel technique which 

uses stopping negative muons as a source of neutrons, and the 

result i s compaied with that expected from previous measurements 

of other monitors. 

Use i s made of this result in an experimental study of 

neutron production by unaccompanied cosmic ray protons, pions 

and muons in the momentum range 1-30 GeV/c. The experiment has 

(employed an air-gap magnet spectrograph in conjunction with the 

monitor, and the results of this study are compared with previous 

work. They confirm previous 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 to account for this discrepancy. Within fa ir ly large 

s ta t i s t i ca l errors, the measured neutron production by fast muons 

agrees with the theoretical predictions. 

An examination i s made of the possibility of using a neutron 

monitor in conjunction with an a ir shower detection array to 

measure the changes in slope of the nuclear active particle (NAP) 
IV 

energy spectrum in extensive a i r showers (EAS) of energy 10 eV 

at sea level which may arise due to primary particles of different 

atomic mass number and fluctuations in the longitudinal development 

of proton induced showers. Using NAP spectra predicted by a 



i i 

mathematical model of the EAS development i t i s 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 0 
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C H A P T E R O N E 

INTRODUCTION 

1-1 General Introduction 

There are principally two aspects of research into the cosmic 

radiation; that concerned with i t s production and propagation outside 

the earth's atmosphere, the astrophysical or origin aspect in which 

the radiation i s used as a tool for investigating a wider range of 

phenomena and that concerned with i t s> interaction within the 

earth's environment, tne nuclear or atomic physics aspect, in which 

the properties of the radiation are of primary interest. 

Now, as in the, past, cosmic rays offer a unique source of 

elementary particles for studying interactions of the very highest 

energy. (The highest energies attainable by a r t i f i c a i acceleration, 

12 

at present, i s 2xi0 eV). Amongst' the energetic cosmic rays aro 

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 component (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 e]ectro-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 structure. In both thesp contexts, the 

study of the "evaporation" process resulting from interactions between 

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

r ,79 3 AUG 1974 
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The charged particle component of the primary cosmic radiation 

i s known to consist principally of atomic nuclei (and in particular 

hydrogen) and studies of the NAP component of cosmic rays in the 

atmosphere are l ikely to yield the most direct evidence on the nature 

of this primary radiation. A feature of the primary radiation i s i t s 
8 20 

very wide range of energies from about 10 eV to 10 eV and a consequence 

of this i s that many different techniques are necessary to investigate 
13 

the properties of the radiation. For energies up to 10 eV, the rate 

of primaries i s suff iciently high to warrant direct studies using 

satellites and air-borne detectorso Above this point however use has 

to be made of the magnification effect of large showers of electrons 

and photons produced after interactions of the primaries with the a i r 

nuclei. These showers cover a wide area and can be detected at sea 

level using arrays of particle detectors. In addition to these 

extensive a i r showers (EAS) at sea leve l» there i s a residual flux 

of cosmic rays resulting from primaries of less energy. At the very 

lowest energies this flux i s subject to considerable variations in time 

due to the interaction of the primary radiation witn, for example, the 

magnetic f ie lds of the earth and the interplanetary space. Some of 

these variations have a periodicity of toery low frequency (~years) 

and studies of them require stable measuring devices. Ground based 

detectors have proved themselves suitable for this purpose; the neutron 

monitor i s one such device and i s the central concern of this thesis. 

1-2 The Development of the Neutron Monitor 

This device owes i t s existence to the observation that a flux 

of fast neutrons (of energy around 100 MeV) i s present in the earth's 

atmosphere. Since these particles are unstable i t was realised that they 

could not be primary cosmic rays but rather the products of interactions 
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in the atmosphere,, Much of the pioneer work on the origin of these 

neutrons was carried out by Tongiorgi in the late 1940's using a thermal 

neutron detector (a Boron Tri-f louride (BF 3 ) proportional counter), 

surrounded by a medium to slow them down to thermal energies (some 

hydrogenous material)» and by a barget material to simulate the 

atmospheric production medium. This work established that fas t neutrons 

are produced in successive interactions between the primary radiation 

and a ir 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 quantitatively by 

Cocconiet al.(l950, 1951) who pointed out that the moderate energy neutrons 

produced at each stage of the cascade could give infprmation about 

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 piong distributions in emulsions 

revealed that the same mechanism that produces the stars in emulsions 

was also principally responsible for the production of moderate energy 

neutrons a 

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 f i r s t 

instal lat ion of a neutron monitor, in 1952. The design followed closely 

that used by Tongiorgi in that BFg counters surrounded by producer and 

moderator were used for local production and moderation of neutrons. 

Simpson et al*(]953) demonstrated the need for a protective shield 
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of moderating material around the monitor to isolate i t from the 

producing and moderating effects of the immediate environment. 

A standard monitor for use during the International Geophysical 

Year was designed by Simpson (1957). This w i l l be referred to here 

as the SIGY monitor. 

A network of these, or very similar, monitors was built up over 

the world during the 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 rate monitor was introduced. This device ensured 

an important and continuing role for the neutron monitor for some years 

to come, in the study of the interaction of the primary radiacion with 

the inter-planetary magnetic f i e ld . 

1-3 The Response of the Neutron Monitor 

I t was not unt i l 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 wi l l be referred to 

as the LIGY. The study involved measuring the neutron detection efficiency 

of the monitor, and operating i t 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 avenge number of produced neutrons per interacting NAP in a 

monitor was found as a function of the NAP energy. I t 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 aboub 20 and rose 

slowly with ene'rgy. 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 l eve l , 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 contributions. 

Theoretical interpretations of star production stem from the model 

suggested by Serber (1947) in which the interaction between the NAP 

and the nucleus i s assumed to take place in two stages; the intra

nuclear cascade within the nucleus, followed by the so called "evaporation" 

of moderate energy nucleons ( pxincipally neutrons but also charged 

part ic les) from the excited nucleus in conjunction with the emission 

of gamma rays. The heavy tracks in the observed star are caused by the 

evaporation charged part ic les , 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 per incident NAP in 

lead targets of various thicknesses by using a Monte Carlo computational 

technique to simulate the extra-nuclear cascade through the target. He 

founa i t necessary however, to hypothesise a reduction of 50% in the 

nominal efficiency of the monitor measured by Hughes et a l„ in order 

to obtain agreement with their experimental results. 

A comprehensive review of the design and the response of neutron 

monitors has been given by Hatton (3 971) and he pointed out that Shen's 

hypothesis may not be jus t i f i ed . Although the neutron detection efficiency 
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may decrease for higher NAP energies, the discrepency between Shen's 

prediction and the original results of Hughes et al«may be too large to be 

accounted for by this. This would imply an error in Shen's work* 

An important conclusion from Shen's work that i s probably not 

invalidated by the inconsistency between the results of the calculations 

and the experiment, i s 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 thickne&s (150 g cm"2 of lead). 

I t had been suggested 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 spectrum 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 spectrumo 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 f i r s t 

hoped, Shen's results indicate that the multiplicity distribution 

measured in EAS could in principle give information about the 

relatively f l a t NAP energy spectrum up to very high energieso 
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I " 4 The Present Work 

An importsrt aspect of the present work 3s concerned with the 

possibil i ty of extending the use of a neutron monitor as an energy 

measuring device to studies of NAPs in EAS, along the lines outlined 

above. I t has been shown (Hook et al„1970) that the measured average 

multiplicity of an IGY type monitor arising from NAPs in EAS i s 

greater than that found for unaccompanied NAFs in the cosmic ray 

beam. This would be expected frcm tire harder NAP energy spectrum 

found in EAS„ Since the probability of a higher multiplicity i s 

larger in EAS, i t is possible that the resulting increase in s tat i s t ica l 

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 IGY type monitor has been built in Durham for use in EAS 

in conjunction with a large magnet spectrograph. This w i l l be referred 

to as the DIGY monitor. The principal aim of the experiment was to 

measure the energy spectrum of NAPs directly with the spectrograph, 

using the monitor a s an NAP detector. Unfortunately, as reported by 

Hook (1972), i t proved d i f f i cu l t to identify the tracks of many NAPs 

in the spectrograph and so allow momentum analysis due to the 

obscuration caused by the pro l i f i c elec-fcron-photon component. 

However, in view of the uncertainties raised by the work of 

Shen in relation to the results of Hughes et aL,for the basic 

performance of monitors, i t was thought worthwhile to repeat the 

earl ier 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 i s described (Chapter 3) and the result of the 

measurement is compared with other measurements. The neutron 

production by protons and pions i s measured and compared 

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

neutron production by muons at high energies. Although the present 

experiment was not originally designed for this work, an attempt 

i s 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 

earl ier experiment of Meyer et a l . (1964) and others, over the low 

energy region where the neutron production mechanism is fa i r ly well 

understood. 

Final ly the feas ib i l i ty of using a neutron monitor an 

conjunction with an EAS array is considered (Chapter 6 ) , with 

particular reference to estimating the NAP component and thus the 

17 

stage of development of showers of energy 10 eV. 

Preliminary results of the experimental work described in 

this thesis are given in Diggory et a l . ( l 97 l ) , Dixon et a l . (1971) 

and Hook et a l c ( l 9 7 l ) . 
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C H A P T E R T W O 
THE PRODUCTION AND DETECTION OF EVAPORATION 

NEUTRONS IN A NEUTRON MONITOR 

2-1 NEUTRON PRODUCTION 

2-1.1 Introduction 

The production of evaporation neutronsyfrom a nucleus involves 

a two stage process. In the f i r s t stage, the excitation stage, an 

incident particle interacts with the nucleus leaving i t in an excited 

state. The nucleus subsequently de-excites in the second stage, the 

evaporation stage, principally by emitting nucleons, mainly neutions. 

The detection of these evaporation neutrons, provides information 

about the incident particle and i t s interaction. 

Of a l l the evaporation neutrons produced in a neutron monitor, 

most have resulted from interactions by cosmic ray nucleons, and so i t 

i s particularly important to understand how nucleons interact with nuclei 

of various types™ 

Although the evaporation process i s responsible for the majority 

of detected neutrons, slow cascade and f iss ion neutrons resulting from 

the i n i t i a l interaction can also contribute and must be allowed for in 

interpreting the neutron monitor response. 

2-1.2 Neutron Production by Nucleons having energy less than 2_Gey 

In the f i r s t stage the nucleon loses energy in a cascade within a 

nucleus, from which cascade nucleons and secondary pions are emitted 

with energies ranging up towards the i n i t i a l nucleon energy. A model 

for this intra-nuclear cascade was suggested by Serber (1947). Monte 

Carlo calculations based on this model (Metropolis et a l . 1958a,b) and 

Bertini (1963, 1969, 1971, 1972) have been, carried out for incident 

energies up to a few GeV and for a variety of target nuclei having 

mass numbers in the range 25 < A<238 to predict the numbers and 
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energy spectra of the emitted cascade particles, and also the 

excitation energy spectra 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 fo r motion of bound nucleons in local 

potentials* considerable agreement was found wibh the earlier calculations 

made i n 1958„ Of immediate interest i n the present work is the relation 

between incident proton energy and the average excitation energy of 

the target nucleus, f i g . 2.1a, this being the i n i t i a l condition for 

the second stageo 

The evaporation process was f i r s t postulaled 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 

features of this processo In these treatments each emitted nucleon 

leaves the nucleus by virtue of a suitable random fluctuation in i t s 

kinetic energy which is suf f ic ien t ly large to overcome the attractive 

potential towards the nucleus. Af ter each nucleon has been emitted 

the nucleus 'cools down' by an amount appropriate to the energy removed 

by the nucleon, and this w i l l tend to lower the energy of subsequent 

nucleonso The Monte Carlo method is highly suitable for computing 

the mean produced numbers and energy spectra of evaporation particles, 

and has been used by Dostrovsky et a l , (1958) for a variety of nuclei 

having a range of i n i t i a l excitations from 100 to 700 MeV. Some of their 

results are shown in f i g . 2.1b. Due to the uncertainty in the nuclear 

model, the energy level density parameter at which relates the i n i t i a l 

nuclear excitation U to the average kinetic energy of the emitted 

nucleons, was l e f t as a variable and the results given for the extreme 

values A/lO and a/20 where A is the nuclear mass number. Experimentally 
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(Newton , 1956) and theoretically (Ramamurthy, ,1970; Baba, 1970) the high 

value tends to be preferred although most of the evidence comes from 

low energy work ( U£30 MeV)0 

Bercovitch et al .( l960) have measured the average produced neutron 
"*2 

mul t ip l ic i t i es fo r proton interactions in thin targets (22 to 44 g cm ) 

fo r various (wide) ranges of proton energy and mass number of target 

nuclei,, In order to compare the i r results with the combined calculatjons 

of Metropolis and Dostrovsky, they found i t necessary to correct their 

measurements for the additional neutrons produced by secondary particles 

i n extra-nuclear cascades through the f i n i t e thickness of target. Their 

corrected results agree with the theoretical prediction particularly 

i f a 1 A/20 is assumed ( f i g . 2.2a). 

The neutron production due to the i n i t i a l proton interaction alono, 

has been measured by Vasifkov et alo (1968) who used ^ 1 era thickness 
"2 

of various target materialso The results for 5 g cm of ]ead aie 

shown i n f i g . 2.2a<> together with the corrected results of Bercovitch 

et alo and the predicted values of Metropclis/bostiovsky(neglecting 

slow cascade neutrons)o Taken together the two experiments cannot 

resolve the two theoretical predictions using ct =A/l0 and A/20. 

Bert ini (1972) has extended the Metropolis/bostrovsk/calculations 

and has calculated the to ta l low energy yield (evaporation and cascade ' 

products) expected i n the Vasifkov experiment, using the high value of 

a? Although the predicted neutron yield agrees f a i r l y well with the 

experimental results for most of the target nuclei, the prediction for 

lead is somewhat overestimated ( f i g . 2.2a)« 

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 -it was evident from both comparisons 

that the y ie ld of alpha particles and other heavy charged particles 

was grossly underestimated by the nuclear modelo Two reasons were 

suggested. Direct knockout of alpha particles in the cascade process 

was not taken into account (Barashenkov, 1969 ) and the large angular 

momentum impacted to large nuclei by the incident nucleon which would 

tend to evaporate more heâ vy nuclei was not allowed fo r i n the 
* 

evaporation model (Gilat and Grover, 1971 )<» The size of the discrepancy 

could mean that the results fo r neutron production should be about 20$ 

less over the energy range shown in f i g . 2.2ao This would result in 

the calculations predicting a s l ight ly lower neutron yield than that 

observed by Vasilkov. 

The available experimental data on neutron production in th in 

targets was summarized by Fraser et a l (1965.) for comparison 

with the measured neutron production by <̂ 1 GeV protons in very thick 

targets (where the proton is t o t a l l y 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 f i g . 2.2b to be i n very good 

agreement. The calculations derived from the (less accurate) th in 

target experiments are generally 10-20$ higher than those shown, indicating 

that the results of Vasifkov are overestimates by this amount. Although 

the theoretical model of Bert ini 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 f i g . 2o3a,b and c 
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with the analytical expression of Le Cbuteur for neutrons -

N(En)dE^ ( =• K E n

5 / U oxp ( -E/T* )&n 2.1 

where E n is the evaporation neutron energy 

K is a constant 

T* is related to the i n i t i a l nuclear temperature T 

by T*= 11 
12 

and the excitation energy U i s related to the temperature by the 

approximate expression 

u = a r 2 2o2 

where <x i s the energy level density parameter 

The average energy of the spectrum is 

4 
En = •= T 2.3 n o 

Equations 2.2 and 2.3 related E N to U so enabling a simple quantitative 

comparison to be made between Le Couteur's spectrum and those of 

Do&trovsky and Bertinio Thus the average neutron energies evaporated 
109" 

from Ag 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 MeV. The difference is<2^» 

Similarly the average energy of neutrons evaporated from 750 MeV 

interactions of protons with lead nuclei calculated by Le Couteur and 

Bert ini 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 Metropolis/ie Couteur for a~ A/lO 

and A/20 i n f i g . 2.3d. Neither prediction gives a particularly good 

f i t although oc = A/lO is clearly the better. The same data plotted 

i n a logarithmic form in figure 2. 3e demonstrates the d i f f i c u l t y in 

finding a single value of f*(the "aveiage" temperature) to f i t 
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the datao Skyrme could not account for this in terms of the expected 

fluctuations i n the intra-nuclear cascade and suggested that some 

of the lower energy neutrons may originate from a cooler surface 

region of the nucleus. However, Bert ini 's calculations, using a 

more rea l i s t ic nuclear model than Le Couteur's do not indicate that 

this has much effect on the spectrum (fig© 2 0 3 o c) . I t is more l ike ly 

that the average energy of the neutron?is overestimated by Le Couteur 

due to the underestimation of the alpha particle emission probability 

suggested by Ber t i n i , since the alpha particles would tend to be emitted 

early on i n the evaporation process whilst the nucleus is relatively 

energetic. 

However, since the total low energy neutron spectrum includes 

about 20/o slow cascade particles according to Bertini (1972) which 

have a relat ively f l a t energy spectrum (and correspondingly higher 

average energy) i t is possible that Le Couteur's calculated spectrum 

may be closer than Skyrme's measured spectrum, to that found i n a 

neutron monitore 

2~lo3 Neutron Production by Nucleons having energy greater than, 2, GeV 

Barashenkov ( l96l) has made calculations similar to those made by 

Metropolis but at an energy of 9 GeV assuming an intra-nuclear cascade 

process, and the results of these agree well with emulsion datao Above 

this energy however, the nature of the interaction should alter 

(Shen, 1968; Barashenkov et al« 1971 )<> In the cascade model, the nucleo 

interacts singly with any nucleon of the nucleus which is passed within 

the range of the strong nuclear force. However, above a suff ic ient ly 

high incident nucleon veloci ty, which is higher for larger nuclei, the 

thickness of the nucleus w i l l be less than the range of nuclear force 
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due to the Lorentz contraction and the nucleon w i l l then interact 

collectively with those nucleons lying along the col l is ion axis<> 

A further consideration at this high particle energy is that the 

secondary particles w i l l be strongly coll'unated i n the forward direction 

and so secondary interactions w i l l be severely inhibitedo This essentially 

one dimensional 'tube* model predicts that the value of nuclear excitation 

and hence average number of evaporation neutrons w i l l approach an 

assymptotic value as the energy increase which w i l l be lower than the 

corresponding prediction by a three dimensional intra-nuclear cascadeo 

Results ( f i g . 2.4) of photographic emulsion studies by Meyer et a l . 

(1963) and others, have been interpreted by Shen (1967) using a 

phenomeno>logical 'tube' model, as followso 

According to Powell et al . ( l959) and Harding (1949) the Collowing 

two relationships are indicated experimentally for average emulsion 

nuclei, Ag and Br, for which A~70 o 

N p * N b 2.4 

where N is the number of singly charged evaporation particles emitted 

by a nucleus af ter any interaction, and is the corresponding number 

of black prongs i n the observed star© 

<Nb> * 3 < Nh> 2 o 5 

where = + 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 Doslrovsky (1958) predict that for 

A~70 and typical excitation energies of the order of hundreds of MeV, 

there are equal numbers of singly charged evaporation particles and 

multiple charged ones, which suggests that N * -|- N . i f a l l the charged 

particles give rise to visible prongs (c.f.eqn. 2o4)o Shen, in noting 

this inconsistency, made a compromise and assumed N a •§• N, - 2o6o 
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Then using a further result of Dostrovsky relating the number of evaporation 

neutrons v tc 

hundred MeV)c 

neutrons v "to piotons (for A - 70 nuclei with excitations of a few 

V = 2 <N > 2o7 P 

Shen related y to thus 

v - 2 <N p >= | < N f a>= <Nj> 2.8 

Because of this simple relationship, i t should be expected that l (vjE )» 
P 

the probability of evaporating v neutrons af ter an interaction between 

a nucleon of energy E and a Ag/fer nucleus should have the same functional 

form as I ( l ^ ; E^) and that V behaves i n the same way as <%> as a 

function of E . 
p8-

The mean number <^> is found to nearly reach i t s assymptotic value 

of seven at E m 30 GeV ( f i g . 2.4) . The tube mechanism is not exptcted 

to dominate the inteia ction fo r Ag/fer nuclei un t i l E <-> 200 GeV and so 
P 

Shen assumed thai the intra-nuclear cascade is effectively one dimensional 

above 30 GeV for Ag Br due to collimation of secondary particles. 

I t is clearly important to establish the general character of the 

interaction as set out above, because when extrapolating the results 

fo r nuclei of A = 70 to those appropriate to lead nuclei (A = 208 ) which 

is the typical value for the target material used in neutron monitors^ 

the three dimensional interaction must be treated different ly from the 

one dimensional interaction. Metropolis showed that Va, A in the 3-D 

region, which implies that i>aA i n the 1-D region. For lead nuclei, the 

3-D intra-nuclear cascade mechanism should predominate up to 10 GeV; whilst 

i n analogy with the results of Ag Br, the 1-D region begins at 50 GeV. Shen* 

extrapolation of Meyer's results from A=70 to A =208 is shown in f i g . 2.5 . 

The variation of v i n the intermediate energy region (l0^,E^50 GeV) was 

obtained simply by interpolation! whilst the behaviour below 1 GeV 
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was assumed to follow the data of Bercovitch and the calculations of 

Metropolis and Dostrovskyo •'•he uncertainty i n relating the observed 

numbers of black prongs to the numbers of evaporation charged particles 

leads to the corresponding uncertainty i n y above 1 GeV as represented 

by the dashed curveso 
2-2 Neutron Production i n a Neutron Monitor 

2-2.1 Introduction 

The thickness of target material i n a neutron monitor is typically 
-2 

100 g cm for ver t ica l ly incident cosmic rays. Thus the secondary 

interactions discovered by Bercovitch (1960) become very important 

i n determining the to ta l yield of evaporation neutrons. The next 

task in the relating of y to the energy of incident nucleons,is to 

calculate the numbers of neutrons produced by a l l the nuclei i n the 

target material which are involved in the extra-nuclear cascade which 

develops, i n general, i n each interaction. 

2-2.2 Experimental Results 

Neutron production i n a neutron monitor by single, momentum 

analysed cosmic rays was f i r s t investigated by Hughes et al,(l964) 

using the LIGY monitor and the Durham Magnetic Spectrograph. Single 

charged paiticles traversing an air gap magnet spectrograph and 

producing a f ive fo ld Geiger Counter coincidence} caused the gating 

system of the neutron monitor to operate, and events were recorded 

i n which one or more neutrons arrived within the gate time. 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 ray nucleons. These dif ferent types of event 

were ident i f ied by the charge of the particle and the information 
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offered by a tray of flash tubes beneath the monitor about the nature 

of the interaction within the monitor. Data were recorded in the 

form of neutron mul t ip l ic i ty distributions as a function of the 

momentum of the particleso 

The rate of events due to incident particles of mean energy E 

in which m neutrons are produced was given by 
CO 

R(miE) = Q(E) £ I ( V j E) B(m,y) 2.9 
v-m 

where Q(E) =* rate of interactions, 

I ( V ; E ) =* (ea - 1) e"w 2.]0 

is the probability of v neutrons being produced, as deduced by 

Cocconi et al .(l950) where 
00 
2 I (y;E) = 1, 2.11 

v = l 

B(m, v) = ^ ( e f ) m ( l " f f ) V ~ m is the (binomial) probability 

of detecting m neutrons out of y produced i f e 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(m;E) = log Q(E) + log ( e a - l ) + m log (ef)-am 2.12 

- (m + 1) log (1 - ( l -e f )e" a ) 

so a graph of log R against m should be a straight line i f the assumption 

regarding l(v;E) is correct. Hughes et a l . found this to be so for their 

data. 

The average number of neutrons v(E) produced was then calculated 

from their measured average number detected, m, thus 
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oo , _ 
v(E) • S V I (v;E) « ( e a - l ) 1 » HLZJ. + 1 2.13 

v= 1 * „ e f 
oo 

a i (V,E) 
V = 1 

_ oo 
where m = 2 m R (ir) 

m = 1 
00 , . 
S R (m) 

m = 1 

The value of e 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» was obtained from their measured distribution of arr ival 

times of neutrons, taken to be P(t) - K(l - exp(-t / i3 0 5)) exp(-t/l70) -2.1 

However, their values of v are systematically inaccurate because 

(a) l ( v j E ) should be noramlised fromy=0 to^ , , instead of from 

1 tooojas suggested by Shen (1968), which leads to the 

result y - ( m - l ) / e f 2.15 

(b) P(t) is more complex than equation 2.14 and leads to an 

overestimation of f by about 8$ (Hatton, 1971). (See 

f i g . 3.7<). 

(c) I t was assumed that l ( v ; E ) is a single exponential. Monte Carlo 

calculations (Shen, 1968) have shown that this may not be 

true resulting i n an underestimation of v . 

and (d) Of inaccuracies i n the momentum measurement which would lead 

to an overestimate of the mean kinetic energy at the higher 

energies, due to the rapidly f a l l i ng spectrum. 

Hatton ( l97l) has made corrections appropriate to (a) and (b) which 

have increased v byMO^ at a l l energies. 

2-2.3 Comparison of Monte Carlo calculations with experimenta1 results 

Tn order to compare his deduction of the average produced neutron 

mul t ip l ic i ty with the results of Hughes et air, Shen (1968) had to 
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perform Monte Carlo calculations of the extra-nuclear cascade within 

the producer, allowing f o r the production of secondary particleso He 

calculated the y i e l d of neutrons with energies <30 MeV from a l l source?, 

f o r a variety of producer thicknesses (less than two interaction lengths) 

and incident energies (40 MeV to 100 GeV) of neutrons, proton?and pions 

( f i g 0 2.6) His results f o r the average thickness of the IGY monitor 

( t = 0.75 int e r a c t i o n lengths) have been compared with Hughes' corrected 

results ( a f t e r Hatton, 1971) i n f i g . 2.7. The large discrepancy could 

be due to a number of factors: 

(a) uncertainty i n the monitor efficiency c (see section 2.3) 

(b) the i n t e r p r e t a t i o n of the emulsion results ( f i g . 2.5) 

(c) systematic errors i n the calculation concerned with the effect 

of slow cascade neutrons 

(d) the assumption that l ( v ) i s a single exponential. 

F i g 0 2.7 shows how v, and calculated by Shen for protons 

incident on a producer thickness t = Oc75 interaction length vary 

with incident energy where y i s the average number of evaporation 

neutrons, i s the average number of evaporation neutrons plus cascade 

neutrons less than 30 MeV which have not interacted to produce more 

evaporation neutrons, and 1 i s the average number of evaporation 

neutrons plus a l l cascade neutrons less than 30 MeV, which are assumed 

to be thermalised before they have a chance to interact again. The 

choice between & ', i s a d i f f i c u l t one dependent on the geometry 

of the monitor,, Shen assumed f o r simplicity that v̂ ., the upper l i m i t , 

i s the quantity appropriate f o r comparison with experiment. This may 

cl e a r l y account f o r part of the discrepancy. 
Shen found that the functional form of l ( v ; E

0 > t ) was not simply 
—a v 

of the form e , for discaete values of E and to On averaging I 
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over a range of E^ & t appropriate to the results of Hughes et a l . he 

found that l(y$ E , t ) followed much closer an exponential dependence.. 

However, a s i g n i f i c a n t improvement can be made by f i t t i n g a double 

exponential to the t h e o r e t i c a l l y predicted distributions 

K v j E p , t ) - K ae~ a v - 2d6 

which leads to v = m " ̂  a ( t , e , E ) 2.17 
ef p 

where, f o r t = 0.75, r for E < 0.15 GeV 
a = l o 0 ° \ and E > 60 GeV 

and 1 . 0 < a < l . l f o r 0.15 < E < 60 GeV 

i. e . the results of Hughes et al*would be underestimates by up to 10%0 

Shen i n considering the e f f e c t of a possible overestimation i n 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 i n error by + 20% above 1 GeV.. I t i s clear therefore that there 

i s considerable uncertainty i n the prediction of %}„ In the next section 

we investigate possible errors i n the value of the neutron detection 

eff i c i e n c y used i n the experiment of Hughes et alo 

2-3 Efficiency of Detecting Evaporation Neutrons 

2-3.1 Introduction. 

The evaporation neutrons produced i n neutron monitors are con

ventionally detected using proportional counters f i l l e d with BFg gas 

enriched with 90% The neutrons react as follows 
10 , _. 7 . „ 4 

B + n -* L i 3 + Ho2 

The product nuclei have about 2.5 MeV of kinetic energy between them 

and can produce up to 80,000 ion p a i r s , making them easily i d e n t i f i a b l e 

above the background of cosmic rays passing through the counter. The 
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cross-section f o r the above reaction i s inversely proportional to 

the neutron ve l o c i t y and so the detection process begins by slowing 

down the evaporation neutrons to thermal energies (a few eV) by elastic 

scattering w i t h i n the monitoro Lead., with i t s hign atomic number, 

i s not suitable f o r t n i s and so some material with a low A value such 

as p a r a f f i n or polyethylene has to be included i n the structured 

There axe two factors eand f entering into the consideration 

of the detection efficiency ( = ef). e i s the absolute efficiency 

of detection and i s t lie e f f e c t i v e efficiency when no time l i m i t is 

set f o r the thermalising and detection processes. The other factor, 

f , i s the consequence of gating the detection system as a function 

of time, and i s less than 1 except i n the l i m i t when the gate width 

becomes i n f i n i t e l y long. Both £• and P depend on the geometry and 

material i n the monitor. 

I f the prob a b i l i t y of detecting a neutron i n an i n t e r v a l dt 

at time t a f t e r the interaction i s P(t) dt then 

opening at t •= T^ af t e r the int e r a c t i o n and closing at t = Hatton 

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

various thermalising time constants associated with the various parts 

of the monitor j and can be found by recording the a r r i v a l times of 

neutrons a f t e r each inte r a c t i o n . Fig. 3.7 shows the time d i s t r i b u t i o n 

for the LIGY from Hatton and Tomlinson showing a double exponential; 

the smaller time constant i s associated with thermal!sation i n the 

inner p a r a f f i n surrounding the BF0 counters, and the larger time 

constant i s associated with thermalisation i n the (outer) p a r a f f i n 

f 
' T i 

f (T, -> T j P(t ) dt for a gate 

P(t ) dt 
o 
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surrounding the whole monitor.. 

Unfortunately the thermalising materials or moderators which 

are usually used i n neutron monitors absorb the majority of thermalised 

neutrons and so the overall efficiency i s very low 5 t y p i c a l l y a few 

per~cent even though careful design can optimise the thickness of 

moderator (Hatton and Garmichael (1964)). 

A substantial increase i n efficiency was obtained by Nobles et a i . 

(1967), who replaced the usual lead and paraffin of conventional monitors 

by bismuth and reactor grado graphite respectively, both of which have 

lower thermal neutron absorption cross-sections. 

Improvements i n the ef f i c i e n c y of evaporation neutron detectors 

have also been made (see f o r example Kaplan (1958) and Barton (1969)) 

by the use of a s c i n t i l l a t o r substance viewed by photo-multiplier tubes 

which can not only thermalise ( i f the s c i n t i l l a t o r i s 'loaded' witn 

Gadolinium or similar element) but also detect neutrons through 

scattered protcn s c i n t i l l a t i o n s and gamma rays emitted during the 

slow neutron capture processo Such very high efficiency devices have 

not been used to cover a large area, as is often required i n cosmic 

ray work, but rather i n conjunction with experiments at accelerating 

machines. 

2-3o2 Experimental Measurements 

Measurements of ef f i c i e n c i e s of neutron monitors have been made 

using a Ra-Be source (Hughes, 1961) and a piutonium spontaneous f i s s i o n 

source (Hatton and Carmichael, 1964) ? whose energy spectra are snown 

i n f i g . 2.8. Hughes found that the efficiency varies throughout the . 

horizontal plane of the monitor being a maximum at the centre. 

The efficiency e(E n,x) f o r detecting an evaporation neutron w i l l 

also depend on i t s energy E and i t s depth x of production w i t h i n the 
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monitoro This means that when a monitor i s used to record a certain 

f l u x of cosmic rays of a certain type, the energy spectium of the 

produced evaporation neutrons, together with the d i s t r i b u t i o n i n 

production as a function of position i n the producer must be known 

i n order to relate the averaged efficiency to that measured by a 

sourceo Hughes assumed that e(E n,x) was not strongly dependent 

on E^, that the average energy E^ of the source neutrons equalled 

the average energy of the evaporation neutrons,independent of deptho 

A value of e~ 2*1 + Ool$ has been attributed to the average efficiency 

of the LIGY for a l l cosmic ray induced evaporation neutronso The 

results of Treiman and Fonger (1952) showing the production of 

neutrons as a function of depth due to the cosmic ray f l u x at seo 

l e v e l , indicate that the t h i r d approximation i s 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 neutron energy. 

In the simulation, a c y l i n d r i c a l l y symmetric arrangement of one 

i n f i n i t e l y long u n i t (i.e» one BF^ counter surrounded by i t s inner 

moderator, producer and r e f l e c t o r i n amounts equal to that used i n 

a monitor) was consideredo This was done for two actual monitors, the 

standard (Simpson) IGY and the NM64 inonitoro The histories of many 

evaporation neutrons produced at varying distances from the centre, 

and of varying i n i t i a l energies, were followed and the resultant 

detection e f f i c i e n c y determined© This predicted efficiency i s not 

d i r e c t l y comparable with the actual monitors because i n r e a l i t y 

( i ) monitors are not i n f i n i t e l y long and 

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

have been produced and/or thermalised around an adjacent counter 
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according to Hatton and Carmichael (1964). The varia t i o n of efficiency 

with energy f o r t h i s i d e a l , long counter geometry i s shown i n f i g 2o90 

The decrease i n ef f i c i e n c y with increasing energy was at t r i b u t e d by the 

authors to the decrease with energy of the nucleon-nucleon elastic 

cross-section which i s responsible £or the thermalisation. Hatton (1971) 

has calculated that f o r a typical energy of incident nucleon (150 MeV), 

fo r which the calculations of Metropolis and Le Couteur predict an 

evaporation neutron energy spectrum given by f i g . 2o8a, the correction 

that should be made to $ l s negligible for the LIGY, indicating that 

the Ra-Be source closely approximates the actual spectrum even though 

i t s average neutron energy i s some 40% too high. The equivalent 

calculation forthe Pu source measurement however shows the value of e 

to be i n error by + 14% inspite of i t s apparent s i m i l a r i t y to the 

theoretically predicted spectrumo This indicates that the correction 

to be applied to the source measurement is highly sensitive to the 

precise form of the energy spectrum, especially where the r e f l e c t o r 

thickness i s as t h i n as that of the NM64. Since 

( i ) the Ra-Be source spectrum i s open to some considerable doubt 

(Hess, 1959) 

( i i ) i n deriving the theoretical evaporation energy spectrum f o r nuclear 

interactions, evaporation neutrons from secondary excited nuclei have 

been neglected which would a l t e r the energy spectrum, 

and ( i i i ) Le Gouteur's spectrum used by Hatton i s an approximation 3 

there must be considerable uncertainty i n the absolute efficiency f o r 

neutron detection. 

2-3.3 Variation of Epficiency with incident nucleon energy. 

The results of Metropolis et al„'s calculations ( f i g . 2.1) show that 

the average ex c i t a t i o n of the target lead nucleus i s increasing with 

the incident nucleon energy at the upper l i m i t of 1 08 GeV energy 
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which they considoredo This increase should continue whilst the 

3-D intra-nuclear cascade dominates the interactions i.e.up to«10 GeV. 

The results of Le Couteur (equations 2o2 s 2.3) show that the mean 

energy of evaporation neutrons increases with increased nuclear 

e x c i t a t i o n , so t h i s should lower the detection efficiency i n accordance 

with the predictions of Pearce and Fowler ( f i g . 2.9). On the other 

hand, secondary p a r t i c l e s from the i n i t i a l interaction may cause other 

nuclear e x c i t a t i o n of c h a r a c t e r i s t i c a l l y less energy and the evaporated 

neutrons from these w i l l have correspondingly higher probabilities of 

detection. The maximum v a r i a t i o n i n efficiency may be roughly 

estimated by considering only the i n i t i a l excitation. 

The dependence of average excitation energy on nucleon energy 

i s only known belcw 1.8 GeV. However, i t i s possible to sketch the 

vari a t i o n of average ex c i t a t i o n energy U with nucleon energy Epabove 

1 GeV by using the results of calculations by Dostrovsky ( f i g . 2.1) 

to relate U to the average number of neutrons produced and Shen 

f i g . 2.5)to relate y to Ep„ T^ere w i l l be a possible error i n U of 

+ 50 % due to uncertainties i n yabove 1 GeV, although there i s very 

good agreement with Metropolis up to 1.8GeV (see f i g . 2.10)« 

Assume the energy spectrum of evaporation neutrons due to incident 

nucleon energy E^ (giving average i n i t i a l nuclear temperature q ~ T*) to 

be given by equation 2ol. Then neglecting ionization lesses before the 

interaction the mean eff i c i e n c y of detecting any evaporation neutron 

i s 

eir) » J V E ^ T ) e' (E„) dE n 2.18 

T N(E n; T ) d E n 

o 

where e'O^) i s the mean efficiency of detecting an evaporation neutron 

of energy E produced i n the monitor., This has only been calculated here 
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f o r two s i m p l i f i e d geometries (Pearce and Fowler) but t h i s i s su f f i c i e n t 

t o show roughly how ^ ( r ) varies i n a typic a l monitoro To test the 

s e n s i t i v i t y on #(7- ) of variations i n tfan) > values of <?' were also 

calculated f o r a hypothetical t h i n r e f l e c t o r monitor where the 

r e l a t i v e leakage of 'high' energy evaporation neutrons i s about twice 

as great as i n the SIGY (see f i g . 2.9). The results of computing 

equation 2.18 are shown i n f i g . 2ollo 

The variations of average efficiency with the energy E^ of 

incident nucleons, for the SIGY and NM64 monitors have been found from 

f i g s . 2.]0 and 2.1] using equation 2.2 where oC has been taken as A/lO. 

The results of t h i s approximate treatment are shown i n f i g . 2.12 

(curves a and b ) i Both graphs have been nomnaaLised to the experimental 

source measurement of the LIGY at E = 150 MeV0 I t i s evident that 
P 

the decrease i n efficiency i s not very sensitive to the d i f f e r e n t 

monitor designs. 

The actual variations w i l l be less than those calculated due to 

the secondary interactions and ionization losses. Shen's predictions 

fo r varying thicknesses of lead (see f i g . 2.6)show that f o r a thickness 

of 18cm (one i n e l a s t i c i n t e r a c t i o n length), these secondary interactions 

contribute an ever increasing f r a c t i o n of the t o t a l neutron y i e l d ; 

roughly bO% at 3 GeV, r i s i n g to 80$ at 10 GeV and 95# at 100 GeV. 

The f i r s t estimate of the e f f e c t that these secondary interactions w i l l 

have on the excitations of the nuclei can be made by finding out f o r a 

given incident energy (a) the average numbers of cascade nucleons and 

created charged pions together with t h e i r d i s t r i b u t i o n s i n energy and 

(b) the evaporation neutron y i e l d from these secondaries and surviving 

incident nucleon i n the extra-nuclear cascade. 

For example, i n theenergy region O.K E < 5 GeV there are a 
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negligible number of pions produced but a spec brum of cascade nucleons 

with t y p i c a l energy (Shen, 1968) of 100 MeV« These, together with the 
i 

surviving incident nucleon which has a similar energy to the cascade 

nucleons, give rise to as many evaporation neutrons as the f i r s t 

i n t eraction ( f i g . 2o6)<> Thus neglecting t e r t i a r y interactions, i t 

can be estimated that the decrease i n efficiency <?(E ) over t h i s range 

w i l l be only half of that calculated on the basis of the i n i t i a l 

i n t e raction. 

For nucleon and pi on energies greater than 5 GeV the average 

number of cascade nucleons per i n e l a s t i c interaction i s proportional 

to the average number of evaporation neutrons produced (Shen, 1968) 

and so these cascade nucleons should roughly double the neutron yield 

at a l l energies. I t would be expected therefore that (neglecting pion 

production) the v a r i a t i o n i n ?(E ) i s only half that calculated i n 

f i g . 2.12 over the whole of the energy range* (curve c, for the SIGY 

only). 

At energies above 50 GeV almost a l l ( >90%) of the evaporation 

neutrons arise from secondary pion interactions and t h e i r nucleon 

cascades. The energy spectrum of these pions at production i s given 

approximately by the CKP formula neglecting the backward cone 

where E i s the average pion energy, estimated from data quoted by 

Shen (1968)o These pions can be thought of as giving rise to an effective 

excitation energy given by 

1 exp ( - E /E ) dN (E ) 
7T IT dB 

rr IT 

2.19 

m (E ) (E ) U (E ) dB V IT IT IT U E J 
dN (E ) p ; v (E ) dE dE TT TT TT 

2.20 

(Neglecting ionization losses) 
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Where U (E^) a u (E,,) i n f i g . 2.10. 
_ t 

U has been calculated for several values of incident nucleon energy 

above 20 GeV and the corresponding variation of e( E p) is shown in 

fig<> 12 curve d fo r the SIGYo As previously mentioned, these values 

of £ ^ n ) should be underestimates due to the effect of the low energy 

cascade nucleons resulting from the picn interactions.. I t is d i f f i c u l t 

to assess the extent of this e f fec t due to the reduced depth of producer 

presented to this next generation of secondaries>and results i n the 

underestimation not being as great as at 3 GeV. Therefore the variation 

of £( E p) * n 0 , 1 < E

p

 < 1 0 ° G e ^ i s g^ven (curve e) for ( i ) a th in monitor 

(i.e., where the neutron y ie ld from pion-produced nucleons is negligible), 

and ( i i ) a thick monitor (v/here this neution yield is as great as from 

the " i n i t i a l " secondary picn intersctions) n In the region 3 GeV to 

20 GeV the variation of £(E n ) has been obtained by interpolation. 

The general feature of the variation of efficiency is a decrease 

to a minimum at energies oF about 5 GeV due to the increase i n excitation 

energies of the target nuclei; followed by a further , slower decrease 

u n t i l about ICO GeV due to the ef fec t of the secondary pions, which 

having average energies of a few GeV tend to give higher nuclear 

excitations. 

However, there is a major source of uncertainty i n the variation 

of the average excitation energy U for E >2 GeV as well as the relatively 

minor ones concerned with the "evaporation and slow cascade neutron" 

spectrum and the ef fec t of secondary interactions.. 

The maximum error in the change i n efficiency between E = 0..1 
P 

and 5 GeV due to the possible error i n U is + 30&, 

I t has been pointed out earl ier that the Le Couteur spectrum 

assumed here gives higher values for the average neutron energy than 
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that measured at E = 150 MeV, and this could cause an error i n bhe 
P 

estimated decrease i n efficiency* Unfortunately there appears to 

have been no direct experimental measurement made of the spectrum 

at higher energies so this error can only be estimated from the error 

a t lower energieso 
The value of e(E ) at E = 150 MeV has been calculated using the N p p a 

spectrum of Skyrme shown i n figo 2<>3do This value was only 3% higher 

than that expected from the Metropolis/Le Couteur adopted in the present 

work, fo r a= A/IO« 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 i n the spectrum does not increase 

as E^ increaseso The slope of the evaporation spec'cium (see figo 2o3a ,b) 

decreases at approximately the same rate as the slope of e'(E n) i n 

figo 2.9 (i.e„~ l /E ) , so that as E increases, although the neutron 
n p 

spectrum increases in width, the relative f a l l i n efficiency over the 

spectrum remains the same0 Therefore, assuming the spectrum of 

evaporation neutrons produced by, say, a 5 GeV nucleon i s as well 

represented by the corresponding Le Couteur expression as the measured 

Skyrme spectrum is by the Le Couteur spectrum in f i g 0 2o3d, then a 

similar overestimate of e(Ep) would be expected at 5 GeVo I t follows 

that the error i n the decrease i n effiency between Ool and 5 GeV would 

be even less than thiso 

The presence of ionization losses should reduce the decrease i n 

efficiency (due to the loss of energy of the incident nucleon, before 

i t interacts) by only a small amount because ~v for protons and neutrons 

are v i r tua l ly the same fo r E > 1 GeV. 

The corresponding effect of ionization loss by the secondary 

particles should not bo very important because for E < 5 GeV the 
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majority of the evaporation neutrons are produced by secondaries 

having no charge (neubrons) whereas above about 20 GeV most secondaries 

are pions of average energy ^ 1 GeV which should lose only a small 

f ract ion of their energy before interacting 0 

Considerable , uncertainty l ies i n the effect of the secondary 

interactions which contribute half of the neutron yield at 5 GeV„ I t 

would be possible to obtain a more rel iable, quantitative, estimate 

of the evaporation spectrum by extending the calculations of Shen 

to include the distr ibution of nuclear excitations and a detailed 

treatment of the thermalising of the cascade neutrons* However, i n 

the absence of t h i s , i t can be concluded that the efficiency for 

detecting evaporation neutrons produced in a neutron monitor by nucleons 

with energies of a few GeV may be about 15% lower than that for detecting 

neutrons from 100 MeV nucleonso This would account fo r a Jarge proportion 

of the discrepancy in f i g 0 2.7« 

With this uncertainty i n both e and y , i t is appropriate to t ry and 

obtain a surer estimate of the eff iciency, and to use i t to measure y 

i n a similar experiment to that of Hughes et a l . to reduce stat is t ical 

errors and any systematic errors i n the method of analysis. 

In the next chapter a new method of measuring the efficiency is 

described together with i t s application to an IGY-type monitoro This 

w i l l be followed i n chapter 4 by a description of the use of this 

monitor to measure the number of neutrons produced by protons and pions. 
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C H A P T E R T H R E E 
THE EXPERIMENTAL EQUIPMENT 

The neutron monitor used i n this experiment is a development of 

the IGY type and w i l l be referred to as the Durham IGY (D1GY). I t 

was designed for use as an NAP detector in studies of NAPs in extensive 

a i r showers (EAS) i n conjunction with a spectrograph and an array 

of water Gerenkov detectorso The original aim was to record simultan

eously a neutron monitor response, one or more momentum analysable 

tracks in the spectrograph which impacted on the monitors and an EAS 

f a l l i n g nearby» By studying the interactions of the momentum measured 

par'ticles in the monitor by means of a tray of flash tubes underneath, 

i t was hoped to unambiguously ident ify most of the NAPso Unfortunately 

as reported by Hook (1972), i t proved very d i f f i c u l t to distinguish 

visually the NAP tracks from the copious electron-photon component. 

Although the present work is concerned with another aspect of cosmic 

ray studies, that of unaccompanied NAPs, i t should be remembered that 

the design of the experimental equipment stems from the earlier work 

desciibed by Hcoko The equipment is shown in f igs . 3.1 and 2o 

3-1 The Durham Neutron Monitor (PIGY) 

3-1.1 The„Desic>n 

The results of Shen (1968) demonstrated that and the ratio 

A v. (E ) / A E increase generally as the thickness of producer increases 
T p p 

(see f i g . 2.6) due to the greater probability of absorbing the energy 

of the incident particle through secondary and higher interactions. 

This reduces the s ta t i s t i ca l errors in V } by increasing the probability 

of detecting an NAP, particularly for high values of E as are found 
P 

in a i r showers, provided the efficiency of neutron detection does not 

decrease. For thicknesses greater than about two interaction lengths 

i t becomes very d i f f i c u l t to calculate v(E ) accurately because i t 
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is no longer possible to assume a*one dimensional approach (Shen, 1968), 

Further, any increase i n pioducer thickness w i l l 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 eff iciency. For these reasons i t was decided to have 

an average thickness of lead producer equal to 1.3 interaction lengths 

for nucleon/nucleus interactions, almost double the 0.75 interaction 

lengths of the S1GY and LIGY. Compared to the LIGY, the sensitive 

area was increased by having ten longer BFg counters, each of effective 

length 107cm and their detection efficiency was enhanced by the use 

of a higher gas pressure,, The outer reflecting layer of paraff in 

was reduced considerably to 8 cm in order to reduce the vertical 

dimension, but the resulting loss of evaporation neutrons should be 

very snail (Hatton and Carmichael, 1964)o A summary of the design 

features of a selection of monitors (partly taken from Hatton 1971) is 

shown in table 3 0 1 . 

3-l<>2 Auxil iary Electronics 

I t was anticipated that good spatial resolution across the 

monitor would help to different iate in an EAS between the neutrons 

produced by tvo or more NAP candidates impacting on the monitor. To 

this end each counter i n the monitor was individually hodoscoped, having 

i t s own amplif ier , discriminator, mul t ip l ic i ty recorder and data?-

recording f a c i l i t i e s , ^he amplifier/discriminator unit for each channel 

was bu i l t i n an all-enclosing, earthed copper box and placed near to 

the BFg tube, i n order to minimise the danger of radiative pick-up 

from the nearby flash tube pulsing systemo The c i rcui t diagram for 

one channel is shown in f i g . 3o30 The BF̂  counter was operated with 

an EHT of ™4olkV applied to the outer copper electrode,. This rather 

high value was chosen i n order to differentiate more between the 



34 

H u 
H M 
O 

o 
n 
Q 

vO ON 
r - l 

M 
l-J 

15 
CO 

r-
o 

vO 00 

00 

oo 

o 
CM 

O CO \D 
vo o in 

o 
si-

in 

vO 
in 

m 
oo 
CM 

oo 
CM 

co 
in 

CO 
in 

CM 
vO 

• - I 
o 

o 

CM o 
o 

ON 

8 

in 
t - i 

8 

o in o 
0 0 

CM r- O 
m 

m 

CM 
9 

CO 

CO o 
CO 

CM 
CO 

00 

oo 

CO 
CM 

00 
CM 

8 8 
o 
3 

o 
o 
O 

o 
o 
o 
vO 

8 
o 

8 
o 
in 
CO 

8 
o 
CM 

O 
§ 
CM 
1-1 

O 
in 
o 

CO 
o 

CM 
O 
o 

r - l 
CM 
O 

CM 
CM 
O 

- P 
(0 
T3 
C 
CO 

r - l 

0 
(0 
10 
CD 
73 3 
• P 
• H 
- P 
ro 

i-H 

• H 
. e 

+> 
<o 

CU 
r - l 
O 

o • CU 
u u 
as 3 

r - l 
O to 
in cu 

u 
CU a 
4J o 

• H 
fH fH 
P CD 

> JC 
o a 

10 0) o 
+> B 
ro •P 
fH ro 
0 <H 
Ol 2 (0 H 
fH fH 

O 
> c (0 
CD 

Si H 

a 
o 

• C 
• p 
cn c 
CU 

r - l 

CU > 
• r l 
- P 
o 

< 

S 
o 

CU 
-p 

g 
CO 

•ri 
Q 

10 
fH 
CD 

• P 
C 3 
o 
o 

r CM 
B B B 
o o 

cn l - l 
Cn cu r - l 

C CD 
B Si C r - l 
o - P ro r - l 

a .c ro to 
cu o fH fH 

Q ro 0) cu fH O, - p 
fH cu CU C 3 a Si 3 10 ro • P O 
to m ro Cn O 
CU 0) CD C 

P
r 

A
r
 

CO O 
h-5 p 

fH 
(1> 
o 

•§ 
o 
M 

B 
o 

fH 
o 
•p ro 
fH 
cu 

TS 

£ 
<4-l 
O 

w 
0) 
CD 
C 

o 

x: H 
cu 
Ol ro 
fH 

Si 

g 
fH 
O 
• P 
o 
cu 

r - l 
<rH 
CU 

cc 
<tH 
O 

O) 
to 
cu 
c 
M 
o 

• r - l 
Si H 
cu 
Cn 
ro 
f H 
{U 

fH 
. C 

fH 
CD 
a 

cu 
c 
c 
ro 
^ 
o 
fH 
CU 

a. 

CD 
•p 

g 
•rH 
X 
O 
fH 
a 
a 
<; 

fH 
cu 
o 
3 73 
O • 
f H U 
o.xi 

<4h fn 
O CU 

a 
e 

fH 
cu 
a. 

cn c 
• H 

C (U 3 - P 
o ro 

c 
cu 
•rl 
o 

• H 4-1 <+H W 
CU 

ro 
fn 0 > 



I I I 
• « I 
I I I 

E 
*» 
>• 

V) 

u 
c 
o 

, U 

0 

w 
c p o 
U 

o c o 
*-> 
o ft. 

t o 
0-

o 
CP 

V! 

— W W v — * 

CD 
> z 

o 

CD 

Ik. 

CL* 
u 

Q 

V. 

I I " 



35 

detected neutron pulses and the radiative pick-up. This pick-up was 
also par t ia l ly f i l t e r e d away from the counter output by the resistor/ 
capacitor combination, whose values were found empirically. The 
negative signal from the inner electrode was fed into the primary of 
a matching 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 different ia] amplifier, 
SGS type^A702A) which produced a negative output signal. This was 
fed into a discriminator/pulse-forminq c i rcui t (SGS type^ A710A) which 
produced a 4V posit ive, 6 /jjsec long square pulse for input pulses greater 
(negatively) than the discriminator level. The discriminator level was 
chosen on the basis of the pulse freight distribution obtained from the 
discriminator input, a typical example of which is shown in figo 3.4. 
I t was estimated that 90% of the genuine neutron pulses were greater 
than the discrimination level and that the noise contribution from 
cosmic ray traversals of the BFg tube, was negligib]e 0 The dead time 
of the amplifier/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 (<!%)» The square pulses weie fed along several 
meters of 68Qco-axial cable to a d ig i t a l scaling unit shown in f i g . 3»5 
for use i n conjunction with the 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 uni t ) before passing through the neutron monitor 
(NM) gate which was activated by a pulse of accurately known delay 
(40^secs) and length (SOCyisecs). Both gates could be controlled by, 
say, the Geiger-Muller counters in the spectrographs The pulses 
from each counter were counted by a 4-bit binary counter so that the 
gated mul t ip l i c i ty i n each channel could be recorded and displayed 
in binary form, using bulbs situated in the f i e l d of view of the 



Fig. 3.4 The Pulse Height Distribution from a Proportional Counter 
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spectiograph recording cameras* An illuminated bulb represented binary 
'0* and so, since the most l i ke ly mul t ip l ic i ty is zero most of the 
bulbs were tested in each event. I t should be noted that the maximum 
number that could be read out was 15, and mul t ip l ic i t ies greater than 
this would be read out as m-16. 

Each of the ten channels was fed into a coincidence circui t ( f i g . 3„ 

which added the pulses> gated them with the NM gate, and sent a 1msec 

long output pulse to the spectrograph control panel (see section 3.3) 

i f there was at least one neutron within the gate t ine. 

The mul t ip l ic i t i es in each channel for each event were recorded 

b,y two cameras which were also used to record simultaneously the 

information on the particle momentum and charge in the spectrograph. 

In addition, the to t a l mul t ip l i c i ty for each event and the times of 

detection of the neutrons af ter some predetermined time could be 

recorded on a cathode ray oscilloscope (CfiO) 

3-1.3 Checks: of the Equipment 

When the monitor was used i n conjunction with the spectrograph 

i t was necessary to gate the mul t ip l ic i ty recorders against pulses 

from radiative pick-up on the BFg tubes produced by the flash- tube 

pulsing system,, An SCR gate was used on the inputs to the ten binary 

counters, which only opened 40yi6ecs after the flash-tubes were pulsed. 

To check that the gate was preventing this pick-up from entering 

the mul t ip l i c i ty recorders, the spectrograph and monitor were 

operated together for 48 hrs with the EHT of the monitor BF3 counters 

o f f but a l l other power supplies on (including the amplifiers and 

discriminators of the monitor)* N 0 events were recorded during this 

time i n which the flash-tubes were pulsed about 30K times. 

Another potential source of spurious counts from the BFg counters 

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

EHT coaxial plugs carrying the signal along the inner connection, with 



Fig. 3.6 The Neutron Counter Event Selector, 
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the EHT on the outer casing, could not be used to supply the counters 

because of sl ight breakdown across the insulator onto the signal wire 

which produced pulses of a few mV. A satisfactory alternative was 

found by supplying the EHT i n a cable far removed from the signal wire and 

connected to the counter by a battery clipo A comparative check on 

the performance of this monitor has been made by measuring the real 

and apparent time distributions for the arr ival of neutions (figo 3»7 

and 3 .8)o The real time dis t r ibut ion (zero time is the time of the 

interaction) i n the range 40 - 340^60 was obtained from a l l the 

events classified as protons or pions i n the work described i n 

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 cameras 

I t i s seen that the resulting time distribution is very similar to 

that obtained from the LIGY (Hatton and Tomlinson, 1968), although 

there is evidence of a s l igh t ly steeper slope* Considering the 

similari ty in design of the inner moderator and BFg counter, a similar 

distr ibution is to be expectedo 
X 

he apparent time distr ibut ion was recorded in a similar way 

except that the oscilloscope was triggered by the neutrons themselves 

(zero time being the time of ar r iva l of f i r s t neutron)o In this way 

the arr ival times of second and subsequent neutrons after the f i r s t , 

were measuredo I t is seen that this time distribution agrees' with 

the corresponding one for the LIGY up to 400 îsecs except for a s l ight ly 

steeper slope, as found fo r the real time distr ibut ion. However, 

between 400//usec& and lOOO îsec the DIGY appears to be about 50% less 

than the LIGYt This can be interpreted, af ter Hatton and Tomlinson, 

as meaning that the thinner reflector of the DJGY is only half as 

e f f i c i en t as that of the LIGY0 However in view of the small contribution 

to the to ta l counting rate that these reflected neutrons make, the net 



FIG. 3.7 The Distribution of Real Detection Time of N-outronb 
Produced by NAP's in the D1GY 
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Fig. 3.o The Distribution of Apparent Detection Uvr.a of Recorded Neulror 
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loss i n e f f i c i e n c y i s only about 5%. 

The rea l time d i s t r i b u t i o n of the DIGY has not been measured 

beyond 34C^sec> or less than 40^sec, but i t can be found from the 

apparent time d i s t r i b u t i o n i n the manner of Hattonand Tomlinson, 

assuming a d i s t r i b u t i o n of a r r i v a l time t of the f i r s t neutron 

i n events of m u l t i p l i c i t y m, given by e' where 7- i s the mean 

l i f e t i m e of evaporation neutrons i n the monitoro I t has been shown 

tha t the observed apparent time d i s t r i b u t i o n of the DIGY i s consistent 

wi th the rea l time d i s t r i b u t i o n given i n f i g . 3 „ 7 , assuming 7-=150 sec, 

and using the d i s t r i b u t i o n i n m u l t i p l i c i t i e s P(m) found f o r the DIGYo 

I f was found tha t the predicted apparent time d i s t r i b u t i o n was not 

very sensit ive to the possible uncertainties i n 7-or P(m). 

The counting rates of each channel were indicated by ten separate 

rate-meters which allowed a convenient and e f f e c t i v e check on i t s 

d a i l y performance, a serious f a u l t i n any of the ten channels being 

immediately obviouso The m u l t i p l i c i t y d i s t r ibu t ions and count rates 

f o r each channel have been obtained using a m u l t i p l i c i t y recorder and 

are shown i n table 302o The neutron gate i n the m u l t i p l i c i t y recorder 

was delayed by 25/jsec and was 350/isec, i n length, so that i t s results 

could be roughly compared wi th the spectrograph scaling unitso In the 

above measurements the gate was t r iggered by the f i r s t neutron so that the 

gating e f f i c i e n c y f has been obtained from the apparent time d i s t r i b u t i o n 

and i t was found to have a value of 0.70. 

The m u l t i p l i c i t y d i s t r i b u t i o n f o r the whole of the monitor, obtained 

i n a s imi la r way i s shown i n f igo 3„9o Theaverage m u l t i p l i c i t y m 

appropriate to f - - l is~lo34. 

There i s evidence i n table 3„2 that channels 4 and 6 may be about 

20$ less e f f i c i e n t than the others , both the counting rates and the 

average m u l t i p l i c i t i e s being s i g n i f i c a n t l y lower than the othersg The 
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lower counting rates of the outer channel?, would be expected because 

oF the reduced amount of producer contr ibut ing to the count rate of 

these channelso The monitors performance wi th ind iv idua l in teract ing 

cosmic rays selected and mea5ured by the spectrograph can give a 

clearer ind ica t ion of the v a r i a t i o n of e f f i c i ency across the monitors 

The d i s t r i b u t i o n i n number of neutrons detected i n each channel f o r a 

few hundred events c l c s s i f i e d as protons and pions (see chapter A) 

in te rac t ing i n the monitor over a r e s t r i c t ed width* i s shown i n 

f i g . 3.10. I t i s seen that although the frequency of responses from 

channels 4 and 6 may be r e l a t i v e l y low the d i s t r i b u t i o n i n l a t e r a l 

impact of the detected incident protons andpions over the monitor 

indicates no irxegulcixi ty i n the acceptarce funct ion of the monitor^ 

the dip i n impacts over channel f i v e being due to the r e j ec t ion of 

protons andpions which pass near the gap of the f l a s h tube tray under 

the monitor (s?e section 4 -4 .2 ) P I t would seem that the d i f f u s i o n of 

the evaporation neutrons across the monitor may have smoothed out any 

small change i n counter e f f i c i e n c y « 

A more detai led study of the response of the monitor to evaporation 

neutrons produced by in te rac t ing p a r t i c l e s j pa r t i cu l a r l y stopping 

negative muons, i s described i n section 3^2. 

3-1.4 The Cosmic Rav Beam Count Rate 

Due to the s i m i l a r i t y i n design between the LIGY and DIGY 

(see table 3.1) i t i s possible to roughly estimate the e f f i c i e n c y 

of the DlfiY r e l a t i ve to that of the LIGY (which i s known from the work 

of Hughes e ta l j [ l964)) by comparing t h e i r counting rates when exposed 

to the same f l u x of cosmic rays. 

The r e l a t i v e contr ibutions from the various components of t h i s 

f l u x , to the t o t a l count rates of the NM64 and LIGYj have been calculated 

by Hughes and Marsden (1966), Harman and Hatton (1968) and more recently 
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by Hatton (J971) (see tablp 3„3)„ Uniortunately, the energy spectrum 

of the p r i n c i p a l component,reutrons, i s tho ieast known of a l l the 

components, but they are nevertheless thought to be responsible f o r 

most of the counts i n both NM64 and LIGY. Since the second most 

important component, protons are s imi la r to neutrons, to a f i r s t 

approximation the other components may be neglectedo 

Using an assumed neutron spectrum N(E)dE Qnd average produced 

evaporation neutron m u l t i p l i c i t y v(E) (Shen (1968), Hughes et a L . (1964)1 

the median energies of the nucleons contr ibut ing to the count rates 

of, the monitors have been calculated allowing f o i attenuation of the 

cosmic ray f l u x i n the outer r e f l e c t o r (Hatton, 1971)o The difference 

(160 MeV f o r the LIGY compaied w i t h 130 WsV f o r the NM64) was pa r t ly 

a t t r i bu ted to the d i f f e r e n t r e f l e c t o r thicknesses ( l l " and 3" respective 

which would mainly a f f e c t the low energy neutron cont r ibut ion . This 

would have the e f f e c t of lowering theaverago produced m u l t i p l i c i t y 

of the events detected by the NM64. 

The m u l t i p l i c i t y d i s t r i b u t i o n of the DIGY should be affoeted 

i n a s imi la r way, not only because of i t s 3" r e f l e c t o r , but also 

because of i t s th icker producer which increases the f r a c t i o n of 

(lower m u l t i p l i c i t y ) muon contr ibutions (Hatton 1971). However, the 

problem i s complicated by the presence of the spectrograph (p r inc ipa l ly 

a large mass of i ron ) underneath whichthe DIGY was b u i l t and operated, 

and tne large so l id angle subtended by nearby land masreso The e f f e c t 

of these would be to reduce- the f l u x of cosmic rays incident on the 

monitor so a three counter model cf the DIGY was b u i l t we l l away from 

large objects such as the large mass of i ron i n the spectrograph, so 

that the e f f e c t of these objects on the count rate could be found. 

The rate of the centre counter was compared wi th that of a counter 

i n the standard, ten counter model under the spectrograph, and was 



TABLE 3.3 

The Relative Contributions bo the—Total 
Counting Rate of a Monitor-o 

• LIGY NM64 

Neutrons 0.79 0.76 

Protons 0.07 0.06 

Pions 0 .01 0 .01 

Stopping Muons 0.04 0.03 

In terac t ing Muons 0o02 0.02 

Background Go 06 0.12 



found to be 50% higher. There was an uncertainty of about 5% i n the 

measurements of the centre counter of the mini-monitor regarding the 

choice of r e f l e c t o r thickness at the sides. I n add i t ion , the 

rate by about 10%. 

In order to relate the e f f i c i e n c i e s of the DIGY and L1GY through 

t h e i r counting rates i t i s necessary to correct for the d i f f e r e n t 

attenuations of the cosmic ray f l u x by the d i f f e r e n t r e f l e c t o r thicknesses. 

Hatton and Carmichael (1964) have measured the va r i a t ion of counting 

rate wi th r e f l e c t o r thickness f o r a two counter NM64 monitor and found 

a maximum rate at 2" thickness. The decrease i n rate as the thickness 

increases was a t t r i bu ted p r imar i l y to the attenuation of the nucieonic 

component of the cosmic ray f l u x , 8 secondarily to the absorption of 

evaporation neutrons produced outside the monitor. Assuming the count 

rate of the DiGY behaves i n the same way a? the NM64, there would be 

a decrease of 25% i n the count rate i f the r e f l e c t o r thickness was 

increased from 3" to the LIGY thickness of 11"; of which ~2% would 

be responsible to the absorption of external ly produced evaporation 

neutronso 

2 
The number n of evaporation neutrons detected per sec per m of 

(hor izonta l ) producer surface area, i s related to the number N produced 
2 

per sec per in of producer by the expression 

where e i s the average e f f i c i e n c y of detecting an evaporation neutron 

of any energy. 

Using a r e su l t of Treiman and Fonger ( ]952) , the t o t a l neutron 

production i n a slab of lead of thickness t , due to the cosmic radia t ion 

i s approximately 

unavoidable presence of nearby bui ldings may have reduced the count 

n = eN 3.1 

xp ( -Z/L) dZ N or F 

o 



-o 

where L = 320 g cm 

and f i s the at tenuation of r ad ia t ion i n ref lec tor ,which has the value 

0<>75 f o r the LIGY compared wi th the attenuation of the DIGY, as mentioned 

e a r l i e r . 

Evaluating the in t eg ra l 3 d f o r t - 150 and 270 we re la te the 

expected production rate of the DIGY when clear of the spectrograph 

to the production rate N L of the LIGY thus 
ND* §:§?5 = 2 - O N L 3 - 3 

f 
/ 2 

Using the observed counting rates/m i n the table 3,1 we get the estimated 

e f f i c i e n c y of the DIGY 
e

D = 1 .J2 e r * - L - . 26i0 e j v 0 < C 2 1 3.4 
NQ nj 2.0 12.0 

This r e su l t indicates tha t the e f f i c i e n c y of the DIGY is very s imilar 

to the e f f i c i e n c y of the LIGY used i n the. work of Hughes et ale (1964). 

The e f f e c t of the high pressure counter i n increasing the e f f i c i e n c y of 

the monitor (Hatton and Carmichael) was almost exactly compensated by the 

choice of d iscr iminat ion leve l i n the DIGY which was biased against 1056 

of the genuine neutrons. One of the actual low pressuie BFg counters 

used i n the LIGY of Hughes et a l . has been placed i n the DIGY and operated 

wi th a d iscr iminat ion level that was ~ 100$ e f f i c i e n t i n selecting 

neutrons. I t was found to give the same count rate per length of counter 

as the high pressure ones, operated i n e f f i c i e n t l y . 

The e f f e c t s of the thinner r e f l e c t o r of the DIGY and the possible mal

funct ioning of channels 4 and 6 would be to lower i t s e f f i c i e n c y by about 

b% i n both cases. A possibly more important factor determining tho 

e f f i c i e n c y i s the thickness of producer, which a l te rs the density of 

neutrons and the mean so l id angles presented by the inner thermalisec/ 
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counters to the lead producer. This d i f f e r s i n the two monitors. 

However, i t s e f f e c t i s very d i f f i c u l t to predict quan t i t a t ive ly , 

because on the one hand 9 the mean so l id angle subtended by the 

thinner producer i n the LIGY w i l l be higher, leading to a higher 

e f f i c i e n c y ; but on the other , t h i s may be over-compensated by the 

greater end corrections of the shorter monitor. I t would therefore 

appear coincidental that the two monitors have closely s imilar 

e f f i c i e n c i e s . 

As a check on t h i s method of estimating the e f f i c i e n c y of the 

DIGY, the values of n and average r e f l e c t o r thickness i n table 3.1 

have been used to predict the e f f i c i e n c i e s of the other monitorso Using 

C= 2.1% f o r the LIGY, values of 2*2%, 3,A% and 5<,T% were obtained f o r 

the SIGY, Ottawa IGY and NM64 monitors, i n good agreement with the 

values quoted by Hatton (1971). The Ottawa monitor (Fenton, Fenton 

and Rosejl958) i s an IGY type design incorporating s imilar features 

to the DIGY having a comparable thickness of producer, gas pressure 

and r e f l e c t o r thickness. I t s higher estimated e f f i c i e n c y i s not 

unexpected i n view of the large size and length, r e l a t ive to producer, 

of the inner moderator and counter, which therefore subtend a larger 

so l i d angle to the producer than those i n the DIGY. 

3-2. Measurement of Absolute E f f i c i e n c y of the DIGY 

3-2.1 Int roduct ion 

One of the sources of evaporation neutrons which are detected i n 

a monitor i s the process by which a negative muon slows down by 

ion iza t ion w i t h i n the producer and becomes captured i n an electron o r b i t 

of a lead atom. I t has a high p robab i l i ty of cascading into the inner 

K- she l l and in te rac t ing wi th the nucleus accocding to 
+ 

p ^ jJ, ->• n + v 3.5 



Most of the rest mass energy of the muon i s removed by the 

neutrino leaving the nucleus wi th an exc i ta t ion energy of about 15 MeV. 

The subsequent de -exc i ta t ion , p r i n c i p a l l y by omission of evaporation 

par t i c les (~0<>5% proton, ~99% neutrons) has teen ca re fu l ly studied 

by several authors using devices wi th neutron detection e f f i c i enc i e s 

of the order of 0 .5 , which are also rather insensit ive to the energy 

of the evaporation neutrons. The re su l t ing value of y , the average 

number of neutrons emitted per de-exci ta t ion , i s known to an accuracy 

of 4% (MacDonald, 1965), so that i f the monitor's response to negative 

muons stopping i n the monitor i s known, i t i s possible to accurately 

calculate i t s e f f i c i e n c y f o r detecting these evaporation neutron&o 

3-2.2 The Experiment 

In the experiment to be described i n Chapter 4 , ' the monitor was 

operated i n conjunction with a magnet spectrograph i n a s imilar way 

to the experiment of Hughes et a l » ( l 9 6 4 ) . 

The minimum momentum of a muon to .pass v e r t i c a l l y through the 
-2 

th ickest part of the DIGY (34C g cm ) i s 530 MeV/c. Amongst the 
\ 

events recorded on f i l m were a large number of single par t ic les with 

def lect ions appropriate to momenta less than 700 Mav/c, negative charge, 

no emerging t rack underneath the monitor and wi th impacts on the monitor 

close to the channel containing the detected neutron(s). These events 

were c l a s s i f i e d as stopping negative muons. During the experiment i n 

which there were 8.13^10 4 - f o i d coincidences between the Oeiger counters 

i n the spectrograph (predominantly single muons), the number of events 

i n the stoppingjuCcategory was 1157, the number of detected neutrons 

njtr~ 1170, w i th an a r r i v a l time d i s t r i b u t i o n shown i n f i g . 3 .11 . The 

resul t s have been corrected f o r accidental coincidences between a stopping 

muon g iv ing no detected neutron^and a neutron from the overa l l monitor 

background count rate of 11 sec which accounted f o r about 10$ of the 
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events recorded.. The corrected time d i s t r i b u t i o n i s very s imi lar to the 

rea l time d i s t r i b u t i o n found f o r protons and pions, thus j u s t i f y i n g the 

use of the same gating e f f i c i e n c y f (=0<>7) as i n the NAP work i n chapter 

4 . 

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

Experiment 

The number of negative muons wi th apparent magnetic de f lec t ion 

Aij; > 4 .2° (corresponding to momenta < 0.7 Ge"\//c) that stopped i n the 

monitor during the experiment was calculated i n two independent ways. 

The f i r s t used the v e r t i c a l muon sea-level spectrum of A l l k o f o r et a l „ 

(1971) ( f i g . 3.12) correct ing f o r the reduced acceptance of the 

spectrograph f o r low momentum (and hence large magnetic de f lec t ion) 

p a r t i c l e s , angular coulomb scattering and in terac t ion and other 

measurement losses i n the f l a s h tube t rays . The absolute number of 

stopping muon candidates was found by normalising the measured number 

of the 8.13x10 4 - f o l d Geiger coincidences which were single muons 

wi th momenta > 1 GeV/c to the A l l k o f e r in tegra l in tens i ty at 1 GeV/c. 

The number of negative muons tha t stopped i n the lead producer 

wi th a measured de f l ec t ion i n the range ( j ^ r - A ^ j ) i s 

A M A if;/ p min 
i =• T A L £ f j s«r 
Alp j

 f I 
A i j j % i n 

where S'(p) i s the d i f f e r e n t i a l momentum spectrum of muons weighted 

I - T A L„ ( f S* (p) W( P Ai|j) dp dfcty ) 1 3o6 

wi th tne p robab i l i t y of being stopped i n the lead, 

i s the p robab i l i t y of a recorded par t i c le being i d e n t i f i e d , 

accepted und haying a mejsureable momentum, 

A i s the acceptance of the spectrograph f o r i n f i n i t e momentum 

pa r t i c l e s . 

T i s the t o t a l sensit ive on-time during the r u n , 

and W(p,1A> ty) i s the weighting f ac to r funct ion f o r muons and is the 
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p r o b a b i l i t y of a muon of momentum p recorded by the spectrograph of 

having a measured de f l ec t ion M> „ This i s given by 

W(p,A^) = f f A (^ ,^ ) f i ( * o )cOzJ O )D(^ O ) P ( p , A ^ ) d ^ o d jZfQ 3o7 

where A(ip o,Ai|j) i s the p robab i l i t y of the p a r t i c l e , incident at angle 

tyQ(as projected onto the de f l e c t i on measuring plane) and being deflected 

through A tyf of being accepted by the spectrograph i n t h i s plane 

B ( ^ ) i s the p robab i l i ty of the accepted par t i c le being incident 

at angle ( i n the measuring plane ) y 

G0^ q ) i s the p robab i l i ty of the par t ic le being accepted by the 

spectrograph i n the back-front plane (perpendicular to the measuring 

p lane) ? 

D ( ^ q ) i s the p robab i l i t y of the accepted pa r t i c l e being incident 

at angle $ q i n the back-front plane , 

and P(p*A ijj) i s the p robab i l i t y that the incident pa r t i c le w i l l have 

a measured de f l ec t i on Alp and i s given by equations 3 0 15 and 3 0 16 . 

Functions A and G were obtained from geometric constructions of a 

scale model of the spectrograph. 

The p r o b a b i l i t y arises through spectrograph i n e f f i c i e n c i e s , and 

consists of contributions from 

( i ) Ambiguous tracks i n the momentum measurement f l a sh tube t r ays , 

manifested as F events (see sect. 4<>3). About (8 + l)% of the 

single pa r t i c l e events recorded by the spectrograph had an 

extra t rack i n one of the momentum measurement t rays . By 

t r i g g e r i n g the spectrograph randomly i t was deduced that v i r t u a l l y 

a l l these tracks were unrelated to the t r igger ing p a r t i c l e . Since 

the F events were ignored i n the analysis , 8$ of stopping muon 

candidates were l o s t . 
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( i i ) Ambiguous t r a c k s i n the sub-monitor f l a s h tube t r a y (X2)° By the 

same process as ( i ) , p a r t i c l e s which stop i n the moni tor (X2 events) 

mayappear to pass through the monitor and be c l a s s i f i e d as X2 events 

( w i t h an X2 t r a c k ) . I t was found by random- t r igger ing t h a t 10% 

o f events would have a spurious t r a c k i n X2, o f which 20% would 

be accepted by the a n a l y s i s procedure so t h a t 2% of the X2 events 

w i l l be wrongly c l a s s i f i e d as X2 events . This est imate has been 

subs t an t i a t ed by the number o f low momentum muons (<i?o6 GeV/c) which 

appear to pass th rough the monitoro 

( i i d ) A smal l f r a c t i o n (5%) o f the s i n g l e p a r t i c l e s recorded by the 

spectrograph had an i n s u f f i c i e n t number o f f l a s h e d tubes t o a l l o w 

accurate t r a c k f i t t i n g . These events wore ignored i n the analysiso 

( i v ) C a l c u l a t i o n s show t h a t the p r o b a b i l i t y o f a 350 MeV/c muon i n t e r a c t i n g 

~2 

i n the 50 g cm of g lass i n the spect iograph i s 10%, where an 

i n t e r a c t i o n i s d e f i n e d as a knock-on process producing an e l e c t r o n 

w i t h more than 6 MeV (The approximate minimum energy necessary to 

produce a v i s i b l e knock-on t r a c k ) . 

( v ) Events were r e j e c t e d i f the p a r t i c l e impacted on the moni tor near the 

gap o f the sub-monitor f l a s h tube t r a y (see s ec t i on 3 . 3 „ 6 ) . I t was 

found t h a t 5% o f a l l events i r r e s p e c t i v e o f A tyf were r e j e c t e d f o r 

t h i s reason. 

Thus L f = ( o 9 2 ) ( . 9 8 ) ( „ 9 5 ) ( . 9 0 ) ( . 9 5 ) ^ 0.73 3.8 

The acceptance A was c a l c u l a t e d by record ing the r a t e o f muons w i t h 

momentum > 1 GeV/c (see s e c t i o n 5 - 3 . 2 ) and normal i s ing the 76 cm Hg 

atmospheric pressure r a t e t o the absolute r a t e g iven by A l l k o f e r et a l . . ( 1 9 7 1 ) 

a f t e r c o r r e c t i o n s f o r spectrograph losses had been made ( i , i i i - v above, 

where the knock-on i n t e r a c t i o n loss was ca l cu l a t ed f o i a 5 GeV/c muon t o 

be 15%). I t should be noted t h a t co r r ec t i ons ( i ) , ( i i i ) and ( v ) are 
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e x a c t l y s e l f - c a n c e l l i n g when c a l c u l a t i n g J. ^ 1 5 tha t c o r r e c t i o n 

( i v ) should be f a i r l y accurate and s e l f - c a n c e l l i n g to a degree; and tha t 

the remaining c o r r e c t i o n ( i i ) , i s very smallo Therefore the e r r o r i n 

I due t o should be smallo 

The r e s u l t i n g value f o r A i s 54«1 cm 2 s t r (+ 10$) , where the e r r o r 

i s due t o the s t a t i s t i c a l u n c e r t a i n t y i n the measured r a t e o f muons 

>1 GeV (6$) and the measurement o f A i l k o f e r e t a l . a t 1 GeV (,!%)• 

The s e n s i t i v e on-t ime T has been found to bo Io56xl0^ sees and 

inc ludes losbec due t o the p a r a l y s i s t ime o f the ins t rument and ca tas t rophies 

such as damage t o f i l m s ? s p e c t r o g r a p h f a i l u r e s etco 

The moni to r presents two d i f f e r e n t thicknesses of lead (226 and 340 

—2 

g cm ) t o v e r t i c a l l y i n c i d e n t p a r t i c l e s 5 w i t h r e l a t i v e weights 2 : 1 } and 

i t has been assumed t h a t a l l muons w i t h range between R and (226 + R) 

(or momentum p i n the range 0.225 <p< 0<>45 GeV/c) are stopped> w h i l s t 

o n l y one t h i r d o f the muons w i t h range between (226 + R) and (340 + R) 

( 0 . 4 5 < p < 0 » 6 GeV/c) w i l l be stopped (where R = 55 g cm Pb i s the 

minimum range necessary f o r a muon t o t raverse the dis tance f rom the centre 

of the spectrograph t o the top o f the lead producer)o 

The d i f f e r e n t i a l momentum spectrum S*(p) o f A i l k o f e r was weighted 

by 1 and •§• i n these two ranges. The upper l i m i t o f momentum i s tha t 

appropr i a t e t o the maximum th ickness o f lead presented t o a p a r t i c l e 

i n c i d e n t a t ( i n both planes) t o the v e r t i c a l , t h i s being a t y p i c a l 

f i g u r e observed i n p r a c t i c e . 

The absolute A d i s t r i b u t i o n of s topping muons (+ & - ) c a l c u l a t e d 

by equa t ion 3.6 i s shown i n t a b l e 3 o 4 ( a ) , toge ther w i t h the i n t e g r a l 

number w i t h Ai|> > 4 . 2 ° (p £ 0 , 7 GeV/c) . A check can be made on the 

w e i g h t i n g f a c t o r f u n c t i o n by comparing th i sAip d i s t r i b u t i o n w i t h t h a t 

a c t u a l l y de tec ted ( a f t e r a s u i t a b l e n o r m a l i s a t i o n ) . This i s done i n 
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TABLE 3.4 

D i s t r i b u t i o n o fAl j f f o r Stopping Muons, 

Number o f Muons perAW i n b e i v a l (XlO™4) 
A f t 

Aljf 40 19.7 9.8 4 .2 2.95 I Oo 
>4.2 

0.011 

0.055 
(+0.018) 

0 .27 
(+0 .2 ) 

1.23 

1.30 
( ± 0 . 0 8 ) 

2 .40 
(+0 .6 ) 

4.06 

3.96 
( ± 0 . 1 4 ) 

3.20 
(+0.6) 

0.308 

0.45 
(0 .04) 

0.53 
(+0 .4) 

5 .3] 

( ± 0 . 5 ) 

5 . 3 1 1 

5.87 
(+0.9) 

Normalised to a 
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t a b l e 3»4 (b ) where the A ^ d i s t r i b u t i o n of the X2 events w i t h a 

neut ron moni to r response i s found t o be i n e x c e l l e n t agreement w i t h 

p r e d i c t i o n . . The p r i n c i p a l sources o f e r r o r s i n t h i s de te rmina t ion 

are the shape o f the low energy muon spectrum ( 7 $ ) , the measured 

f r a c t i o n o f muons de tec ted by the spectrograph w i t h momentum ^"1 GeV/c 

(6%) and the w e i g h t i n g f a c t o r s (unknown but probably s m a l l ) . Note t h a t 

the r e s u l t i s independent o f the absolute muon i n t e n s i t y . 

The second method o f e s t i m a t i n g the number o f s topping muons removes 

these u n c e r t a i n t i e s , and s imply i n v o l v e s analys ing the muon runs described 

i n Sec t ion 5-3 .2 and m u l t i p l y i n g the f r a c t i o n of t r i g g e r s which are X2 

events w i t h £ ^ > 4o2° and s a t i s f y a l l the ana lys i s requirements , by the 

t o t a l number o f GM t r i g g e r s (8.13x10 ) dur ing the s e n s i t i v e on t i m e . 

Th i s method however, r e q u i r e s a much l a rge r s t a t i s t i c a l sample o f events 

i n the muon runs to reduce t h e - e r r o r i n 1^ 4 2 0 « The absolute Aty 

d i s t r i b u t i o n p r e d i c t e d by t h i s method i s shown i n t ab l e 3 . 4 ( c ) . The 

e r r o r s are too la rge to compare t h e ^ i p d i s t r i b u t i o n , but the value of 

•>4 2^ * s * n 9 0 0 C * agreement w i t h the f i r s t method. 

Using the mean o f these two e s t i m a t e s , and a muon charge r a t i o 

a t an appropr i a t e momentum (N(h- ) /n ( - ) = 1,28 + .025 (Owen and Wi l son ,19b l ) 

the e f f e c t i v e number o f negat ive muons which stopped i n the lead producer 

o f the moni tor dur ing the NAP run i s I r = 2<>45x 1 0 4 . 

The neutron y i e l d due t o low energy negative pions has been es t imated 

f r o m the pion/muon r a t i o g iven by Brooke et a l . ( l 9 6 4 ) , assuming t h a t the 

pions produce about 10 neutrons per i n t e r a c t i o n . They should g ive less 

than 1% of the neutron y i e ] d a t t r i b u t e d to s topping negative muons. The 

neut ron y i e l d due to p r o t o n s , coulomb sca t te red t o appear to have a 

negat ive charge i s a lso n e g l i g i b l e since the measured r a t i o o f p o s i t i v e 



t o negat ive p a r t i c l e s w i t h A i j j > 4 . 2 ° has been found to be on ly about 

5% and so a n e g l i g i b l e p r o p o r t i o n o f the c l a s s i f i e d negative p a r t i c l e s 

w i l l be o f the opposi te charge,, 

A n e g l i g i b l e number o f muons wiJOL slop i n the p a r a f f i n wax of the 

m o n i t o r , predominant ly i n the two 8- cm t h i c k r e f l e c t o r s . I t i s 

es t imated t h a t the f r a c t i o n s o f muonsstopped by the moni tor which are 

stopped i n the r e f l e c t o r and i n n e r moderator are on ly 5% and 3% 

r e s p e c t i v e l y . 

3"2.4 The f r a c t i o n of s topp ing negat ive muons which are absorbed 

by the nucleys 

The time taken f o r the muon t o s top and cascade i n t o the K s h e l l 

(~10 sees) i s n e g l i g i b l e compeared w i t h the nuclear absorp t ion and 

spontaneous decay l i f e t imes ( ^ and r e s p e c t i v e l y ) (Tennent, 1960). 

The t o t a l p r o b a b i l i t y , per u n i t t i m e , o f the muon's disappearance i s 

g iven by 

' T D ' A 

* increases r a p i d l y w i t h Z f o r l i g h t n u c l e i , b u t slower 

f o r heavy n u c l e i . Th i s has been i n t e r p r e t e d (Wheeler,1949) as due t o 

the v a r i a t i o n o f nuclsax charge d e n s i t y i n the r e g i o n t r ave r sed by 

the muon. For la rge r a d i i the charge dens i ty due to p ro tons , decreases 

• • I 

i n s i d e the K s h e l l causing the slower increase i n w i t h Z . Good 

agreement between experiment and theory has been obta ined ( P r i m a k o f f , 

1955) f o r t h i s v a r i a t i o n and Tennent has t abu la ted the weighted mean of 

observed values o f <j- , (76.2 + 2 .5 and 2,000nsecs f o r ]ead and 

p a r a f f i n r e s p e c t i v e l y ) . 

Thus the f r a c t i o n s o f s t o p p i n g muons which are absorbed i n lead 

Fj , and p a r a f f i n Fp are g iven by 



F L,P A ( L , P ) 
« 1 

D 

0.965 + .001 f o r lead 
0 , 1 + .001 f o r p a r a f f i n 

3.10 

3-2 .5 The average number y _ o f neutrons produced per absorp t ion 

^ 
Kaplan e t a l , ( 1 9 5 8 ) and Mac D onald e t a l # ( l 9 6 5 ) have s tudied the 

emission o f neutrons f r o m lead n u c l e i us ing a s i m i l a r technique. Muons 

were f i r e d a t a v a r i e t y o f t a r g e t ma te r i a l s ranging f rom A l to Pb, which 

were surrounded by a h i g h e f f i c i e n c y evapora t ion neutron de tec to r -

a cadmium-seeded l i q u i d s c i n t i l l a t o r tank viewed by p h o t o m u l t i p l i e r 

tubes and surrounded by a t h i c k p a r a f f i n r e f l e c t o r . Stopping events* 

which were se lec ted by demanding an an t i - co inc idence w i t h de tec tors 

behind the t a r g e t , opened a gate f r o m the neutron de tec to r f o r a few 

tens o f jJL sees (the mean l i f e t ime o f the neutrons being of the 

order o f 10fj, sees i n t h i s p a r t i c u l a r d e t e c t o r ) and the number of detected 

evapora t ion neutron pulses were recorded . 

The e f f i c i e n c y o f the d e t e c t o r was found by r e p l a c i n g the t a r g e t 

252 

w i t h a Cf f i s s i o n neutron source o f average energy 3.87 + 0.08 MeV« 

Monte Car lo s i m u l a t i o n s of the, d e t e c t i o n process i n a s i m i l a r de tec to r 

(Hicks e t a l „ 1956) i n d i c a t e t h a t the e f f i c i e n c y of de t ec t ing an 

evapora t ion neut ron i s not ve ry s e n s i t i v e t o i t s energy (see f i g . 2 . 9 ) ? 

due t o the la rge s ize o f the t h e r m a l i s e r / d e t e c t o i . Repeated checks o f 

the e f f i c i e n c y had t o be made throughout the two experiments due t o the 

d e t e r i o r a t i o n o f the s c i n t i l l a t o r s o l u t i o n , which caused the e f f i c i e n c y 

to d r o p . For example, i n the experiment o f Kaplan e t a l . the e f f i c i e n c y 

f e l l f r o m 0.60 t o 0.49 g i v i n g a mean o f 0.545. The r e s u l t s of MacDonald 

e t a l , g i v e a value v = 3 .709f+ 4%)for the average number of evapora t ion 

neutrons emi t t ed per absorbed s topp ing muon i n l ead . 

3 -2 .6 Tne v a r i a t i o n o f the DIGV's e f f i c i e n c y w i t h neutron energy 

The number n^ - 0 f evapora t ion neutrons detected by the DIGY due 

t o 1 l J L - j L m u o n £ ' s topping i n the lead producer o f the moni tor i s r e l a t e d 
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t o the average e f f i c i e n c y i ^ r f o r d e t e c t i n g these neutrons by 

n •tan 
V M L V-

3.11 

P u t t i n g i n the values o f n . y I . , v „ F T and f evaluated p r e v i o u s l y , 

we ge t e 0.0414 (+ 13%)__The e r r o r i n <F . b e i n g p r i n c i p a l l y due 

t o I . , T . (Stopping events i n the p a r a f f i n give a n e g l i g i b l e c o n t r i b u t i o n 

As p o i n t e d out i n s e c t i o n 2 -3 .2 the e f f i c i e n c y depends on the energy 

spectrum o f the evapora t ion neutrons produced and also on the p o s i t i o n 

o f p r o d u c t i o n w i t h i n the monitoro I t i s therefore necessary to assume 
* 

a f u n c t i o n 6 , ( E

n ) f o r the DIGY, f o r the v a r i a t i o n of e f f i c i e n c y w i t h 

evapora t ion neu t ron energy E e q u i v a l e n t t o the r e s u l t s of Pearce and 

Fowler (1964) f o r the SIGY and NM64. I n th i s respect the DIGY should 

be more s i m i l a r t o the NM64 than the SIGY due to i t s t h i n outer r e f l e c t o r 

which according to Peaice and Fowler g ives r i s e to the r e l a t i v e l y higher 

f a l l i n e f f i c i e n c y o f the NM64 as E increases . For t h i s reason, the 
n 

v a r i a t i o n i n e f f i c i e n c y of the DIGY i s assumed here to be the same as i n 

the NM64. 

The energy spectrum o f neutrons produced by nuclear absorp t ion 

of negat ive muons was measured by Hagge e t a l „ ( l 9 6 4 ) i n c o n j u n c t i o n w i t h 

the experiment o f MacDonald e t a l „ (1965) . They assumed a spectrum of 

the f o r m 

and used a value o f 6^ * 0.75 (+ 0 . 2 5 ) t o g^t a rough f i t t o the 

exper imenta l data.. 

More r e c e n t l y , considerable i n t e r e s t i n the mechanism of muon 

capture has lead to severa l experiments being made to measure the 

neutron spectrum. One such experiment by Evseev e t a l 0 ( 1 9 7 0 ) has s tud ied 

to 
A* 

F A - L F L < since I n }ru I A* 

E n e x P N E_) « 
n A* 

3.12 



56 

the spectrum o f neutrons i n the range 1.5 to 13 MeV f rom lead nucleic 

Th i s spectrum, shown i n f i g . 3 . 1 3 , demonstrates t h a t , i n the case o f 

lead a t l e a s t , the p r i n c i p a l y i e l d of neutrons i s f r o m evapora t ion but 

t h a t there i s a smal l p r o b a b i l i t y of d i r e c t aeutron emission i n which 

the neut ron produced i n equa t ion 3 0 5 i s emi t ted w i t h o u t e x c i t i n g the 

nuc leus . 

This process produces the h i g h energy t a i l of the spectrum. The 

evapora t ion spectrum was f i t t e d by Evseev et a l . by 

N - t en ) a E n b / U e x p ( " E n / ^ ) 3 , 1 3 

- where T * = 1.15 ( + 0 . 1 ) MeV, 

I n v iew o f the smal l c o n t r i b u t i o n made by the h i g h energy t a i J , 

t h i s s i m p l i f i e d spectrum w i l l be used i n t h i s work. 

The average e f f i c i e n c y ^ ( t * ) °^ d e t e c t i n g evapora t ion neutrons 

hav ing an energy spectrum N(E n ; / j r*) g iven by Le Gouteur (equat ion 2 . 1 and 

2 . 2 ) can now be c a l c u l a t e d t h u s : -

f W e'(En> * / J V E n ' 

The value o f U appropr ia te t o the median energy ( ~ 150 MeV) of the nucleons 

c o n t r i b u t i n g t o the moni tor count r a t e i s 80 MeV ( M e t r o p o l i s ) f o r which 

T = . 1 . 8 1 , assuming c t = A / 1 0 . The corresponding value o f the e f f i c i e n c y 

e i s 0 .0376. 

3 -2 .7 V a r i a t i o n of e f f i c i e n c y over the producer volume 

The above value i s appropr i a t e t o the r eg ion of the moni tor w i t h i n 

which the negat ive muons were r e s t r i c t e d to impact by the acceptance o f 

the spec t rograph. Hughes (1961) ? and Hatton and Carmichael ( l ) 6 4 ) showed 

t h a t the e f f i c i e n c y f a l l s near the edges so the o v e r a l l e f f i c i e n c y i s less 

than 0 .376 . The v a r i a t i o n o f e f f i c i e n c y o f the D1GY over the h o r i z o n t a l 
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plane has been est imated i n f i g - 3 0 ] .4 f rom the source measurements 

o f Hughes,and Hat ton and Carmichael f o r the LIGY.and the NM54. The 

v a r i a t i o n over the producer , o f the f l u x (or acceptance) o f s topping 

muons has been c a l c u l a t e d f o r the d i r e c t i o n p a r a l l e l t o the BFg counter 

a x i s , us ing a scale drawing o f the spectrograph under the assumptions 

t h a t the muons s u f f e r no coulomb s c a t t e r i n g i n t r a v e r s i n g the 

spec t rograph , and t h a t the muon f l u x i n c i d e n t on the spectrograph i s 

i so t rop i c . ) The e r r o r due t o the i g n o r i n g o f the s c a t t e r i n g should be 

n e g l i g i b l e (< 1%), This acceptance f u n c t i o n i s shown i n f i g . 3 . ] 4 a . 

The v a r i a t i o n i n acceptance i n the d i r e c t i o n perpendicu la r t o the counter 

a x i s has been obta ined by r e c o r d i n g inuons w i t h the spectrograph and 

p l o t t i n g the d i s t r i b u t i o n o f impacts on the moni tor of low (<1 GeV) 

momentum muons ( f i g . 3 . 1 4 b ) . Al though the e r r o r s on t h i s acceptance 

f u n c t i o n are l a rge on ly a smal l e r r o r w i l l be in t roduced i n t o the 

e f f i c i e n c y c o r r e c t i o n because the change i n e f f i c i e n c y across the 

moni to r i s very s m a l l . 

The v a r i a t i o n o f r a t e o f p r o d u c t i o n of neutrons w i t h depth should 

be smal l f o r both the slow^ttTand i n t e r a c t i n g nucleons, and has been 

neglected here . 

The average over the whole sur face of t h e DIGY has been c a l c u l a t e d 

t o be 0.0242 by averaging the f u n c t i o n " , f o r the DIGY i n f i g . 3 . 14 . 

3-2 .8 Discuss ion o f e r r o r s and comparison w i t h o ther measurements 

The main u n c e r t a i n t y i n t h i s de te rmina t ion of the e f f i c i e n c y 

l i e s i n the e s t i m a t i o n o f I , . 

The r e s u l t i s not p a r t i c u l a r l y s ens i t i ve to the u n c e r t a i n t i e s i n 

energy spectra o f evapora t ion neu t rons , nor t o the assumptions about 

e'(E ) . The e f f e c t of the poss ib le e r r o r s i n the spectra have been 

es t imated by e v a l u a t i n g equat ion 3.14 f o r the l i m i t s o f e r r o r o f / 

(as measured by Evseev f o r s topp ing muons) and f o r the spectrum g iven 
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by.Skyrme f o r 150 MeV protons ( f i g . 2 . 3 ) . I n both cases, the 

es t imated e f f i c i e n c y changed by less than 3$ . The e f f e c t on the 

spectrum o f the u n c e r t a i n t y i n the median sea l e v e l nucleon energy 

of the DIGY, and the low energy secondary nucieons produced by these 

nucleons should be smal] because the e x c i t a t i o n energy i s not a s trong 

f u n c t i o n o f E^ i n t h i s r e g i o n ( f i g . 2 . 1 a ) . To t e s t the s e n s i t i v i t y on 

£(E ) o f v a r i a t i o n s i n the f u n c t i o n € ' (E ) , values o f e (T*) were 
P ^ 

c a l c u l a t e d ( f i g . 2 . 1 l ) assuming two o ther f u n c t i o n s f o r e " ' ( E n ) ( f i g . 2 . 9 ) , 

onebeing the SIGY p r e d i c t i o n o f Pearce and Fowle r , the other corresponding 

t o a moni tor where the r e l a t i v e leakage of ' h i g h ' energy evapora t ion 

neutrons i s about twice t h a t i n the SIGY. The f a c t t h a t the r e s u l t i n g 

change i n <?(T*) i - s n e g l i g i b l e f o r r * < 2 MeV , i s because the 

evapora t ion neutrons produced a t these low e x c i t a t i o n energies have too 

low energies t o escape through the l e f l e c t o r . 

Therefore the best es t imate o f the e f f i c i e n c y of d e t e c t i n g neutrons 

produce'dbya ~L50 MeV nucleon i s 0.024 w i t h an e r r o r o f + 13$. 

Th i s value i s s l i g h t l y h igher than the es t imate (equat ion 3 .4 ) 

o f 0.021$ based on the r e l a t i v e count ing ra tes o f var ious monitors* 

However, cons ide r ing the approximat ions made i n the comparative e s t ima te , 

the new measurement i s not i n c o n s i s t e n t w i t h the other measurements of 

mon i to r e f f i c i e n c i e s (Hughes; Ha t ton and Carmichael) a l l o f which have 

a s i m i l a r s ize of e r r o r to t h a t g iven here . 

I t i s hard to decide which o f the e f f i c i e n c y measurements i s more 

r e l i a b l e than another . The present method has the advantage t h a t the 

measurement i s c a r r i e d out w i t h no geometr ical a l t e r a t i o n s to the moni tor 

and i s weighted towards the exper imenta l c o n d i t i o n s , i . e . the measured 

e f f i c i e n c y i s a u t o m a t i c a l l y averaged over the volume of the producer and 

moderator i n a way t h a t may c l o s e l / approximate to the p roduc t ion o f 

neutrons by cosmic r a y s . Also compared to the Ra-Be source measurements 
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the present method has an obvious advantage i n t h a t i t i s U£>ing a source 

of neutrons more s i m i l a r to those which the moni tor normal ly de t ec t s , 

being produced by the same mechanism. 

On theo the r hand the present method s u f f e r s f rom having a spectrum 

o f cosmic rays as i t s source o f neutrons - w i t h consequent s t a t i s t i c a l 

u n c e r t a i n t i e s i n the f l u x and u n c e r t a i n t i e s i n the i n t e r a c t i o n of t h i s 

f l u x w i t h the s p e c t r o g r a p h ^n p a r t i c u l a r , the lower energy l i m i t of 

muons which can pass through the spectrograph and be accepted as an event , 

' i s p a r t i c u l a r l y d i f f i c u l t t o e s t ima te , ( i t should be noted t h a t i f the 

muon spectrum had a f o r m s i m i l a r to t h a t measured by Gardener e t a l* (1962) 

( f i g . 3 .12 ) the es t imated e f f i c i e n c y would have been cons iderably h i g h e r . ) 

I n c o n c l u s i o n , there i s c e r t a i n l y no evidence f o r the commonly quoted 

value o f e f f i c i e n c y f o r the LIGY moni to r being too h i g h , as suggested by 

Shen. On the c o n t r a r y , the f i g u r e o f 0.03 given by Hat ton may be a s l i g h t 

underes t imate . 

The best es t imate o f the DIGY has been taken as the mean of the t v o 

es t imates g iven here (0 .024 , 0 . 0 2 l ) , the increased weight of the iwo 

source measurements compared w i t h the one "s topping muon" measurement, 

being rough ly counteracted by the u n c e r t a i n t i e s i n comparing e f f i c i e n c i e s 

o f the three m o n i t o r s . 

3"3 The Spectrograph 

3 - 3 . 1 I n t r o d u c t i o n 

Th i s spectrograph was designed f o r use i n s tudies of the momentum 

spectra o f nuclear a c t i v e p a r t i c l e s i n a i r showers. A d e t a i l e d d e s c r i p t i o n 

o f i t has been made elsewhere (Hook, 1972) , so on ly the main fea tu res w i l l 

be descr ibed here . 

An impor tan t design s p e c i f i c a t i o n was to minimise the amount o f matter 

i n the spectrograph i n order t o reduce the p r o b a b i l i t y of tne NAP'o, p io tons 

and p i o r f s , i n t e r a c t i n g i n the spectrographs For t h i s reason an a i r - g a p 
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magnet was used. Another impor t an t f a c t o r i n the des ign was the low 

i n t e n s i t y o f bo th unaccompanied NAP s^and NAP s i n extensive a i r 

showers. This r e q u i r e d a d e t e c t o r w i t h a large area and s o l i d angle o f 

acceptance} and was f u l l f i l l e d i n t h i s case by the use o f t r a y s of 

Ge iger -MUl le r (GM) counters i n c o n j u n c t i o n w i t h a neon f l a s h - t u b e v i s u a l 

d e t e c t o r a r ray viewed by cameras. A diagram of the spectrograph as used 

i n t h e main p a r t of the work i s shown i n f i g , 3 . 1 . Charged s i n g l e 

p a r t i c l e s t r a v e r s i n g the spectrograph were se lec ted by demanding a 

coincidence between a t l e a s t one GM counter i n each o f the t r a y s G l , 

G2, G3 and G4. I t was known t h a t o n l y about 1$ o f these s ing le p a r t i c l e s 

would be NAPs, ; the remainder be ing muons (Brooke e t a L , 1964) so the 

method used by Brooke e t a l . o f s e l e c t i n g the r equ i r ed NAPs w&s adopted 

here i n c o r p o r a t i n g m u l t i p l e p u l s i n g o f the f l a s h tubes and shut te red 

cameras. The sequence o f events i s as f o l l o w s s -

(1 ) The s i ng l e p a r t i c l e t r i g g e r s the GM counters which causes the f l a s h 

tubes t o be immediately p u l s e d , a 2 . 1 sec p a r a l y s i s t o be imposed on the 

system, and the gate between the neutron monitor and the m u l t i p l i c i t y 

recorders opened a f t e r a sho r t t ime delay ^ ^ s e c s ) } 

(2 ) The neutron m u l t i p l i c i t i e s recorded i n each channel dur ing the 

300^jsec g a t i n g t ime are s to red b e f o r e ; 

(3 ) The camera shu t t e r s are opened w h i l s t the f l a s h tubes are repeatedly 

p u l s e d , t o a l l o w the f i l m s t o r ecord the i n i t i a l t r a c k ( r e t a ined by v i r t u e 

of the a f t e r - f l a s h i n g p rope r ty of f l a s h tubes (Coxe l l and Wolfenda le ,1960) , 

and the d i sp l ayed neutron m u l t i p l i c i t i e s together w i t h a c lock showing 

B r i t i s h Standard Time, f i d u c i a l l i g h t s on the f l a s h tube t r ays and the 

i d e n t i f y i n g f i l m and frame numbers f o r t h a t event f 

(4) The shu t t e r s are c losed before the f i l m s are advanced and the 

frame number incremented by one 
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(5 ) The m u l t i p l i c i t y recorders are r e - s e t t o zero and the p a r a l y s i s 

i s removedo 

I f no neut ron i s recorded d u r i n g ( ? J , then steps (3) and (4) are 

not c a r r i e d o u t 0 The time sequence o f opera t ions i s shown i n f i g 0 3.15 

and the e l e c t r o n i c c o n t r o l c i r c u i t i s shown i n f i g . 3 .16 0 

The events recorded i n t h i s way inc luded a large number o f muons5 

some being genuine in-ceractions i n the moni tor w h i l s t o thers - were random 

coincidences between a p a r t i c l e f u l f i l l i n g the GM counter coincidence 

and the background count r a t e of the mon i to r . 

3 -3 .2 The Magnetic F i e l d . 

The momentum o f a s i n g l e p a r t i c l e has been determined f rom i t s 

d e f l e c t i o n i n the magnetic f i e l d o f the spectrograph assuming a 

h o r i z o n t a l u n i f o r m f i e l d (o f f l u x 0.3 tes la due to a constant cu r r en t 

of 20 amps f l o w i n g i n the w i n d i n g s ) } perpendicular to the d e f l e c t i o n 

measurement plane and completely contained i n the a i r gap volume of 
3 

0 , 1 u i v , The magnetic f l u x d e n s i t y i n and around the a i r - g a p has been 

measured us ing a c a l i b r a t e d H a l l - e f f e c t probe and i t has been shown 

(Hook ? 1 9 7 2 ) t ha t the e f f e c t of the n o n - u n i f o r m i t i e s i s n e g l i g i b l e . 

3-3.3 The V i s u a l Detec tors 

Four t r a y s o f neon f l a c h tubes A l , A3, B3 and B l were used f o r 

measuring the d e f l e c t i o n , the A t r a y s enabl ing the i n c i d e n t t r a j e c t o r y 

o f the p a r t i c l e t o be o b t a i n e d , w h i l s t the B t rays gave the d e f l e c t e d 

t r a j e c t o r y . The dimensions are g iven i n t a b l e 3 . 5 . Aluminium e lec t rodes 

placed between each l aye r of tubes were connected to a h igh vo l t age p u l s i n g 

system which could pulse the t r ays seven t imes a t i n t e r v a l s o f about 10 msecs. 

An i n t e r v a l of t ime o f about 2 sees was necessary f o r r e -charg ing the 

system a f t e r the d i s c h a r g i n g . The ope ra t ion o f the f l a s h tubes i n t h i s 

mode has been checked by Hook who found t n a t the loss i n e f f i c i e n c y due 

t o the non -un i t p r o b a b i l i t y o f a f t e r - i l a s h i n g i s on ly b%e 
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TABLE 3.5 

The F lash Tube Trays 

1 
Tray 

A l A3 B3 B l X I X2 

The Flash 
Tubas 

I n t e r n a l and E x t e r n a l diameter = 
Neon gas pressure = 60 cm Hg. 

1.6 and 1.8cm r e s p e c t i v e l y 

Number o f 
Tubes 

990 760 760 990 400 1284 

Number o f 
Layers 

10 10 10 10 4 12 

P i t c h of 
Layers (cm) 

3 .2 3 .2 3 .2 3 .2 < 1.8 

P i t c h o f 
Tubes (cm) 

1.907 1.907 1.907 1.907 ~ 1.8 » 1.8 

Length o f 
Tubes (cm) 

120 120 60 60 250 200 

Tube support 

Ar r a ngement 
o f E lec t rodes 

Supported a t each end i n 
a c c u r a t e l y machined s l o t s i n 
r ec t angu la r duralumin t ub ing 
Between each l a y e r 

Close-packed 
s e l f suppor t ing 

Between every 
two l aye rs 
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Trays o f neon f l a s h tubes X I and X2 weiv used t o he lp the 

d i s t i n g u i s h i n g of the NAPs and muons by observing the way i n which 

the p a r t i c l e s , i n t e r a c t e d i n the monitor, , The X2 t r a y was constructed 

i n two halves which were placed as close together as pos s ib l e . The 

e f f e c t o f the gap o f about 10 cm between the edge f l a s h tubes i n each 

h a l f j was a l lowed f o r i n the s e l e c t i o n procedure, which was based on 

the l a t e r a l s c a t t e r o f the p a r t i c l e a f t e r having passed through the 

m o n i t o r . The accuracy o f these f l a s h tube l o c a t i o n s (lnirn) was s u f f i c i e n t 

t o measure the d e v i a t i o n o f the average momentum muon recorded i n t h i s 

work ( *"3 GaV/c) t o an accuracy l i m i t e d by the tube and array s i z e . The 

X I t r a y was used pu re ly to i n d i c a t e the presence o f charged p a r t i c l e s 

i n c i d e n t on the t o p o f the moni to r and so the f l a s h tube l o c a t i o n accuracy 

was not as impor t an t as i n the o the r t r a y s . The dimensions of these 

t r a y s are g i v e n i n t a b l e 3 , 5 0 These t r a y s were connected to a s i m i l a r 

p u l s i n g u n i t to the one supp ly ing the momentum measurement t r a y s . 

3-3.4 The S ing le P a r t i c l e S e l e c t i o n System 

The upper-most t r a y ( G l ) o f Ge ige r -Mul le r (GM) counters consis ted 

o f th ree ad jacen t sets o f t e n ad jacen t counters (20th Century Ltd . , G60) 

( l e n g t h 0.6m diameter3cms) p laced h o r i z o n t a l l y and p a r a l l e l t o the axis 

of the f l a s h tubes . The ou tpu t s f i o m the three sets were f e d i n t o a 

m i x i n g u n i t which produced a standard pulse whenever any one o f the 

t h i r t y counters was d ischarged . 

Each of the t r a y s G2 and G3 cons is ted of 11 G60 counters arranged 

i n two close packed l a y e r s w i t h t h e i r ax i s h o r i z o n t a l and perpendicular 

t o those i n G l . A coincidence u n i t gave a standard output pulse i n the 

event o f a simultaneous discharge o f a counter i n each t r a y . 

The G4 t r a y cons i s ted of 10 G60 counters placed h o r i z o n t a l l y and 

pe rpend icu la r t o those i n G l . I t ' s ou tput was pulse-formed i n the same 

way as t h a t o f G l 0 
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The shaped pulses f r o m G l , G'2 + G3 and G4 were f e d i n t o a 

coincidence u n i t w h i c h , d u r i n g the s i ng l e p a r t i c l e work , gave an 

ou tpu t pulse i n the event o f simultaneous discharges of GM counters 

i n each o f the f o u r t rayso The performance o f the GM counters was 

checked by m o n i t o r i n g on a r a t emete r , the r a t e s o f pulses f rom G l , 

G4 and f r o m the coincidence between G2 + G3. 

3-3.5The Recording o f I n f o r m a t i o n 

Two Shackman automatic 35rnm cameras were used Lo record on 

I l f o r d HP4 f i l m the v i s u a l i n f o r m a t i o n i n the spectrograph, one f o r the 

upper (A) h a l f and one fo r the lower (B) h a l f of the spectrograph. These 

two cameras were f i t t e d w i t h Venet ian b l i n d type shu t te r s which were 

f u l l y open I3msecs a f t e r the d e t e c t i o n of a neutron coincidenceo 

A t h i r d camera ( C ) ( w i t h o u t s h u t t e r s ) was used t o record the 

d e t e c t i o n times, 0 n d m u l t i p l i c i t y of the neutrons f rom the neutron monitor 

on an o s c i l l o s c o p e , as mentioned i n 3 -1 .3 . The CRO time base was set 

a t 5CjLisec/om and t r i g g e r e d by every 4 - f o l d GM coincidence. I n order to 

reduce the f o g g i n g e f f e c t o f these f r e q u e n t sweeps o f the t r ace (only 

1% of which would produce a neu t ron) the lower p a r t of the scale was 

blanked o f f , thus obscur ing the bare sweep, and o n l y d i s p l a y i n g the 

p o s i t i v e ungated neutron pulses f r o m the mixed neutron coincidence u n i t . 

3-3.6Computer Track F i t t i n g 

Re -cons t ruc t i on o f the path of the p a r t i c l e s was performed using a 

t r a c k f i t t i n g program, assuming the path to bea s t r a i g h t l i n e i n each h a l f 

o f the spect rograph; the t r a c k i n each h a l f being f i t t e d independent ly . 

The i n i t i a l es t imate of the p o s i t i o n o f the t r a c k i s obta ined by 

leas t -squares ana lys i s and gauss f i t s on the coordinates o f the centres 

o f the f l a s h t ubes , and o f the gaps i n layers w i t h no f l a s h e d tubeso These 

are f o l l o w e d by a p a t h - f i t procedure whereby the t r a c k i s v a r i e d step-wise 

over small ranges o f angle (+ 0 . 5 ° ) and t ransverse p o s i t i o n (+0 0 4cm), the 
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goodness o f f i t being assessed us ing three c r i t e r i a i n t u r n . F i r s t the 

number o f f l a s h e d tubes t raversed by the t r a c k i s maximised s then the 

l e n g t h (BMIN) of t r a c k t r a v e r s i n g unf lashed tubes i s minimised and 

f i n a l l y the l e n g t h (BMAX~) o f t r a c k t r a v e r s i n g f l a s h e d tubes i s maximised. 

This procedure i s c a r r i e d out f o r both arms of the spectrograph and f o r 

a l l combinations o f tubes i n the event o f there being more than one 

f l a s h e d tube i n a l a y e r . Using the r e s u l t i n g two best f i t s the angular 

d e f l e c t i o n ^\ |T 7 and the apparent momentum p and charge f o r t h i s d e f l e c t i o n 

are c a l c u l a t e d . The approximate impact across the neutron moni tor i s 

a lso c a l c u l a t e d by d i v i d i n g the mon i to r i n t o 80 c e l l s a long a l i n e l e v e l 

w i t h the t o p o f the inne r mode ra to r j and f i n d i n g which c e l l the t r a c k 

f a l l s i n t o . 

Tracks are r e j e c t e d which do not f u l f i l c e r t a i n cond i t i ons regard ing 

the goodness of f i t s i n d i c a t i n g human e r ro r s i n t r a c k enumeration o r 

i n t e r a c t i o n s o f the p a r t i c l e w i t h i n the spectrograph. 

The parameters used f o r r e j e c t i o n purposes a res -

(a) the number o f ignored f l a s h e d tubes (not t r ave r sed by the t r a c k ) , 

(b) the e f f i c i e n c y ( d e f i n e d as BMAX/fBMAX+ (BMINI)) o f the lrac.K, 

( c ) the d i f f e r e n c e A between the i n t e r s e c t i o n po in t s Y q and o f 

the upper and lower t r acks r e s p e c t i v e l y w i t h the n o r i z o n t a l l i n e , 

pe rpend icu la r t o the a x i s of the f l a s h tubes , i n the middle o f the magnet, 

and (d) the i n t e r s e c t i o n p o i n t s o f the t racks w i t h the GM trayso 

I t was found -chat i n t e r a c t i o n s o r wrongly enumerated f l a s h tubes 

would be n o t i c e d e i t h e r by abnormally h igh values of (a) and ( c ) ; a low 

value of ( b ) ; or a value of (d ) ou t s ide the geometr ical l i m i t of the t rayso 

The angle and centre o f gx N avity o f the best s t r a i g h t l i n e through 

the i l l u m i n a t e d X2 f l a s h tubes ( i f any) are obtained us ing the f l a s h e d 

tubes ' centres i n a l e a s t squares f i t ; and the a c t u a l amount o f lead 

t raversed by the p a r t i c l e i n the m o n i t o i i s c a l c u l a t e d f o r those events 
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w i t h t r a c k s i n X2o 

The a c t u a l l a t e r a l displacement o f the p a r t i c l e i n X2 i s compared 

w i t h t h a t expected f o r a muon of momentum p passing through the ca l cu l a t ed 

th i ckness o f l e a d , and the p r o b a b i l i t y o f the p a r t i c l e being a muon i s 

c a l c u l a t e d (see s e c t i o n 3 - 3 . 7 ( i i ) ) « The event i s ' f l a g g e d ' i f the 

X2 t r a c k does not i n t e r s e c t w i t h the spectrograph t r a c k w i t h i n the 

m o n i t o r ; o r i f the X2 t r a c k , expected on the basis o f a p a r t i c l e being 

a muon, would f a l l i n or nea r ' t he gap between the two halves o f the 

f l a s h tube t r a y . 

3-3.7 The E s t i m a t i o n o f E r r o r s i n Track F i t t i n g 

( i ) The Momentum Measurement 

I n the absence of measurement and r e c o n s t r u c t i o n e r r o r s , magnetic 

f i e l d n o n - u n i f o r m i t i e s , and i n t e r a c t i o n s of the p a r t i c l e w i t h the 

spec t rograph , the momentum p o f the p a r t i c l e i s r e l a t e d to i t s magnetic 

d e f l e c t i o n £ ^ by 

P =» 3.15 

where K i s a constant depending on the magnetic f i e l d (-2<>95 f o r a cu r r en t 

o f 20amps)o However, i n p r a c t i c e the p r o b a b i l i t y P f a ^ ^ ) o f observing 

a d e f l e c t i o n i n the range (^ijj&ifH- o&i|>)can be assumed t o be g iven bys -

P f a ^ A i j > m = 1 exp ( - [ A T|T A flj 2 ) dAip 3.16 

0V2fr 2 ( r 2 

2 2 2 where <r = cr + i s the s tandard d e v i a t i o n of the d i s t r i b u t i o n C i. 

and i s made up f rom a c o n t r i b u t i o n $• due to p a r t i c l e s c a t t e r i n g , and 
c 

a c o n t r i b u t i o n <r^ due to measurement e r r o r s . When a charged p a r t i c l e 

o f momentum p (GeV/c) and v e l o c i t y ( i n u n i t s o f c ) t raverses x r a d i a t i o n 

lengths of m a t e r i a l , the rom.s . angle of s ca t t e r ( i n degrees) i s g iven by 

cr = 0 . 1 4 § _ / x 3.17 
P/S 
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I n the l i m i t as p becomes very l a r g e , P f c ^ j A i | > m ) depends on ly on 

OTj., o r i s independent o f p<> A u s e f u l i n d i c a t i o n of the l i m i t o f accurate 

h i g h momentum measurements i s the so c a l l e d maximum detectable momentum 

(mdm) d e f i n e d as t h a t p f o r which A ^ m - 0"jo An accurate knowledge of 

°j i s necessary t o extend momentum measurements mean ingfu l ly beyond 

the mdm. I t has been shown by Hook ( i 9 7 3 9 p r i v a t e communj cat ion) t h a t 

has a value o f (0.15 + 0 . 0 4 ) ° , corresponding to an mdm o f 20 GeV/c 

f o r a magnet c u r r e n t o f 20 amps. 

The t r a c k - f i t t i n g program has been t e s t ed (Hook, 1972) by generat ing 

a r t ' i f i c i a l events i n one o f the arms o f the spectrograph, and then 

ana lys ing them by the program. I t was found t h a t w i t h the usual angular 

p a t h - f i t steps o f 0 . 0 5 ° , the piogram recons t ruc ted the tracks w i t h angles 

accurate t o 0 . 1 ° . Tt would t h e r e f o r e appear t ha t the angular measuring 

e r r o r o f the spectrograph i s about 0 . 1 1 ° . 

( i i - ) Tne P a r t i c l e I d e n t i f i c a t i o n 

The angular displacement viewed i n two dimensions of muons of 

-2 

i n c i d e n t momentum p , a f t e r t r a v e r s i n g a th ickness t g cm o f lead i s 

descr ibed by a gaussian ( f o r smal l t ) w i t h a r o o t mean square (measured 

i n radians) g iven by 

tr = 5 . 8 1 . 1 0 " 3 i 0 * 5 3.18 

where /3 i s the v e l o c i t y o f the muons ( i n u n i t s o f the v e l o c i t y o f 

l i g h t ) . 
The r e s u l t i n g mean l a t e r a l s c a t t e r i n the middle of the X2 t r a y 

i s r<r c ( - f ig* 3 . 1 7 ) . 

The l a t e r a l displacement o f these muons immediately below the 

moni to r i s a l so g iven by a gaussian w i t h a mean ( i n cm) given by 

crL - 3 . 3 6 . 1 0 " 3 t 1 ' 5 3.19 
P 
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I t has t h e r e f o r e beenassumed t h a t the t o t a l l a t e r a l s c a t t e r y i n X2 

i s a l so a gaussian w i t h a mean g iven by 

The measured s c a t t e r w i l l be g rea te r than t h i s due to t r a c k l o c a t i o n 

e r rorso Assuming a gaussian measurement e r r o r d i s t r i b u t i o n w i t h a 

mean o f the measured average s c a t t e r w i l l be g iven by 

^ - fax* + ° c x 2 ' 3 ' 2 1 

The d i s t r i b u t i o n of measured l a t e r a l s ca t t e r ( i n u n i t s of rr ) u cx 
t 

o f about 300 cosmic ray muons ( > 1 GeV/c)} detected and computer-

analysed has been found i n f i g . 5.5 ( s o l i d l i n e ) t o be c l o s e l y gaussian. 

S i m i l a r d i s t r i b u t i o n s f o r smal le r ranges of muon momentum have beer used 

t o make seve ra l es t imates o f c r ^ (whicn i s independent of momentum). 

The r e s u l t i n g mean value o f c r j ^ i s 1.0 cm, w i t h a standard d e v i a t i o n 

o f 0 .34 cm. 

This value would be expected to be considerably h igher than 'Che 

f l a s h tube l o c a t i o n e r r o r {± 0.1cm) because o f the shor t he igh t o f the 

t r a y and the r e l a t i v e l y l a rge diameter o f the f l a s h tubes, but s i n c e , 

i n the absence o f a r e f i n e d t r a c k f i t t i n g procedure such as i s used f o r 

the momentum measurement, the best r e s o l u t i o n of the p o s i t i o n o f the 

t r a c k i n each l aye r i s ~ + 1 cm (the radius o f the tubes) t h i s est imate 

o f the measuiement e r r o r seems to be r a tne r h i g h . Checks o f the 

enumeration accuracy r evea l no s i g n i f i c a n t e r r o r s which could cause an 

o v e r e s t i m a t i o n . 

As the muon momentum inc reases , cr tends to be dominated by C j ^ * 

The value of momentum f o i which 0"^,= i s about 3 GeV/c and t i i s 

g ives a u s e f u l es t imate o f the upper l i m i t o f the range of momentum 

over-which muons can be r e l i a b l y i d e n t i f i e d - However, i n view o f the 
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h i g h p r o b a b i l i t y o f an o v e r e s t i m a t i o n o f <r^j i t would seem l i k e l y 
t h a t r e l i a b l e i d e n t i f i c a t i o n o f muons i s poss ib le a t twice t h i s 
momentumo Ab the maximum de tec tab le momentum of the spectrograph 
(20 Gev/c) the measurement e r r o r i s up t o t en t imes the average 
coulomb s c a t t e r c r ^ and so most o f the muons w i l l have a measured 
s c a t t e r less than l Q r . 
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C H A P T E R F O U R 

NEUTRON PRODUCTTON BY PROTONS AND PIONS 

A - 1 I n t r o d u c t i o n 

The purpose of the work descr ibed i n t h i s chapter i s to determine 

the v a r i a t i o n of evapora t ion neut ron p roduc t ion f rom lead n u c l e i 

w i t h the energy o f the in te rac t ing* .nuc lear a c t i v e p a r t i c l e (NAP)« As 

i n the case o f the previous work by Hughes e t a l . (1964) , the NAPs 

recorded are main ly p o s i t i v e l y charged p ro tons , but w i t h a smal l 

c o n t r i b u t i o n o f both p o s i t i v e and negative p ions . The y i e l d of kaons 

and a n t i - p r o t o n s i n p ro ton c o l l i s i o n s are smal l compared w i t h t h a t o f 

pions a t a few hundred GeV (<10% according to An t ipov e t a l t ( l 9 7 l ) ) 

and t h e i r s u r v i v a ] p r o b a b i l i t i e s are a lso smal ler than tha t o f pions> 

so t h a t they may be ignored i n t h i s analysiso 

Apa r t f r o m the r e d u c t i o n i n s t a t i s t i c a l e r r o r s , the present 

experiment should be an improvement over t h a t o f Hughes e t a l , because 

an allowance has been made f o r the v a r i a t i o n of average neutron d e t e c t i o n 

e f f i c i e n c y w i t h NAP energy. 

4 "2 The Experiment 

The spectrograph and moni tor were operated together i n the mode 

descr ibed i n 3 - 3 „ ] w i t h events be ing recorded on f i l m when the s i ng l e 

p a r t i c l e GM-counter coincidence (a GM event) was f o l l o w e d by a t Least 

one neutron being detected w i t h i n the ga te , which opened AO^isec a f t e r 

the coincidence and closed a t 340 /J,sec (an NM e v e n t ) . 

The r a t e of these NM events was about lOhr * compared w i t h the 

s i n g l e p a r t i c l e GM coincidence r a t e o f about 900 hr 

A l l t h ree r eco rd ing fi lrm> were changed d a i l y w h i l s t the equipment 

was being checked and the f i l m s were immediately developed t o ensure 
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t h a t the cameras were r e c o r d i n g the v i s u a l i n f o r m a t i o n c l e a r l y . A t 

the beginning and end of each d a i l y run the va r ious event counters , 

B r i t i s h standard t ime and the magnet currentvere noted; and the time 

and date marked on the cont inuous r ecord of the magnet c u r r e n t . The 

GM counters and the moni tor BF^ counters were checked a t these t imes 

us ing the r a t e - m e t e r s , and any abnormal i t i e s noted and co r r ec t ed . The 

magnetic f i e l d was reversed d a i l y i n order t o minimise the e f f e c t of 

any assymetry i n the acceptance o f the spectrograph which may d i s t o r t 

the apparent charge o f a. p a r t i c l e . 

The equipment was operated i n t h i s manner f r o m Dec. 1970 t o 

Feb. 1971 f o r a t o t a l o f 986.8 h r s . Of t h i s , 553„5 hrs were l o s t 

due t o equipment f a i l u r e s , damage to f i l m s and ( p r i n c i p a l l y ) the dead 

t ime o f the equipment (equal t o 2 . 1 sec per GM co inc idence ) , and so 

the a c t u a l s e n s i t i v e t ime was 433„3 h r s« Dur ing t h i s s e n s i t i v e time 

8.13X10^ GM and 1.03X10 4 NMj, coincidences were recorded ( a f t e r the 

losses had been sub t rac ted ) w h i l s t the magnetic f i e l d was maintained 

a t 20 .0 + 0 .6 amps. Corresponding t o a f i e l d i n t e g r a l o f 167 kG.cm. 

4-3 The E x t r a c t i o n of Data 

Each set o f th ree f i l m s f r o m the spectrograph was inspected and 

the f o l l o w i n g information noted f o r each event . 

lo The f i l m and event numbers 

2o B r i t i sh s tandard t ime 

3„ The neutron m u l t i p l i c i t y i n each neutron channel 

4o The number o f t r a c k s i n each f l a s h tube t r a y 

5« Evidence o f any i n t e r a c t i o n s i n the spectrograph 

6 . The a r r i v a l t imes o f the neutrons. 

Each event was then assigned to one o f the f o l l o w i n g categories*. 

(A) "B event" •• a momentum-analysable t r a c k (a s i n g l e t r a ck i n each 
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o f the f o u r momentum measurement t r a y s ) , and no more than one t r a c k 

i n the ( sub-moni to r ) X2 t i a y „ 

(B) "F event" - a "B event" accompanied by o t h e r t r a cks which were 

not momentum-analysable ( s h o r t e r t i a c k s which do not pass through 

each momentum measurement t r a y ) . 

(C) "EAS event" - two or more momentum analysable t r acks which may 

or may not be accompanied by o the r trackso 

(D) "B(P) event" - a "B event" w i t h more than one t r a c k i n X2 

(E) "F(P) event" - an "F event" w i t h more than onetrack i n X2 

(F) "Dense event" - many t r a c k s bu t none analysable 

(G) "Rejec t event" - an event w i t h e i t h e r (a) no analysable t r a c k because 

( i ) a s i n g l e p a r t i c l e i n t e r a c t e d i n the spectrograph 

o r ( i i ) the spectrograph was t r i g g e r e d by chance coincidences i n 

the GM~telescope; 

o r (b) a f a u l t i n the spectrograph or i n the neutron read-out as 

i n d i c a t e d by a l a rge discrepency between that i n d i c a t e d on f i l m s 

A and B , and t h a t recorded on f i l m C (as opposed to the occasional 

(about one i n a hundred) smal l d i f f e r e n c e which would be accounted 

f o r by the f i n i t e r e s o l u t i o n o f the pulses on the CRO timebase 

viewed by camera C ) . 

The spectrograph records o f the "B" and "F" events were p r o j e c t e d 

and the row numbers o f the i l l u m i n a t e d f l a s h tubes i n each l ayer 

punched onto a set o f th ree computer cards , toge ther w i t h the i d e n t i f y i n g 

f i l m and event numbers the nominal signed value o f magnet c u r r e n t , 

the neutron m u l t i p l i c i t y i n each channel as read out on A and B f rames , 

and the a r r i v a l t imes o f the neut rons . I n t h i s way a l l the a v a i l a b l e 

i n f o r m a t i o n about the events (except f o r B r i t i s h standard t ime B.S .T) 

was s to red on computer cards . 



73 

The A and B frames o f the " B ( P ) ' 1 , "F(P)" and "EAS" events were 

enlarged and p r i n t e d onto photographic paper so t h a t c lose r inspec t ions 

could be madeo The ex tens ion o f each spectrograph t r a c k i n t o X2 was 

drawn g r a p h i c a l l y and the nearest X2 t r ack marked accordinglyo The 

t r a c k s o f these events ( s e l e c t i n g the maiked X2 t r a c k onLy) were then 

enumerated onto punched cards i n a s i m i l a r way t o the "B '"s and "F"'s 

except t h a t a t r anspa ren t o v e r l a y was used to i n d i c a t e the tube 

p o s i t i o n s . I n t h i s way a l l the a v a i l a b l e i n f o r m a t i o n about these 

events was s t o r ed on computer cards except f o r B . S . I , and the ext ra 

X2 t r a c k s . "Dense" and "Rejec t" events received no f u r t h e r t rea tment . 

Ta'ble 4 . 1 g ives the f r a c t i o n o f the t o t a l data t h a t f e l l i n t o each o f 

these c a t e g o r i e s . 

Each event was analysed by the computer t r a ck f i t t i n g program 

and the r e s u l t s recorded i n p r i n t and on a computer c a r d , which when 

combined w i t h the o ther three cards formed a set c o n t a i n i n g almost 

a l l the a v a i l a b l e i n f o r m a t i o n about t h a t event . A few events were 

r e j e c t e d due t o i n t e r a c t i o n s i n the spectrograph which had not been 

n o t i c e d i n the i n i t i a l scan. These were added to the "Reject ( a ) " 

ca tegory . A f u r t h e r f r a c t i o n of the events (5%) were not analysed 

due t o the re be ing a smal l number o f f l ashed tubes i n a t r a c k , which 

would increase the A ij; measurement e r r o r . 

4-4 I d e n t i f i c a t i o n o f Protons and Pions 

4-4*1 I n t r o d u c t i o n 

There are f o u r d i s t i n c t processes t h a t can g ive r i s e t o a s i n g l e 

p a r t i c l e event w i t h a response f r o m the m o n i t o r : -

(a) a s t rong nuclear i n t e r a c t i o n between protons or pions and a nucleus 

i n the moni to r 

(b ) an e lec t romagnet ic i n t e r a c t i o n o f a f a s t muon w i t h a nucleus i n the 

moni to r 



TABLE 4 . 1 

Category 
of Event Name F r a c t i o n of 

Event % 

A B 49 

B F, 4 

C EAS <1 

D B(P) 7 

E F(P) <1 

F Dense 15 

G R e j e c t 25 
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( c ) an e lec t romagne t ic i n t e r a c t i o n o f a s low, s t opp ing , negat ive muon 

w i t h a mon i to r nucleus 

and (d) an a c c i d e n t a l coincidence between the s i n g l e p a r t i c l e (GM) t r i g g e r 

( u s u a l l y produced by a muon t h a t passes through the moni tor w i t h o u t 

i n t e r a c t i n g ) and the moni to r (which counts neutrons produced by 

low energy cosmic ray neutrons by process (a))o 

There are f o u r sources o f i n f o r m a t i o n t h a t have been used i n the 

i d e n t i f i c a t i o n o f these processes<> 

I The apparent momentum and charge o f the p a r t i c l e (determined f rom 

i t s d e f l e c t i o n i n the s p e c t i o g r a p h ) 9 

t 

I I The number and p o s i t i o n o f t r a c k s emerging f rom the m o n i t o r , 

I I I The d is tance between the moni tor impact o f the p a r t i c l e and the 

p o s i t i o n of the channel ( s ) t h a t detected the neut rons , 

and IV the a r r i v a l t imes o f the neutronso 

The muon momentum corresponding t o a range i n lead equal t o the 

maximum th ickness (340 g cm" 2 ) presented by the moni tor t o v e r t i c a l 

p a r t i c l e s i s 530 MeV/co The corresponding mean d e f l e c t i o n i n the 

magnetic f i e l d (when the energising cu r r en t i s 20 amps) i s about 5° w i t h 

a measurement e r r o r ( p r i n c i p a l l y due t o coulomb s c a t t e r i n g i n the f l a s h 

tubes i n t h i s case) o f + 0 . 7 ° . Th i s i n d i c a t e s t h a t there should 

be few s topping muons having d e f l e c t i o n s less than 3 ° , and so p ro ton 

and p i o n candidates are o n l y se lec ted i f they are d e f l e c t e d by less 

than 3° (corresponding t o a momentum > 1 GeV). 

4-4o2 X2 events ( w i t h no t r a c k i n the X2 t r a y ) 

A f e a t u r e o f the events i n category (b) and the m a j o r i t y o f those 

i n ( d ) , i s t h a t the i n c i d e n t p a r t i c l e i s not absorbed by the m o n i t o r , 

whereas the more s t r o n g l y i n t e r a c t i n g protons and pions (NAP s) w i t h 

energies i n the r e g i o n o f i n t e r e s t here (~ 5 GeV), have a h igh 
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probability of being completely absorbed;, together with their 

interaction products. Thus any event with | A J <3° and no track 

in X2 is almost certain to be an NAP; and small corrections can be 

made fo r muonic contamination due to the following causess-

1„ A particle emergent underneath the monitor may pass through 

the gap between the two halves t>f 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 ^ j< 3° and then, 

stopped i n the monitoro 

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

and then stopped i n the monitor. 

Events i n which the projection of the incident track f a l l s within 

3 cm of the edge of the X2 tray, are rejected to eliminate cause lo 

The number of accidental events and the fraction of these which 

would be classif ied as an NAP (X2;[A^[< 3°) have been calculated (see 

section 5-3„2) by analysing events without the monitor coincidence. 

Similarly the number of genuine stopping negative muon interactions 

having JA^ | <3° and whose neutrons are detected, has been estimated. 

In both these cases the fract ion of non NAP events in the [Atyf < 3°; 

X2 category is very small (^ 

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, i n the measurement plane, of the lateral scatter y 

(fig<> 3.17) of the incident particle after traversing the monitor, 

is found and events are assumed to be NAPs i f y is large compared 

with that expected for an accidental muon of the same momenturno An 

arbitrary upper l i m i t of 8 cr, (see sect. 5-3.2) has been chosen for 
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the scatter of muons in categories (b) and (d)j and a l l events with 

y> 8cr have been assumed to be NAPs.. In the case of more than 
C A 

one track in X2 the parent particle is assumed to be that track with 

the minimum value of y» This is jus t i f i ed because in a proton-nucleus 

inelastic interaction the proton is usually l e f t with significantly 

more energy than any of the secondaries (Slien, 1968)<> Assuming that 

a l l the product particles have the same distribution in transverse 

momentum, the proton should emerge closest to the incident trajectory.) 

In the case of pion-nucleus interactions the incident pion is not known 

to- survive but the choice of the nearest secondary should not introduce 

a significant bias in the particle selection. 

*t w i l l be shown (see section 5-3.3) that a small fraction of NAP s 
have y < 8cr . This can be understood in terms of the effect of the 2-D cx 

projection and should not introduce a significant bias* I t w i l l also 

be shown that small numbers of interacting and accidental muons are 

classified as NAPs, particularly at momenta greater than 20 GeJf/c due 

to the error in tiack location in X2, and the over-estimation of the 

momentum above the mdm, thus underestimating 0" • Both these factors 

tend to classify muons as NAPs and small corrections have been made 

fo r them. In order to reduce the small correction due to the accidental 

muons» the NAP s were only selected i f ' t h e impact distance (the minimum 

distance between the impacting particle and the nearest edge of the 

nearest neutron monitor channel giving a response), was less than 20 ce l l 

widthso The impact distance distr ibution fo r those events (assumed to 

be 100% NAP) i n the (X2;|&\fj< 3°) category is shown in f i g . 4.1 together 

with the calculated impact distance distribution for accidental muons 

(see section 5-3.2). I t can be seen that almost a l l the genuine NAP s 

have impact distances less than 20 ce l l widths whereas only about one 
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half of the accidental events f a l l within this l i m i t . 

4~5o The Experimental Results 

The measured mul t ip l i c i ty distributions for the NAP s i n categories 

(A) and (d), ( i . e . unaccompanied momentunranalysable particles with any 

number of X2 tracks) are shown i n table 4.2 for d i f ferent charges and 

ranges of deflection jAijjf in the magnetic f i e l d of the spectrograph 

The d i f fe ren t contributions from the X2 (without X2 tracks) and X2 

(with X2 track(s)) events are given thus 

where ft represents the number of X2 events 

X represents the number of X2 events 

The resulting average mul t ip l ic i t i es m for each deflection bin and 

charge are calculated before and af ter the small corrections for muonic 

contamination. 

4-6 The Variation of Mean Mul t i p l i c i t y of Produced Neutrons it with 

Incident Particle Energy 

4-6.1 The Measureraent of particle energy 

I t has been assumed} after Hughes et a lo^ tha t the charge ratio of 

positive and negative pions is unity and that there are no anti-protons 

over the energy range considered.) The neutron mul t ip l ic i ty dis t r ibut ion, 

i n a given deflection b in , attributable to protons has therefore been 

taken as the distr ibution of positive NAPs (protons and positive pions) 

minus the dis t r ibut ion of negative NAPs (negative pions)<> 

The approximate average momentum for each deflection bin of a 

particle can be found (neglecting 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 become 

increasingly inaccurate as p approaches the mdm (20 GeV/c) when there w i l l be 
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high contributions to the bins of high apparent momentum from particles 

with lower momenta, and a considerable " s p i l l over" of particles of 

one charge into the other. For this reason the momentum of the perticies 

with |AI|J| < 0o2°has been taken as 2 0 GeV/co 

Using these assumptions the average kinetic energy for each bin 

has been calculated and a further small correction made fo r the energy 

loss by the NAPs i n traversing the distance from the centre of the 

spectrograph magnet to the top of the Pb layer i n the monitor. This is 

given in table 4 . 3 . Tn order to estimate the error i n the estimation 

of momentum near the mdm the deflection distributions for positive and 

negative NAP s have been used after the method of Hook ( 1 9 7 2 ) 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 p 

of protons in each A ^ bin (Aty ^ A i^)> integrated over the whole 

spectrum weighted with the probability P&i|iyp)dAi|j of a proton of 

momentum p being deflected to have a deflection in ("StyAiJri- cfti|;) (see 

also section 3-2<>3) . Thus the average momentum is given by:-
03 

P (A^.-Aifj . ) = I j N ( p ) P ^ > P ) p dp eft $ 

N(p)P^^,p) d p dA^ 

I t was found that although the effect of the correction is very 

small less than 10 GoV/c, i t sets an upper l im i t of about 15 GeV/c 

for the NAP energy in this work. 

4 - 6 . 2 The measurement of mean mul t ip l ic i ty 

In table 4 . 3 the average mul t ip l ic i t ies m for each deflection bin 

have been calculated for those events attributed, in turn, to protons 

and negative pions. 

4 . 1 
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The " s p i l l over" of particles near the mdm tends to reduce 

(a) any difference in m between positive and negative particles and, 

(b) the s ta t i s t i ca l sample of the protcnso 

I t can be seen in table 4o3 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 i n this value. 

The average produced neutron multipliesty p for each deflection 

ce l l of both particles has been calculated from the measured average 

detected multipliciby m under the assumption that the probability 

of y neutrons being produced i n interactions of mean energy E is 
P 

given by 

K v l E p ) - (1 " e"3') e"^ 4o2 

where 2 I (vs E ) = 1 
V=o P 

After Shen (1968), this gives the average produced neutron mul t ip l ic i ty 

as 
_ oo 

V ( V = y ip v 1 h\ E p ) = (e a - l ) " 1 4.3 

J o 1 ( V 5 V 

Assuming that the probability of detecting m of the y neutrons is 

given by 

BOn,v) = (J) Gr(Pp) f ) m ( l - ^ E ^ f ^ - 1 " 4o4 

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

mul t ip l i c i t y m i n interactions of average energy E^ is 
oo _ 

R(m;E ) a S l (vjE ) B (m,y) 4.5 
p V=m P 

and the average mul t ip l ic i ty is 

m (E )= | m R(m;E ) _ ( e (I ) f ) e"a 4.6 
p jpl L 1 _ P 

2 R ^ E

p > l - ( ] - c ( E j f ) e " a 

m= j . p 
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whence v (E ) = m (E ) - 1 . _ 
P P 4o7 

Using the values of rn in table 4 n 3 , values of y have been calculated 

for two di f ferent assumptions about ^(E ) '(a) that e(E ) = e(E =150 MeV) = 
P 7 P P 

0.035 as deduced by bhe mean of the stopping ^ and the neutron source 

measurements (section 3-2.8).jand (b) that e (E ) is given by f i g . 2..12(e) 
P 

normalised to e= 0.035 at E =150MeV ( f 0 r protons only). The results 
P 

are given in table 4.3. 

The gating efficiency f has been taken to be 0.70 being that 

appropriate to a gate opening and closing at 40 and 340^60 xespectively, 

a f te r the interaction. 
To check the assumption i n equation 4 .2, pilots of log R(m; E ) 

P 

against m have been plotted. Combining equation 4.2$ 4<>4 and 4.5 we 

get 
R(m;E ) a £ e" av mj__ (ef ) m (l-ef ) v " m 4.8 

p v=m v.'(v~m).' 
so that 

log R(m; E )a m log fef) - a - log ( l - ( l -e f )e~ a ) 4.9 

Thus the plots fo r interactions of mean energy E , and average 
P 

detected mul t ip l i c i ty v should be a straight l ine . These are shown 

in f i g . 4o2 for protons. I t i s cleai that in general R(m,Ep) is not 

a single exponential function,. A much better f i t to the points can be 

obtained using a double exponential expression as shown, which would 

follow from l(j,;s E^) being a double exponential of the form 

I ( v ; E ) = K exp (-av) - K, exp (-by) 4.10 
p a D 

The corresponding expression for R(m;E ) is given by 
P 

R(mJE ) = ? B(m,v) (K e~ay - K ^ ) 
p u ""ill « 
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a " (ff) e~a 1 m 
• \ 

. l - ( l - e f ) e" a . 

-b (gf)e 
l - ( l - e f ) e 

m 
-b 4.]1 

where K K etc. 
l - ( l - e f ) e " a 

Rough visua] f i t s to the points in f i g . 4o2 have been made corresponding 

to values of K g , K^, a and b given i n table 4.3 I t was noted that fors-

- I f " (a) m » l 

(b) m = 0 

R(m; E ) ' p/ K 
l - ( l - e f ) e " a 

4.]2 

or 

R(m5 E p ) = K / - K b ' 

R(0;H ) = \ 
P l " ^ ? ) e - a 

K, 

l ~ ( l - e f ) e " b 

and that due to normalisation 

(c) - K 

1 * 
. -a -b 

4.13 

1-e 1-e 

Thus the slope of log R against m for m » l gives the value of a 

(equation 4.12). The value of b was obtained in a similar way after 

subtraction of the actual dis t r ibut ion from equation 4.12. The normali

sation constants K g and where found from the simultaneous equations 

4.13, R(OJEp) being found by extrapolating the experimental points as 

shown in f i g . 4.2. 

After Shen,the average produced mul t ip l ic i ty is given by 

V = 
K e 
a 

-a 

(1 -e ) 

K b 4.14 

The resulting values of a'» "the ratios of these values of y , to those 

calculated assuming a single exponential, are given i n table 4.3. 

^ D i s c u s s i o n of Results 

The variation o f y , the average produced number of neutrons 

(<30 MeV), with energy E of proton incident on a lead layer of average 
P 
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thickness t = 1.3 interaction lengths is shown in figures4.3 and 4.4. 

To allow for the uncertainty i n the effect of the cascade neutrons 

mentioned in section 2-2.3 a shaded area is drawn bounded by the lines 

corresponding to v(lower) and v ^ (upper) and has been obtained by 

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

shown are the values of v calculated i n table 4.3 for positive and 

negative particles (protons and pions respectively) for . j 

the cases in which the efficiency e is constant ( f i g . 4.3) and varies 

with E ( f i g . 4.4),protons only. 
T 

o compare the results of the present experiment with those of 

Hughes et a l . (1964), the experimentally determined ratio y g / vgjs 

fo r the same mean proton energies as estimated i n the two experiments 

i s compared i n f i g . 4.5 with that predicted by Sheni> The values of 

VQJS a-re those given by Hattcn (1971) whilst the values of g are 

those obtained without any correction for the variation of c(E Q ) 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 v than that predicted by Shen for energies above 

0.5 GeV. The discrepency i n f i g . 4.3 is s l ight ly 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 Vj., this may be fortuitous be cause a t these low energies the 

calculation tends to underestimate the neutron y ie ld , according to Shen. 

I t can be seen in f i g - 4.5 that the uncorrected data f o r the present 

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

of Hughes et a l . assuming the calculations of Shen are accurate enough 

to relate the neutron yields from the two thicknesses of lead. In fac t , 

i f these calculations greatly overestimate the neutron yield for energies 
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above 0.5 GeV as suggested by f i g s . 4<>3 and 3.7, the predicted ratio 
V\ 3^0 75 a k ° v e 0 , 5 G e ^ 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 DI^Y's e f f ic iency, is that the relative efficiency of 
this monitor assumed in the present experiment is toohigh by the same 
amounto This would account fo r why the discrepency in fig<> 4.3 is 
larger than expected from the previous experiment. 

The results of fig<> 4.4 indicate that the estimation 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 f i g . 4.3, 

whilst having relat ively l i t t l e effect on y at low energies where there 

is good agreement. 

Not included i n f i g . 4.4 i s the effect of the double exponential 

form of the neutron production spectrum, which is substantiated in this 

experiment for the f i r s t time. The approximate correction factors a ' 

fo r y are geneially 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 y is 

only expected at higher energies. The effect of this i s therefore 

similar to the effect of the variation of efficiency noted in f i g . 4.4, 

increasing y preferentially at higher energies and by a similar amount 

(~10%). 

However, these two factors ctn. account for less than half of the 

discrepency, and the uncertainty i n y represented by the shaded area 
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cannot account f o r the r es t . 

The suggestion by Hatton that the discrepency between results of 

Hughes et a l . and Shen could be largely due to the mis- interpreta t ion 

of emulsion data f o r energies greater than 1 GeV and the e f f e c t of 

the va r i a t i on i n e f f i c i e n c y wi th energy, may not be true because the 

resu l t s of the present experiment ( f i g . 4.4) indicate that Shen's 

calculat ions overestimate y s i g n i f i c a n t l y at about 1 GeV inspite of 

a correct ion f o r the l a t t e r e f f e c t . To reconcile t h i s , i t would be 

necessary to assume a decrease i n the absolute e f f i e i n c y of the D1GY 

of some 35% or considerably more than the errors of the e f f i c i ency 
* 

measurements and the v a r i a t i o n of e f f i c i ency wi th energy, and would be 

inconsistent wi th e f f i c i e n c y measurements of other monitorso 

I t has been pointed out i n section 2-lo2 that the intra-nuclear 

cascade calculat ions which form the base of Shen's data at t h i s energy, 

may overestimate the neytron y i e l d i n lead nuclei by as much as 20% 

(West and Wood, 197l)o I f t h i s i s so the neutron y i e l d < v > per ine las t ic 

i n t e r ac t i on assumed by Shen and shown i n f i g . 2 .5 , may be lower by 

t h i s amount below 2 GeV, and so the neutron y i e l d y per incident 

in te rac t ing proton shown i n f i g s . 2 .7 , 4<>3 and 4o4 would be down 

by a s imi lar amount over t h i s energy rangeo 

Therefore, below 2 GeV, i t would appear to be more l i k e l y that 

there i s a large (~2G$) systematic error i n the theore t ica l neutron 

y i e l d rather than i n theabsolute neutron detection e f f i c i e n c y , and that 

the discrepency i n f i g . 4.3 below 2 GeV can be explained as being due to 

roughly equal systematic errors i n the theoret ica l predictions and i n the 

experimental values. 

The general, agreement ketween theory and experiment of the increase 

of y wi th proton energy above 2 GeV, indicates that the general features 
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of Shen's calculat ions are correct and, i n p a r t i c u l a r , that the one 

dimensional-type model f o r bhe nucleon-nucleus in te rac t ion i s a true 

representation. However, the absolute difference in neutron y i e l d 

indicates that the in t e rp re t a t ion of emulsion data has led to a 

s i g n i f i c a n t overestimation which cannot be accounted f o r by uncertainties 

i n the neutron detection e f f i c i e n c y at high energies. The estimation 

of momentum measurement er ror near the mdm indicates that the proton 

momenta measured by Hughes e t a l „wi th a s imilar spectrograph to the 

one i n t h i s experiment, may be seriously overestimated at t h e i r mdm 

(«*150 GeV). This i s unlikeJy to change the above conclusion though 

because v i s a slowly changing func t ion with energy. 

The resul t s of B e r t i n i (1972) indicate that the neutron y i e l d 

from nuclei may be increasingly overestimated by conventional i n t r a 

nuclear cascade calculations as the size of the nucleus increases 

above A ~ 6 0 . This would throw doubt on Shen's simple extrapolation 

technique of der iv ing <y> f o r lead from < f o r emulsion nuclei 

and could explain why Shen found good agreement wi th the intranuclear 

calculat ions of Metropolis/Dostrovsky at 1«,8 GeV. I f , as seem l i k e l y , 

the Metropolis/Dostrovsky value of v i s too high at 1.8 GeV, Shen's 

< v > above 1 GeV would also be too high and can account f o r a 

substantial part of the discrepency i n f i g . 4.3 

There are indicat ions i n f i g . 4.3 of there being a lower produced 

neutron m u l t i p l i c i t y from (negative) pions than from protons although 

the d i f ference i s only s t a t i s t i c a l l y s i gn i f i can t at the JO^ level 

( i . e „ there i s a 30$ p robab i l i t y of y f o r pions being equal to V f o r 

protons). In making his predict ions f o r the neutron y i e l d from 

pions i n lead, Shen assumed the same <v> as i n f i g . 2 .5 9 arguing that 

the e f f e c t of the increased in te rac t ion mean free path (mfp) of pions 
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i n nuclear matter should be cancelled by the e f f e c t of the increase 

i n the rate of production of secondaries.. More recent experimental 

measurements of pion in teract ions i n emulsions (Barashenkov e t al,yl970) 

indicate no s i g n i f i c a n t d i f ference in<y> between pions and protons up to 

6 GeV (see fig<> 4«>6), thus v e r i f y i n g Shen's assumption The resu l t ing 

values of y f o i pions, calculated by the extra-nuclear-cascade program, 

assuming the same mfp i n lead f o r pions and protons d i f f e r e d very l i t t l e 

from those f o r protons, so no s i g n i f i c a n t difference between pions and 

protons would be expected i n f i g . 4 .3 . 

There i s no ind ica t ion of t h i s e f f e c t i n the resul ts of Hughes 

e t a l . , although t h e i r s t a t i s t i c a l errors are larger than those i n 

the present experiment.. No source of experimental bias has been 

found which could haave caused the observed discrepency; the bulk of 

the data ( p a r t i c u l a r l y at low energies) consists of X2 events (table 4.2) 

which are not susceptible to any biases i n the X2 track selection c r i t e r i a , 

and the low momentum c u t - o f f excludes v i r t u a l l y a l l the stopping negative 

muonso 

The assumption that the mfp's i n lead f o r protons and pions are the 

same needs to be questioned.. Evidence from 7r-p and p-p interactions 

suggests tha t t h i s mfp of pions may be about lb% greater than that of 

protons at a few GeV (Ciacomell i , 1970). This would reduce 

the a b i l i t y of the monitor to absorb the energy of the pions, resu l t ing 

i n a lower y . However the mfp would have to be considerably longer than 

that of protons to account f o r the observed difference i n jJo 

4-8 Conclusions 

Within the uncertainty i n r e l a t i v e e f f i c i ency of the LIGY and 

D1GY monitors the resul ts of the present experiment f o r neutron 
j 

production by protons are i n good agreement with those of Hughes et alo* 
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The double exponential production spectrum f o r neutrons predicted 

by Shen has been substantiated q u a l i t a t i v e l y e 

About h a l f o f the large discrepency between Shen's calculations 

and the two experimental resul ts above 0.5 GeV can be accounted f o r 

by the e f f e c t of the double exponential spectrum and the va r ia t ion 

of detection e f f i c i e n c y with NAP energy.. 

Contrary to Hatton's suggestion^the remaining discrepency cannot 

be a t t r i bu ted solely to the mis interpre ta t ion by Shen of emulsion 

data because intra-nuclear cascade calculations which form a basis 

of- his calculat ions below 1 GeV are unable to account f o r the observed 

values of v below 2 GeV. There i s evidence elsewhere that conventional 

intra-nuclear cascade calculat ions consistently overestimate the y i e l d 

of evaporation neutrons from heavy nuclei and so Shen's calculations 

are l i k e l y to be overestimates too. The work of West and Wood indicates 

tha t the scale of the overestimation i s large enough to account f o r the 

remaining discrepancy between Shen's prediciions^and the resul ts of 

Hughes et a l . and the present work. 

Within t h i s uncertainty i n the absolute value of U the calculations 

of Shen appear to be capable of explaining the general r ise of y with 

increasing NAP energy measured by the two experiments.. 

There i s evidence i n the present work that the neutron production 

by pions i s smaller than that by protons.. There appears to be no other 

evidence f o r t h i s i n previous work and no theore t ica l j u s t i f i c a t i o n f o r 

the observed di f ference which i s only s t a t i s t i c a l l y s i gn i f i can t at the 

10% l e v e l . 
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C H A P T E R F I X i 
NEUTRON PRODUCTION BY FAST MUONS 

5"1 In t roduct ion 

There i s in te res t i n bhe process of neutron production by fa s t muons 

both i n the nuclear physics and the astrophysical aspects. Several cosmic 

ray experiments deep underground have been made i n recent years to measure 

the sea l eve l energy spectrum of very high energy muons (>1 TeV) using 

the rock cover as an energy analyser. I t i s of great importance to 

determine the rate of energy loss i n matter of muons at these energies 

so tha t those measurements can be re la ted accurately to the sea level f l j x . 

The rate of energy loss by cosmic ray muons of energy E^ can be 

approximated (Barret t et a l , t 1952) by 

dx 

The f i r s t term gives the con t r ibu t ion from ioniza t ion and exc i ta t ion and 

dominates f o r E I ( < 1 TeV whi l s t the second term contains contributions from 

bremsstrahlung, pa i r production and photonuclear in te rac t ions } and becomes 

increasingly important at very high energies. Although the photonuclear 

cont r ibu t ion i s the smallsst i t i s also the least we l l known and so l i m i t s 

the degree of c e r t a i n t / of i n t e rp re t a t i on of the underground measurements. 

At rather lower energies i t i s possible to measure t h i s energy loss 

and hence obtain information about the nuclear in te rac t ion by comparing 

the measured energy spectrum at sea leve l with that at depths underground. 

The nuclear in te rac t ion of high energy anions was discovered i n under

ground emulsion studies by George and Evans (1950) who detected the 

charac ter i s t ic nuclear "stars". The production of evaporation neutrons 

i n these in teract ions was subsequently established by de Pagter et a l . (1960).. 

The l i m i t a t i o n i n underground studies i s the lack of muon energy reso lu t ion , 

but sea leve l studies of muon interact ions using large spectrographs 
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(Meyer et a l . ^ 1964; A l l k o f e r e t a l . , 1968) have enabled the var ia t ion of 
Vcr (the nuolear cross sectionXproduced neutron m u l t i p l i c i t y product) 

wibh muon eneigy to be measured up to a few hundred GeV. 

The present experiment investigates muons i n the energy range 1~15 

GeV, a region where the photonuclear cross section i s now wel l known 

(Caldwell e t al. , ,1969); the purpose of th i s measurement being the 

v e r i f i c a t i o n of other cosmic ray measurements i n t h i s region, so making 

the cosmic ray studies a t higher energies more r e l i a b l e . Also i t i s 

hoped that the present experiment, using a thickness of lead producer 

intermediate between those used i n otner experiments (Al lkofer et al» 

and, Bergamasco et al«) may c l a r i f y the e f f e c t of the producer thickness 

on the average produced neutron m u l t i p l i c i t y y . 

5-2 The Photonuclsar Gross-section 

Neutron production by muons has been interpreted as due to the 

in te rac t ion between the electromagnetic f i e l d of the muon and the nucleus. 

There are two d i s t i n c t ways by which t h i s in te rac t ion takes place^the d i rec t 

and the ind i r ec t mode. I n the f i r s t the rnuon interacts d i r ec t l y with the 

nucleus via the v i r t u a l photons associated with the muon. In the o ther , the 

in te rac t ion i s between the nucleus and real photons generated by e lec t ro

magnetic cascades i n i t i a t e d by the knock-on, pair production or bremsstrah-

lung processes. 

5"2.1 The Direct Neutron Production 

The product of the muon-nuclear cross-section and the average produced 

neutron m u l t i p l i c i t y f o r a muon of energy E^is given (Al lkofer e t a l . ? 1968) 

b y E-m T 
H max .. n ) 

-V(r ( M ' n ) = 7 ( N ( ^ k , T ^ T r ) v o j k ) ' " d k d r 5.1 

° y k L 4 i n " ' ' 
where N i s the v i r t u a l photon spectrum given by Kessl-sr (1960) 

A/"(T) i s the electromagnetic form fac tor of nuclaons given by 
Dalyasu et a l . (1962) 
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k i s the energy of the photon 

and r i s modulus of the squared 4-moraentura t ransfer . 

The v a r i a t i o n of U c r ( | c ) ^ ' n ^ t n e m e a n mult ipl ic i ty-photonuclear cross 

section product, w i th photon energy i s given f o r laad i n f i g . 5 . 1 , A l l k o f e r 

et a l . investigated the e f f e c t of three d i f f e r e n t assumptions regarding 

^ " ( k ) ^ ' ^ f o r k > 1 G e V s " 

I ^(k)^*^ ~ c o n s t a r v t (Castagnoli e t a l . 1967), 

I I ° " ( k ) ^ , n ^ ~ i n 1 G e V < k < 5 GeV ) 
/ v \ ] (Hogdson et a l . 1968) 

°"(k) = constant,k >5 GeV j 

I I I < r ( k / y ' n ^ ~ k " 1 i n k > ] G e V ( J a m e e l > 1965). 

I n a l l three cases v was assumed (Roos, ] 9 6 l ) to vary as 

_ 

v a k 4 f o r k > 0.3 GeV 

The resu l t s of computing equation 5ol f o r these three cases are 

shown i n f i g . 5.2 as curves I , I I and I I I o 

5r2.2 The, .Indir.ect .Neutron .Production 

The muon-nuclear cross section and m u l t i p l i c i t y product f o r the" knock 

on process i s given by A l l k o f e r e t a l . as 

E m a x E 

/*e f 6 (y n) 

e min • b.2 ^ c o l l ^ s ^ e Probabi l i ty °f a m u o n °f energy ^ t r a n s f e r r i n g energy 

i n range (E , E -hiE ) to an atomic electron a f t e r traversing u n i t thickness e e e 

of lead, and g Q i s the track length of shower photons produced by the 

knock-on e lec t ron. Both 6 and g were taken from Rossi (l956)„ 
D O I J 3 o 

The resu l t of t h i s computation is given i n f i g * 5,2 as curve IV 

I t was found that t n i s resu l t was not sensitive to the assumptions about 
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VO"( lc)^ ' n ^ ^ o r ^> •"• ^ u e ^° ^ e l ' 5 w e r avorage energy of photons i n 
t h i s process. 

The t o t a l neutron production f o r these two processes i s given i n 

f i g . 5.3 f o r the three cases I , I I and I I T . 

Bergamasco e t a l . (1973) have performed calculations f o r neutron 

production al lowing f o r bremsstrahlung and pair-production, using Caldwell 's 

more recent data on the photo-nuclear cross-section (which i s very similar 

to assumption I of A l l k o f e r e t al)< 

The con t r ibu t ion from bremsstrahlung and pair production i s seen i n 

f i g . 5.2 (curve V) to be dominant f o r E > 100 GeV. The resultant contr ibution 

from these various processes are shown i n f i g . 5.3 (curves I (Direct and 

knock-on) and IV (Direct and knock-on, bremsstrahlung and pair production)^ 

The combined cont r ibut ion f o r knock-on and d i rec t in te rac t ion as calculated 

by Bergamasco e t a l , agrees wi th that by A l l k o f e r e t a l . but the bremsstrah

lung and pair-production con t r ibu t ion becomes increasingly more important 

as E^ increases above 10 GeV, As pointed out by Beigamasco et al» th is 

l i m i t s the use of measurements of neutrons production by high energy muons 

as-a t o o l to investiaate nuclear structure via the d i rec t in te rac t ion . 

5r2.3 Experimental Measurements a t Sea Level, 

Two previous experiments have been performed using a neutron monitor 

to invest igate the photonuclear cross-section at high energies using a 

magnet spectrograph f o r measuring the muon energy. 

The f i r s t (Meyer et a l . , 1964) was similar i n many respects to the 

present experiment i n that an a i r gap magnet spectrograph with Geiger™ 

Mviller counters and a f l ash tube array having an mdm of 150 GeV/c was 

used; and the muons were selected from data which predominantly consisted 

of protons (see Hughes et a l ; Brooke e t al, ?1964)., I t d i f f e r e d p a r t i c u l a r l y 

i n the design of neutron monitor which was the standard Leeds monitor (LIGY). 
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This experiment suffered from ]arge s t a t i s t i c a l uncertainties i n both 

the number of in te rac t ing muons and the number of accidental muonc> caused 

by chance coincidences of non-interacting muons wi th the background count 

rate of the monitor. The hadron contamination was a fu r the r possible 

source of e r ro r . 

The more recent experiment by A l l k o f e r et a ] , (1968) e f f e c t i v e l y 

reduced the number of accidental muons and l ike l ihood of contamination 

by hadrons by placing the monitor under 1500 g cm *" of so l id i ron magnet 

and the whole experiment inside a concrete bunker with walls and roof 

600-800 g cm " t h i c k . This reduced the f l u x of hadrons to small proportions 

lowering the monitor background count rate from a normal 200 min ^ to 

13 min and reducing the number of accidental events i n the measurement 

correspondingly. A so l i d i r o n magnet spectrograph u t i l i z i n g six double 

gap spark chambers and four s c i n t i l l a t o r counters, and having an mdrn 

of 2,000 GeV/c, was used i n conjunction with a 6 counter standard 1GY monitor 

(SIGY), The monitor gate was opened 20 ^sec a f t e r the passage of the 

pa r t i c l e through the spectrograph and shut a f t e r 250/zsec, the neutron 

m u l t i p l i c i t y being recorded f o r each event. 

I t can be shown that the product of muon-nuclear cross-section and 

mean produced m u l t i p l i c i t y vcr i s re la ted to the number n of neutrons 

detected a f t e r the passage of N penetrating muons by 
H> 

\fcr ~ A n_ 5»3 
N tef N 
o n 

where A = 207 i s the atomic number of the monitor's producer 
93 N = 6.02x10" i s Avogadro's Number o 

/ ~2 

t = average thickness of producer (=l50g cm f o r v e r t i c a l 

pa r t i c les i n the SIGY and LIGY) 

and gf - neutron detection e f f i c i e n c y (ef = 0,021 has been used 

i n the two previous experiments, f o r all muon energies).. 
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The resu l t s of these two experiments using the above values are 

shown i n f i g . 5«3„ The resul ts of A l l k o f e r et a l . agree well with 

pred ic t ion I (assuming a v i r t u a l l y constant photonuclear cross-section 

above 1 GeV but neglecting bremsstrahlung and pair-production)} agree 

rather less we l l wi th pred ic t ion IV (including bremsstrahlung and pair 

production) at high energies but give a bad f i t to cases I I and I I I . 

The Meyer et a l . resul ts (obtained only from negative muons i n order to 

minimise hadron . (pr inc ipa l ly proton) contamination) are consistently lower 

but have s i g n i f i c a n t l y larger e r ro r s . 

A l l k o f e r et a l . have calculated the average produced neulaon 

m u l t i p l i c i t y v assuming an exponential neutron production spectrum, and 

found a general increase from 5 to 50 as the muon energy increased from 

2 to 250 GeV. This disagreed wi th Meyer et al» who found a constant y 

w i t h i n the large experimental e r ro r s . 

5-2.4 Experimental Measurements Underground 

Several experinents have been performed underground, at depths 

ranging from 40 mwe to 4,300 mwe. 

Bergamasco (1970) used two neutron monitors at 40 mwe^each having 

f i v e BF 3 counters and a lead producer thickness of 150 g cm % placed 

next to a l i q u i d s c i n t i l l a t o r tank. A p las t ic s c i n t i l l a t o r muon telescope 

accepted muons from two di rect ions (corresponding to two depths, 60 end 

110 mwe) and interact ions were i d e n t i f i e d by the pulse sequences i n the 

l i q u i d s c i n t i l l a t o r . 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 e f f i c i e n c y and gave a reported resul t of 0.05. The 

resul t s were corrected f o r background coincidences and f o r pion in te rac t ions , 

and w evaluated using equation 5.3. 

A s imi la r experiment by Bergamasco et air(1973) at 4,300 mwe u t i l i s e d 

a l a rger , non-standard neutron detectoro This consisted of twenty eight 

/ 
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counters, each 40 OP long, having a gas pressure of 70 or Hg, 

embedded i n a (100 x 100 x 40) cm p a r a f f i n blocko The lead target 

had dimensions (80 x 100 x 35)cm and was placed 24 cm above the p a r a f f i n 

blocko 
o 

A 2m s c i n t i l l a t o r telescope selected v e r t i c a l muons and opened a 

2 mil l isecond long neutron gate, al lowing the neutron pulses to be oounteco 

The absolute neutron detection e f f i c i e n c y was measured using a Ra-Be source, 

and the va r i a t i on wi th neutron energy using a Monte Carlo calculat ion i n 

a s imi l a r manner to Pearce and Fowler (1964). The maximum e f f i c i e n c y , 

a t 15 MeV, was 0.006, f a l l i n g gradually to 0 .0°3 at 50 MeV, but f a l l i n g 

very sharply below 10 MeVo The very low value of the e f f i c i e n c y , pa r t i cu l a r ly 

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 

was assumed to be composed of an evaporative component ( due to the lower 

energy photons) and a f l a t spectrum (due to the high energy photons) and 

an estimate was made of t h e i r r e l a t i ve contributions from considerations 

of the photonuclear cross section and the bremsstrahlung photon spectrum. 

This resulted i n the expression f o r the e f f i c i ency 
<£> % O - ^ e v a p * + 0 - l 5 < S f ] a 1 > 5 «4 

= 0.0021 (± 0.0005) 

where < e evap > = 0»CO19 assuming a nuclear temperature of 1.5MeV 

and <e . , > = 0.0C31 f l a t 

This compares with a value of 0.C038 (+ 0.0007) obtained using the 

Ra-Be source,. 

The measured values of v c r f o r the two experiments are shown i n 

f i g . 5.3 p lo t ted at the values of mean muon energy appropriate to the 

two experiments. Although the low energy point i s i n good agreement, 
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the high energy point i s p a r t i c u l a r l y high compared with A l l k o f e r et a l j s 

sea-level measurements. I t would be expected to be somewhat higher due to 

the extra y i e l d of neutrons tha t would resul t from the extra-nuclear 

•"2 —2 

cascades i n the thicker producer (392 g cm c . f . 150 g cm ) . The 

resul ts f o r the average produced neutron m u l t i p l i c i t y are, however, i n 

more reasonable agreement with AUkofe r et a l . being V = 10 at 15 GeV 

and y = 100 a t 275 GeV and so cannot account f o r the d i f ference . As pointed 

out by Bergamasco et a l . the uncertaint ies i n e f f i c i e n c y at these energies 

are p a r t i c u l a r l y great and could be onecause of the discrepency between 

the two,, 

A s imi la r set of experiments by Gorshkov et a l . 1971a and Gorshkov 

et a I * 1971b has been performed at depths of 40 mwe and 150 mwe using a 
-2 

monitor of lead producer thickness 170 g cm o By accepting muons from 

two d i r ec t ions , resul ts were also obtained f o r 80 mwe and 800 mwe. Their 

resul t s f o r vcr are seen i n f i g . 5.3 to be i n good agreement with those of 

A l l k o f e r et a l . 

5-3. The Present Experiment 

5-3,1 Introduct ion 

The experimental arrangement and procedure were the same as i n the 

work concerned wi th the neutron production by protons and pions, and are 

described i n the previous chapter. The data f o r the muon work were taken 

from the same sample, namely the events f a l l i n g i n categories A and D 

( i . e 0 unaccompanied, momentum-analysable tracks with any number of X2 

t racks ) . 

3-3.2. The Selection of Muons and Removal of Accidental Muons 

Events were i n i t i a l l y selected which had [ A ^ | < 3 ° , at least one X2 track which was only s l i g h t l y deviated and an impact on the monitor 

w i t h i n 20 ce l l s ( l c e l l = 2 cm wide) of a channel detecting a neutron,, 

selected which had at least one 
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A muon loses a very small f r a c t i o n of i t s energy i n an in te rac t ion 
(Kesslex ( 1 9 6 0 ) ) and i s p r a c t i c a l l y cer ta in to emerge from the monitor. 
Further , the p robab i l i t y of a low four-momentum t ransfer i s very high 
and makes a s l i g h t angular d e f l e c t i o n s i m i l a r l y l i k e l y (Meyer et a l , 1 9 6 4 ) 
A maximum l i m i t of bhe l a t e r a l scatter as measured i n the X2 f lash tube 
t r a y j of in te rac t ing muons must be assumed i n order to remove the e f fec t s 
of the protons and pions which have charac te r i s t i ca l ly larger scatter.. 

The d i s t r i b u t i o n i n y , the l a t e r a l scatter ( i n uni ts of <r , the 

CX 

t y p i c a l value of scatter expected f o r a muon - see section 3 - 3 . 7 ) f o r a l l 

events with | < 3 ^ a monitor response, a nearest impact distance 2 0 ce l l s 

and oneor moie X2 t racks , i s shown i n f i g . 5 „ 4 * f o r both posi t ive and 

negative pa r t i c l e s . There i s evidence fo r there being two superimposed 

groups of p a r t i c l e s , one predominantly below 8<y , the other above the 

same. 

To invest igate the e f f e c t s of accidental events on th i s d i s t r i b u t i o n , 

the spectrograph has been operated without requir ing a response from the 

neutron monitor, although i n a l l other respects iden t i ca l to the normal 

spectrograph and monitor mode. The events recorded i n t h i s , so called, 

muon mode have been analysed i n the same way as the normal events into 

the categories A to G (section 4 . 3 ) . Shown i n table 5 . 1 i s a summary 

of the events recorded. 

The d i s t r i b u t i o n i n y f o r the muons i n categories A and D, wi th 

| A i | j | < 3 ° i s given i n f i g . 5<»5 and shows that very few (&3%) of the muons 

have scatters gieater than 8 <r • The large f l-action of muons wi th 
C X 

values of y greater than tr can be explained i n terms of the measurement 
CX 

errors i n the spectrograph and X2 f l a sh tube t ray (section 3 - 3 . 7 ) . 

Assuming tha t the in te rac t ing muons should not be scattered much more 

than the non-interacting ones i t would seem reasonable to a t t r ibu te 

the major i ty of those events with y <8<r to in te rac t ing and non-
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TABLE 5.1 

Category of Name Fraction of 
Event Events % 

A B 75 

B F 7 

G EAS 1 

D B(P) 3 

E F(P) 1 

F Dense 1 

G Reject 15 



FIG. 5.5 

The Distribution in Lateral Scatter of Muons in the Neutron Monitor 
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in te rac t ing muons, and the rest to in te rac t ing protons and pions, as 

assumed by Meyer et a l . . 

The absolute number of accidental muons i n f i g . 5<,4 has been 

calculated and subtracted from the totalo The remaining d i s t r i b u t i o n 

i s assumed to consist of in te rac t ing muons (< 8r ) , protons and pions. 
cx 

The number of accidental muons u i s given by 
acc 

M = RoAt M i . a . 5.5 
acc = 

mace 

where M = number of single p a r t i c l e t r iggers (GM s) wi th or 

without a response from the monitor 
» 

A t = the monitor gate width (sees) 

R = background count rate of the monitor (sec 

i . a = f r a c t i o n of accidental events which s a t i s f y the analysis 

requirements ( i . e . those i n categories A and D, 

|Aty|<^°) a n c * only includes that f r a c t i o n i which 

have impact distances wi th in the chosen l i m i t . The 

f ac to r a has been found from table 5 . 1 . 
and m " average neutron m u l t i p l i c i t y f o r the accidental events, 

acc 
During the experiment i n which the in terac t ing muons were recorded, 

R = 11 sec" 1 

&t = 300^»sec 

M = 8.13 X10 5 

and m was found to equal 1.12. 

The expected impact d i s t r i b u t i o n f o r the accidental events has been 

calculated ( f i g . 4 . 1 ) using the v a r i a t i o n of muon f l u x over the monitor 

found i n the muon-mode experiment, and the r e l a t ive count rates from each 
/ "1 \ channel given i n table 3.2 (normalised to a t o t a l of R = 11 sec ) . I t 

has been found that i - 27 and 48% of the events f a l l w i th in a range 

10 ce l l s and 20 ce l l s respectively.. 
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The numbers of negative and pos i t ive accidental muons have been 

calculated assuming a muon charge r a t i o of 1.28 (Cwen and Wilson,195l) 

over the whole of the momentum range. 

5-3.2 Proton and Pion Contamination of the Muon Sample 

Using the d i s t r i bu t i ons i n y f o r posi t ive and negative par t ic les 

wi th the correct ion fo r accidental events, i t i s possible to roughly 

estimate the numbers of pos i t ive and negative NAP s (protons and pions) 

having y < 8o~ , by making the fo l l owing assumptions:-
CX 

1. The muon charge r a t i o i s 1„28 (=N(4 ) /N(- ) F 

2o the muon-nuclear cross-section i s independent of charge^ 

3. the y d i s t r i b u t i o n of pions has the same shape as that of protonsj 

4. there are no in te rac t ing muons with y > 8cr . 
CX 

Then charge r a t i o r of NAP s i n each range of y i s the charge ra t io 

of NAP's wi th y> 80" (using 3 and 4) which i s 
CX 

r = 9.7 from f i g . 5.4. 

Therefore assuming 2 we can equate the numbers of positive and 

negative in te rac t ing muons (allowing f o r the charge r a t i o ) , i n each 

of the eight ranges of y less than, <r „ by 
*• CX 

(N" - x) 1.28 = N + - xr 5„6 
+ 

where N and N are the numbers of par t ic les i n each y range 

and x i s the number of negative NAP s i n each y range. 

The resul t s of t h i s simple analysis indicate that there are about 10 

negative NAP s and 100 posi t ive NAPs i n the muon sample. 

The re su l t ing in te rac t ing muon y - d i s t r i b u t i o n i s very s imi lar to 

tha t obtained f o r accidental muons ( f i g . 5.5) as expected. The actual 

number of in te rac t ing muons (of both charges) i s estimated to be 260 

of which 114 are negative, only about one ha l f of the number of accidental 

muons removed from f i g . 5*4* 
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To f u r t h e r improve the selection of in teract ing muons over the 

accidental ones, only those events which have impact distances less than 

10 c e ] l widths have been usedo The e f f ec t ive number of muons incident 

on the monitor during the experiment i s then given by 

IJj a M. a 0 j 5.7 

where j i s the f r a c t i o n of in t e rac t ing muon events selected under the 

impact c r i t e r i o n and has been found from the d i s t r i b u t i o n i n impact 

distances f o r NAP s given i n f i g . 4 . 1 , to be 0.8b. 

In view of the large proton contamination of the posi t ive in teract ing 

muohs (~70%), the photonuclear cross-section has only been investigated 

using negative muons, where the correction f o r negative pions i s r e l a t i v e l y 

small ( ~ K $ ) . 

5-4 Tho Experimental Results 

The number N of events wi th X2 t racks, having y< 8er and impact 

distances less than 10 c e l l widths , and the resu l t ing number n of neutrons 

are given i n table 5.2 f o r various ranges of magnetic def lec t ion , 

Also shown are the values of these quantit ies a t t r ibu ted to muon interactions 

i . e . a f t e r the pion and accidental muon contaminations have been subtracted. 

The r e l a t i ve numbers N of muons i n each de f l ec t ion range 9 incident on the 

monitor during the experiment has been found from the muon de f lec t ion 

spectrum derived from the muon-mode events. 

The in teg ra l muon momentum spectrum derived from t h i s d e f l e c t i o n 

spectrum and si-own i n f igure 5.6 without any momentum measurement corrections 

being appl ied, agreed very v^ell wi th the spectium given by A l l k o f e r et a l . 

(1971) and Hayman and Wolfendale (1962), a f t e r normalisation of the 

absolute i n t e n s i t i e s . 

The neutron time d i s t r i b u t i o n for the events with and without the 

correct ion f o r the accidental muons (which are characterised by a f l a t 
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time d i s t r i b u t i o n ) i s shown i n f i g . 5.7. The agreement of the corrected 

d i s t r i b u t i o n with that obtained f o r NAP s ( f i g . 3,7) demonstrates that 

the e f f e c t of the accidental events has been accounted f o r correct ly . 

The product of muon cross-section or and mean produced m u l t i p l i c i t y 

V f o r each A range has been calculated (table 5.2) using 

vor = A . n_ cm2/Pb nucleus 5.8 
N Q t eCB^Jf 

where A = 207 

N = 6 .02 .10 2 3 

o 

t = 270 g cm" 2 

f = 0.70 

and 6"(E ) = 0.035. 

The mean m u l t i p l i c i t y V has been calculated from 

V » (in - l ) 5.9 

where m i s the average detected m u l t i p l i c i t y a f t e r corrections 

f o r background events and pions. 

The resul t s are given i n table 5.2. ' r 

The choice of e(E ),being that appropriate f o r evaporation neutrons 

produced by low energy (~100 MeV) cosmic ray neutrons, i s j u s t i f i e d because 

the nuclear exc i t a t i on by the two processes should be s imi l a r , given that 

they produce a s imi lar value of m (1.24 f o r cosmic ray neutrons compared 

wi th the valuesin table 5 .2 ) . At t h i s low energy the nuclear exc i t a t ion 

i s rather insensi t ive to the primary energy ( f i g . 2..1) and j u s t i f i e s a 

constant e f f i c i e n c y i n the f i r s t instance. I t i s apparent that the large 

errors i n m do not al low a meaningful estimate to be made of the va r i a t ion 

of e f f i c i e n c y with muon energy. 
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Real Time Distribution of Neutrons Produced by Interacting Muons 
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5 "5 Piscussion 

The values of vcr measu3*ed by Al lko fe r et a l . using the SIGY monitor 

should not be d i r e c t l y compared wi th those of Meyer et alo using the LIGY 

monitor because the same value of e f was used f o r both experiments. I t 

has been demonstrated by Hatton ( l 9 7 l ) that the e f f i c i e n c y appropriate 

to the centre region of the LIGY has been measured to be € = 0.03 whi l s t 

a comparison of the counting rates of the SIGY and LIGY indicate (see 

section 3-1.4) a r e l a t ive average e f f i c i e n c y f o r the whole surface of the 

SIGY of 0.022. The e f f i c i ency appropriate to the experimental measurements 

of A l l k o f e r e t a l . w i l l admittedly be s l i g h t l y higher than t h i s i f , as i s 

l i k e l y , the muons interacted towards the centre of the monitor but i t i s 

very un l i ke ly that the e f f i c i e n c y i s as high as 0.03. Since the precise 

correct ion depends on a knowledge of the acceptance of the spectrograph 

and t h i s i s not known, the value of 0.C3 could be considered as an over

estimate by about 20-30%. Using the value of gating e f f i c i e n c y given by 

Hatton and Tomlincon (1968) f = 0.64 ( c . f „ f = 0.70 quoted by A l l k o f e r 

e t al,) we get Ff £ 0.C19, which w i l l increase yg' by at least 8%. These 

corrected values would no longer give a very good f i t to any of the 

calculated curves i n f i g . 5.3. 

The vcr values obtained by Meyer et a l . are also too low by 8% 

due to the overestimating of f so that these; i f corrected, would agree 

bet ter with curve I i n f igure 5.3, 

The values of vcr f o r both experiments (corrected f o r the over-

estimation of f ) are shown i n f igu re 5.8 together wi th the values 

calculated i n t h i s experiment. 

The values obtained i n the present experiment are generally mid-way 

between these two s imi lar previous experiments and agree wel l with the 

theore t ica l predic t ion . The errors shown are the s t a t i s t i c a l errors not 

only due to the neutrons produced by the interactions but also the errors 
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due to bhe subtraction of accidental neutrons. In spite of these large 

s t a t i s t i c a l uncertainties i n vo~ , i t would be d i f f i c u l t to reconcile the 

resul ts of A] l ko fe r et al»'s experiment with those of others i f there 

was a systematic increase i n u r o f 30% as a resu l t of a lower neutron 

detection e f f i c i e n c y f o r the SIGY. However> i t should be remembered 

that no d i r ec t measurement of t h i s monitor 's e f f i c i e n c y has been made 

and so a cer ta in amount of doubt exis ts about i t . 

I t might be expected tha t a l l these values should be s l i g h t l y 

higher than the theore t ica l curves because the theore t ica l curves are 

based on a vanishingly small producer thickness and where the contr ibut ion 

to v from the extra-nuclear cascade which develops, i n general, i n a f i n i t e 

producer-thickness^is neg l ig ib le . Further, V should increase with the 

producer thickness and t h i s i s confirmed by the resul ts i n table 5.2 which 

M ""2 

show that v f o r the DIGY ( t = 270 g cm ) is about twice that f o r the 

SIGY ( t = 150 g cm" 2 ) . 

This r e su l t i s i n contrast to that obtained by Bergamasco et a l . 

using an even thicker producer ( t = 390 g cm ) , but the s t a t i s t i c a l 

errors are very large. Although some increase i n y would be expected 

as the producer thickness increases, the increase measured i n t h i s 

experiment, r e l a t i ve to the resul ts of Al lko fe r et a l . s i s rather larger 

than expected from the comparison of neutron production by NAPs i n the 

LIGY and DIGY monitors (see f i g . 4 . 5 ) . This suggests that e i ther some 

events have been mis -c lass i f ied i n the present experiment or the difference 

i s a s t a t i s t i c a l f l u c t u a t i o n . The probabi l i ty of the l a t t e r p o s s i b i l i t y 

i s estimated to be about 20% 

The problem l i e s i n the m u l t i p l i c i t y d i s t r ibu t ions of the two 

experiments; e i ther the present experiment has too few low m u l t i p l i c i t y 

events or that of A l l k o f e r e t a l . has too many high m u l t i p l i c i t y events. 

Neither a l te rna t ive i s easy to understand and i t is not possible to 



108 

compare meaningfully the two multipJicily distributions because of their 

large statistical errors. 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. 

Consequently if the average neutron multiplicity increases with thickness 

by as much as is suggested by the present experiment, i t would be difficult 

to reconcile the results forycrof the present experiment with those of 

the shielded and underground experiments, which are generally higher. 

It can be seen in fig. 5.8 that vcr for the two unshielded experiments 

(this experiment and that of Meyer et a l j is generally lower than for the 

shielded ones. The unshielded experiments differ from the others in their 

use of only negative muonso. In Allkofer et a l . 's experiment positive 

muons account for about 50% more produced neutrons than the negative muons, 

compared with 30% which would be expected assuming a charge ratio of 1.3 

and identical cross sections. Although it has been suggested (e.g. 

Osborne et dl. , 1973) that an anisotrcpy exists between the electro-magnetic 

interactions of positive and negative muons, the data summarised here are 

of such limited statistical significance, to contribute l ittle 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. 

I t would be expected therefore that the experiment of Allkofer et a l . 

is more reliable than the others, i t s only major source of error being in 

the choice of efficiency which may have resulted in vo~being systematically 

underestimated by 30$. Although this would raise the experimental points 
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s i g n i f i c a n t l y above the calculated values, i t might be expected that i f 

an allowance was made f o r neutron production i n the extra-nuclear cascade, 

the calculated values of vcrwould increase s l i g h t l y and so restore better 

agreement with t h i s experiment. 

At high muon energies another f ac to r becomes important; the var ia t ion 

of neutron detection e f f i c i e n c y wi th muon energy. An attempt was made 

to allow f o r t h i s by Bergamasco e t a l . but no allowance was made by 

A i l k o f e r e t a l . . Using the values of <e > and <€ _1 ,> appropriate 

to the SIGY (using € ( ^ n ) given by Pearce and Fowler 1964) we get 

from equation 5.4, <£> ~> 0.027 at E ~ 250 GeV 
A* 

where <£• > = 0.031 
^evapr 

and <£... .> = 0.005 f l a t 

i . e . a decrease of about 10% from the e f f i c i ency at 1 GeV. An al ternat ive 

estimate f o r t h i s decrease can be made from f i g . 2.12. 

Assuming that the neutrons from a 250 GeV muon (which w i l l produce 

about 50 neutrons on average) have a s imilar energy spectrum to a 5 GeV 

NAP (being that which w i l l also produce about 50 neutrons) the decrease 

i n e f f i c i e n c y from E^zl GeV to 250 GeV should be about 10%. This agrees 

with the estimate made by Bergamascoo 

I f A l l k o f e r e t a l j s high energy values of VCare corrected f o r t h i s 

e f f e c t the general slope of t h e i r data would agree better with Bergamasco 

et a l . 's predicted curve IV and bet ter agreement would be obtained wi th 

the underground measurements. 

5-6 Conclusions 

At low energies a l l the experiments give values of urwhich agree 

generally with each other, w i t h i n the s t a t i s t i c a l e r ro r s , although the 

resul ts of A l l k o f e r e t a l . may be systematically too low by a s i gn i f i c an t 

amount due to the overestimation of the neutron detection e f f i c i e n c y of the 

SIGY monitor. 
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Howeverj close investigation of v> the average number of neutrons 
produced per interaction, suggests larger differences between the 
experimental results of Allkofer et a l . and the presenb 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 interaction as either the th in or thick lead 
producer experiments of Allkofer et al.and Bergamasco et a l . respectively, 
although the s ta t i s t ica l errors are large. Since the increase is only 
significant at the 20$ level , this result is rather inconclusive. 

The values of y<r measured in the present vrork and the experiment 

of Meyer et alo are generally lower than the others. Although this could 

be because of a lower interaction cross-section for negative muons than 

fo r positive muons, the-possibility of i t s having arisen from an 

experimental bias cannot be ruled out given the large corrections 

necessary in these two experiments to remove the effect of neutrons 

produced by NAPs. 

The results of Allkofer et al„ appeal to constitute the most reliable 

data on the variation of W with energy over the range 2 to 250 GeV, 

having smaller s ta t i s t i ca l errors and not needing the large corrections 

mentioned above. There is evidence that at lower energies these data 

would signif icantly overestimate wr i f the most probable value of neutron 

detection efficiency of the SIGY is used (which would increase vcrat a l l 

energies by about 30%) and so i t is possible that a systematic error 

may cause vcr to be overestimated over the whole energy range,. This is 

not consistent though with the high energy measurements undeigiound which 

are s ignif icantly higher than those of Allkofer et a l . although the 

Allkofer et a l . values may be too low by about 10% due to the f a l l in 

neutron detection efficiency with muon energy. However> although there 
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i s doubt about the absolute values of vo measuied by Allkofer et a l . s 

the increase with energy is reasonably consistent with the results 

of the other experiments at the low and high energy l imitso 

Compared with the theoretical prediction, the results of 

the present experiment fo r the variation of va in the low energy 

region where direct neutron production by knock-on electrons is 

dominant reinforce the general agreement of the other experimental 

results in this region. 

I t has been pointed out that i f an allowance is made for the 

change in neutron detection efficiency in the experiment of Allkofer 

et aL, their results for the variation of vcr towards higher energies 

could give better agreement with the theoretical prediction of 
c 

Bergamasco et al 
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C H A P T E R S I X 

THE USE OF A NEUTRON MONITOR IN EAS 

6-1 Introduction 

This work originates from the suggestion by Hughes 

and Marsden (1966) that the neutron mul t ip l ic i ty distribution measured 

with a monitor could give information about the energy spectra of the 

NAPs producing the neutrons. Hughes and Marsden demonstrated that the 

mul t ip l ic i ty distr ibution measured by the LIGY monitor when exposed 

to the sea level f lux of cosmic rays, could be accounted for by making 

a rea l i s t ic assumption about the (relatively unknown) sea level neutron 

energy spectrum,, I t was deduced that a unique relationship existed 

between the incident energy spectrum and the produced mul t ip l ic i ty 

distr ibution so that monitoring the changes i n the mul t ip l ic i ty 

dis tr ibut ion would give information about the time variations of the 

sea level neutron spectra and, i n turn, the primary spectrum. In 

particular, the changes i n the primary spectrum above 15 GeV and up 

to 200 GeV would be reflected i n measurable changes in the rate of 

high multiplici t ies, , 

Latitude surveys of neutron monitors, reviewed by Hatton (1971), 

have demonstrated that increases i n the average mul t ip l ic i ty indeed 

occur as the average primary energy increases, but that the changes 

are rather small due to the fluctuations in the extra-nuclear cascades 

in the atmosphere (Kodama and Ohuchi, 1968) which cause changes in parts 

of the primary spectrum to have an affect over a wide range of 

multiplicit ieso 

The results of Shen (1968) confirmed that the monitor, i n 

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 sensitivity to changes i n 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 mul t ip l ic i ty distribution (Nobles 

et alo 1967). The monitor, called the Lockheed mul t ip l ic i ty monitor, 

has a thickness of t = 2<>5 inelastic interaction lengths, or more than 

three times that of the SIGY or NM64. The efficiency was very high on 

account of the laige number of BF^ counters employed and the use of 

bismuth and reactor~grade graphite fo r producer and moderator 

respectively s both of which have relatively low thermal neutron capture 

cross-sections. The effective area presented to the cosmic ray f lux 
* 2 2 was very small (~0.3 m compared with ~ 7m for the NM64) and so the 

sea level counting rate was also considerably low, and the usefulness 

in time variations studies has been rather l imited. However, substantial 

changes 5n the mul t ip l i c i ty dis tr ibut ion 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 a l . (1969). 

As pointed out by Shen, this extension in the use of neutron monitors 

is limited in the cosmic ray beam by the sharply f a l l i ng NAP energy 

spectrum, and the poor energy resolution associated with the broad 

exponential distr ibution of the produced neutrons and slow increase of 

average produced mul t ip l i c i ty with energy. However in EAS the NAP 

energy spectrum has a lower value of slope compared with that found 

in time variations studies, and therefore the lack of energy resolution 

should not constitute such a l imitat ion. In EAS however, neutron 

monitors have almost entirely been used for NAP detection only ?e.g. 

Danilova (1964); Chatterjee et al.(l963 ) . 

Exceptions to this are Hughes and Marsden (1966) who operated 

a standard TGY monitor i n conjunction with a shower selection device 

and measured the average neutron mul t ip l ic i ty m for various ranges 
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of density of shower particles.. They found that m remained roughly 

constant over the range of densi ty 5 to 50 particles per square meter. 

More recently, three NM64 monitors have been used by Bb'hm et a l e 

(1970) and van Staa et al e(1973) to measure mul t ip l ic i t ies recorded 

in HAS of size 10^ to 5.10^ particles and at core distances between 

2 and 100m. Due to the large sensitive area of their neutron monitors, 

they were not able to ident ify the mul t ip l ic i ty produced by each NAP 

but they were able to roughly predict the variation of mean NAP energy 

with core distance, which decreased rrmotonically (with the average 

mul t ip l i c i ty ) for increasing core distanced 

A measurement in EAS of the mul t ip l ic i ty distr ibution has been 

made by Hook et al,.(l970) using a monitor very similar to the one 

used in the present experiment. The shape was shown to agree with 

that expected f o r the shape of an NAP energy spectrum given by 

Greisen (1960) fo r a core distance of r = 5m<> However it 'would appear 

that the agreement is rather fortuitous because the calculation used 

the neutron production mul t ip l i c i t i e s given by Shen which are almost 

certainly overestimates (see chapter 4) 0 

In the work of Hook et alo a spectrograph situated over the 

monitor was used to simultaneously record, visually, the particle density. 

I t was found that the average mul t ip l ic i ty was constant at about 2.2 over 

a wide range of particle densities, i n agreement with Hughes and Marsden 

but that at the highest density measurement (~ 150 particle per m ) near 

the shower core, the average mul t ip l i c i ty increased to 40 This was 

interpreted as being possibly due to the hard spectrum of NAPs in the 

core region. However, according to BShrn et a l . the electron-photon 

component w i l l make a significant contribution to the neutron y i e ld , 

especially in the core regiono Also, the high probability of recording 
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more than one NAP in the same EAS is a problem in using the mul t ip l ic i ty 

dis tr ibut ion fo r derivation of energy spectra,, 

In this chapter, the monitor response i n large EAS is considered 

using the results of computer simulations of the EAS development to 

give f a i r l y rea l is t ic energy spectra of NAPs, muons and electrons 

incident on a monitor situated i n an EAS array, so that the usefulness 

of monitors in this type of experiment can be assessed. 

At the present time, agreement between model calculations of the 

development of EAS and experimental data is based on important 

assumptions about the nature of ultra-high energy interactions and of 

the primary radiation. Whilst i t would be hoped that the response 

of a monitor in EAS w i l l give information about t h i s , i t is not the 

direct concern of this worko Rather, the aim is to use the models to 

investigate the sensit ivity of the monitor response to changes in certain 

important factors affecting the development of the shower, and the 

accuracy of measurements of this response. These factors are the primary 

mass and the depth in the atmosphere of the f i r s t interaction of primary 

part icles, the la t ter of which is considered to be responsible for large 

fluctuations in the properties of showers ini t ia ted by protons. 

Monitors with d i f ferent values of producer thickness and neutron 

detection efficiency are considered i n order to optimise the design of 

devices fo r use in EAS studies,, 

To estimate the s ta t i s t ica l accuracy of the monitor response from 

the expected absolute frequency of "useful" showers within the range 

of a monitor, the shower collection characteristics of an actual 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 

6-2ol The Mul t ip l i c i ty Distribution 

Shen (1968) has shown that the mul t ip l ic i ty distribution M(ir) 

of detected neutrons due to a f lux of NAPs incident on a neutron monitor 

can be related to the energy spectrum of the NAPs by 

M(ir) = 2 f(m,E ) N (E ) A E 6.1 
n= S S S 

S 

where f(m,E ) = A (E )exp (-a(E ) m) 6.2 s »̂ s s 

is the probability of an NAP of average energy E giving a detected -

neutron mul t ip l ic i ty m; 

and A a(E s)-exp (a(E g)) - 1 6.3 

i s the normalization constant so that 
00 — 
£ fU ,E J = 1 j 

m=l s 

and N(E ) i s the d i f f e r en t i a l energy spectrum of NAPs. s 
E is defined as / E N(E ) dE where s J s s s 

A E " s 
A E is broad enough so that f(m>E ) is approximately 

S 5 

an exponential function of m. 

As pointed out by Shen, f (ir,E ) is not necessarily a single 
s 

exponential due to the production of evaporation neutrons from many 

nuclei in the extra-nuclear cascade. However, Shen showed that the 

average f(m,E ) in a range A E could be closely approximated to a s s 

double exponential and this has been confirmed by the results of the 

present work (chapter 4). For the purposes of this investigation, 

f(ir.,E ) has been assumed to be a single exponential over similar energy 
5 

ranges to those used i n Chapter 40 The results of Chapter 4 also indicate 

that the average neutron mul t ip l i c i ty m for pioris (probably the principle 

NAP component i n large EAS) may be lower than that for protons (the 
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principle source of neutrons i n the work described i n Chapter 4). I t 

has been assumed, following Shen, that the neutron production by pions 

is the same as that by protonso 

The measured neutron mul t ip l i c i ty distribution resulting from a 

number of EAS incident on a neutron monitor w i l l only correspond to the 

calculated distr ibution i n equation 6»1 i f the mul t ip l ic i t ies of neutrons 

from each NAP can be separately identified,, I f , for example, the detected 

mul t ip l ic i t i es arise from two NAPs, each characterised by a single 

exponential probability distr ibution of mul t ip l ic i t i es , then the resulting 

distr ibution of mul t ip l ic i t ies w i l l be of the characteristic double 

exponential form described by equation 4«11. In general, i f there are 

D simultaneously incident NAPs interacting i n the neutron monitor, the 

probability of y neutrons being produced is given by Bohm et a l . (1970) 

as: -

I (v) = n e " a i v i (1 - e~ a i ) 6.4 
i=l ,D 

where . 2 v . = v l - l , u 1 

so that the measured mul t ip l ic i ty (m) distribution is 

00 

6,5 

Clearly, this I (v ) function introduces severe complications in the 

predicting of the detected mul t ip l i c i ty distr ibution, and great care must 

therefore be taken when measuring the mul t ip l ic i ty distributions in 

EAS to -

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

monitor simultaneously, and 

(b) t r y to ident ify each extra-nuclear cascade by either an 

auxiliary apparatus or by individual hodoscoping of the 
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neutron detectors to resolve the spatial distribution 

of detected neutronso 

The probability of m neutrons being detected from one NAP in a 

monitor of thickness t and efficiency ef is 

q(rp;t,ef) = 2 p(m;t,cf»E J N(E ) i ( t ) A E 6.6 
p ->p s s s 

s th 

where i ( t ) i s the probability of the NAP interacting in the thickness 

t of monitor = ( l - e ) assuming t is less than the range of the NAP 

where X is the inelastic interaction length; 

N(E ) A E is the probability of the NAP having an energy in the 

range of width A E and mean E 
s s 

oo 
and 2 N ( E ) A E = 1 

E = 0 s s 

s 

where E ^ i s the low energy threshold ( i . e 0 the energy required to 

penetrate the reflector of the monitor); 

and p i s the piobability of an NAP of energy E producing m detected 
5 

neutronsj given by 

p(n>;t,tf , E G ) = j l - exp(-a( t , f f , E S ) ) J exp (-a(t ,ef , E S ) m) 6.7 
CO 

where p = 1 m=0 r 

and a = log + 1 
v ( E )cf s 

Assuming a Poissonian dis t r ibut ion in the positions of the NAPs over 

the plane containing the monitor as assumed by Bohm et al», the Hmiting 
9 density D below which the probability of a monitor of area A = 10m m 

having two or more NAPs incident on i t simultaneously is less than 1$ 

or 10%, is given by 
(D A ) X 

P(x>l) = 1 - S Q j l - ^ r ~ exp(-D A) = .03, . 1 6.8 
••2 "2 -2 

whence D

m ~ 10 and 5.10 m respectively. 



In the case of a lm^ monitor (or a larger one with a spatial 

resolving power of lm ) , these l imi t ing densities are 

D m ~ 1 0 " 1 a n d 5 ' 1 0 " l m " " 2 respectively. 

Thus for average NAP densities D less than D m , the mul t ip l ic i ty 

distr ibution for N showers incident over the monitor of area A is 
s 

given by 

P(n>;t,£-f) = N oD.A.q (m;t,ef) 6 .9 

and this dis tr ibut ion w i l l have an average mul t ip l ic i ty 
_ 00 
m = H i P f a i t , 6 f ) m r 6 # 1 0 

oo 

£ = i P(m;t,ef) 

6-2o2 The Neutron Yield Per Shower 

For NAP densities above this l imi t D (e.g. near the core of the 

EAS) the monitor may s t i l l be usefully operated as an energy absorbing 

device. The only quantity of interest would be the average number of 

neutrons detected per shower; the actual shape of the mul t ip l ic i ty 

distr ibution being of l i t t l e relevence in view of the uncertain form of 

the production spectrum (equation 6 . 4 ) . 

The average number of neutrons detected per incident NAP is 
00 

< m > = J E i qU;t,ef) m 6 . 1 1 

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 E above 

zero* i 

6 - 2 . 3 The Sensitivity 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 i n the cosmic ray beam at sea level is typically 
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150 MeV. A consequence of the sKarply fa l l ing cosmic ray NAP spectrum 

at th is energy and the relat ively slow rise i n v(E ) , (see f i g . 2.6 ) 
s 

is that the range of E contributing to the counting rate is small and 
s 

so measurements of variations in the counting rate essentially give 

information on changes in the NAP spectrum at energies just above the 

threshold. 

Following the suggestion that the mult ipl ic i ty distr ibution of 

detected neutrons can give information at higher energies, the median 
energy E (m) of NAPs contributing to a detected mul t ip l ic i ty m in the s 

LIGY has been calculated by Hughes and Marsden^and Hatton, for this 

spectrumo They showed that E (m) increased monotonically with m from 

0*12 GeV for m = 1 to 3„5 GeV for m » 6. The upper l i m i t of the energy 

range to which mul t ip l i c i ty measurements are sensitive is dependent 

on the s ta t i s t ica l limitations of the higher mul t ip l ic i t ies . In time 

variations studies for example, this l imi t 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 l imi t w i l l be determined by the frequency of detected 

showersjthe density of NAPs i n the showers and partly by the shape of 

the NAP energy spectrumo 

In order to estimate the approximate sensitivity of the mul t ip l ic i ty 

dis t r ibut ion to changes in the shape of the NAP spectrum.Calculations 

have been made (Dixon et aL, 1971) of the variation of m with the 

exponent Yof the integral NAP energy spectrum (given by N(>E )= const. 

E %J E > 1 GeV), for a typical neutron monitor. The results are shown 
S 5 

i n f i g . 6 .1 , I t i s seen that for these simplified spectra, the variation 

of the average measured mul t ip l i c i ty reflects the change in slope of the 
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The dependence of m on slope of spectrum of incident particles. 
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spectra to a marked degree. 

To investigate the effects of fine structure in the spectrum, 

the mul t ip l i c i ty distributions have been calculated for the spectra 

shown in f i g . 6.2. where the Nfc>E ) consto E spectrum has 
s s 

been perturbed in four places in turn (a-d). The five resulting 

mul t ip l i c i ty distributions are shown in fig» 603« 

I t can be seen that changes i n the spectrum at low energies^ 

a few GeVvare reflected in the mul t ip l i c i ty distr ibution over a wide 

range of mul t ip l ic i t i es and the changes at higher energies have far 

less effect . This is due to the relat ively large contribution to 

a l l mul t ip l ic i t i es from the low energy part of the spectrumo 

As a result i t is possible that the mul t ip l ic i ty distribution 

could only be used to measure the slope of the energy spectrum in 

the range 1-10 GeV; studies at higher energies requiring s ta t is t ical 

samples which are orders of magnitude larger i n size. 

I t should be remembered that this spectrum represents a very 

unrealistic contribution from charged NAPs with energy around 1 GeV. 

In real i ty the spectrum flat tens o f f at low energies due to ionization 

losses, and this w i l l increase the sensitivity of the mul t ip l ic i ty 

dis tr ibut ion to the spectral shape at higher energies. The effect 

of this and the s ta t i s t ica l limitations w i l l be dealt with later on 

when more real is t ic spectra are considered. 

6-3 NAPs in EAS_ In i t ia led by Primaries of Energy 1037eV 

6-3„1 Introduction 

The EAS model calculations used in this work (Dixon et al.1973) 

cover a wide range of primary particle energy Ej(lO'''/'~10''''''eV) and 

atomic mass number and predict the numbers and energies of electrons, 

muons, nucleons and pions arriving at sea level at various distances 

from the core of the shower. 
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THE PERTURBATIONS IN THE NAP ENERGY SPECTRUM 
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Since a l l these components of EAS can contribute to the production 

of neutrons in a monitor, these calculations can be used to estimate 

the relative yie ld of neutrons from each component. The results of 

Dixon et al .(l973) and some measurements by Kellerman and Towers (1970) 

of photons in showers of high energy have been used to estimate the 

average number of neutrons produced i n a monitor. The monitor has been 
""2 

assumed to be one interaction length thick (200g cm of lead) with 
o 

an area of 10m and a neutron detection efficiency of 0.03. The 
c 

calculation of the number of produced neutrons is 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 a l . that the 

neutron yield is proportional to the energy flow of the electron-photon 

component, normalised to the accelerator result of Bathow et al<1(l966)<> 

In agreement with Bb'hm et al.these results indicated that the 

electron-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 f a l l s of f rapidly at the 

larger distances. I t would appear from this rough estimation that NAP 

studies w i l l be seriously hampered by the presence of the election-

photon component (and perhaps the muon component as well) unless special 

precautions are taken to minimise these effects (by the use of an absorbi 

layer above the monitor, for example). The effect of this contamination 

and the means by which i t may be minimised w i l l be considered in more 

detai l later on in conjunction with a study of the design of a neutron 

monitor fo r EAS studies. 
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The average energy s p e c t r a of p ions c a l c u l a t e d by Dixon e t a l „ 

and shown i n f i g s . 6 . 4 , 5 and 6 ( curve A ) f o r v a r i o u s d i s t a n c e s from 

17 

the core o f a v e r t i c a l shower i n i t i a t e d by a 10 eV p r o t o n , show t h a t 

both the average energy of the spectrum and the number of p ions i n c r e a s e s 

a s R d e c r e a s e s . F o l l o w i n g the r e s u l t s shown i n ' f i g . 6 .1 i t would be 

expected t h a t t h i s would be r e f l e c t e d i n a neutron m u l t i p l i c i t y 

d i s t r i b u t i o n of h i g h e r average (m) 0 

The p r o b a b i l i t y o f d e t e c t i n g a m u l t i p l i c i t y m from a p ion of 

energy E p 

q - ( m j t j C f ) = p ( m ; t , e f , E ) N(E ) i ( t ) 
E s s 

i n a t y p i c a l moni tor i s i n d i c a t e d i n f i g . 6 .7 f o r the two s p e c t r a ( A ) 

g iven i n f i g s . 6 » 4 and 6 „ 6 . I t appears t h a t the m a j o r i t y of the 

neutrons a r e pToduced by p i o n s i n a r e l a t i v e l y narrow energy range 

c e n t r e d on about 10 GeV, and t h a t p ions wi th e n e r g i e s below 1 GeV do not 

s t r o n g l y c o n t r i b u t e to the m u l t i p l i c i t y d i s t i i b u t i o n . T h i s has been 

regarded a s j u s t i f i c a t i o n f o r n e g l e c t i n g them i n t h i s work. 

The median energy f o r a d e t e c t e d m u l t i p l i c i t y m a t 50m i n c r e a s e s 

from 6 GeV when m = 1, through 14 GeV when m = 1 0 , 23 GeV when m ~ 2 0 , 

t o 50 GeV when m ~ 30 . The s t a t i s t i c a l a c c u r a c y o f m u l t i p l i c i t y 

measurements d e c r e a s e s a s the m u l t i p l i c i t y i n c r e a s e s and e v e n t u a l l y 

s e t s an upper l i m i t on the energy range,, T h i s l i m i t i s determined by 

the f requency of showers t h a t are recorded over a g iven lnegth of t i m e , 

and i n o r d e r to a s s e s s the u s e f u l n e s s o f the monitor i n t h i s c o n t e x t , 

i t i s important to e s t i m a t e the a b s o l u t e frequency o f NAPs i n c i d e n t 

on a monitor g i v i n g r i s e to r e c o r d e d neutrons i n c o n j u n c t i o n w i t h a 

s i g n a l i n d i c a t i n g the d e t e c t i o n of a shower by a l a r g e EAS array , , 

I t i s apparent from f i g s o 6 0 4 , 5 and 6 t h a t the l a t e r a l d i s t r i b u t i o n 

of p ions i n the shower f a l l s s h a r p l y w i t h r a d i a l d i s t a n c e R. I n v iew 

of the l a r g e a r e a s over which these showers a r e d e t e c t e d , and the severe 
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FIG. 6-5 

INTEGRAL PION SPECTRUM AT 100m FROM THE CORE OF 

A 1017eV SHOWER AT SEA LEVEL 
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• ." " INTEGRAL PION SPECTRUM at 200m FROM 
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s t a t i s t i c a l l i m i t a t i o n s o f s t u d i e s of l arge E A S , i t i s important to 
e s t a b l i s h the range of R , i f a n y , which w i l l g ive a l a r g e enough y i e l d 
o f neutrons to j u s t i f y the use of a monitor . S t u d i e s a t l a r g e *R w i l l 
be l i m i t e d by the low f l u x of p ions w h i l s t those a t s m a l l R w i l l be 
l i m i t e d by the s m a l l r a t e o f showers . S ince the u s e f u l , in termedia te 
range depends on the f r e q u e n c y and d i s t r i b u t i o n of de tec ted showers 
a c r o s s the d e t e c t i o n a r r a y , i t w i l l be neces sary to s p e c i f y the 
geometry of the a r r a y . I n the next s e c t i o n the p o s s i b i l i t i e s of us ing 
a monitor i n bhe Haverah Park a r r a y w i l l be c o n s i d e r e d i n more d e t a i l . 
6 - 3 „ 2 The Haverah Park EAS A r r a y 

2 
, F o u r deep water cerenkov d e t e c t o r s of area 34m provide the 

b a s i c means of d e t e c t i n g showers i n i t i a t e d by pr imary p a r t i c l e s o f 

17 

energy of about 10 eV. The a r r a y t r i g g e r requirement i s a co inc idence 

between the d e t e c t o r l o c a t e d a t the centre of an e q u i l a t e r a l t r i a n g l e 

p l u s a t l e a s t any two of the o t h e r d e t e c t o r s l o c a t e d 500m away a t the 

apexes of the t r i a n g l e . Other t a n k s provide a d d i t i o n a l i n f o r m a t i o n 

about the p a r t i c l e d e n s i t i e s and a s s i s t i n the a c c u r a t e l o c a t i o n of the 

core o f the shower and e s t i m a t i o n of the pr imary p a r t i c l e energy. A 

d e t a i l e d d e s c r i p t i o n of t h i s a r r a y and the mode of shower a n a l y s i s has 

been g i v e n by Tennent (1968 ) . 

The p r o b a b i l i t y P ( R ) of a de t ec t ed a n a l y s a b l e shower having energy 

17 

g r e a t e r than about 10 eV f a l l i n g i n a range of R has been e s t imated from 

Machin (1972) u s i n g a g e o g r a p h i c a l p l o t of the core l o c a t i o n s of a l a r g e 

number of showers r e c o r d e d over a number of y e a r s a t Haverah P a r k . S i n c e 

the r a t e of these showers i s about t h r e e per day the number of u s e f u l 

showers f a l l i n g w i t h i n a range of d i s t a n c e R from the monitor per y e a r can 

be s imply c a l c u l a t e d . The number of de t ec t ed neutrons per y e a r due to 

p ions ( > 1 GeV) i n c i d e n t on the t y p i c a l 10m moni tor , from showers f a l l i n g 

w i t h i n t h i s range has been e s t i m a t e d and the r e s u l t s shown 3n t a b l e 6 . 1 . 



T a b l e 6 .1 

The Neutron Y i e l d due to P ions a t V a r i o u s 

r a d i a l d i s t a n c e s a t H a y e r a h Park 

R a d i a l D i s t a n c e 
Range 

R meters 

P r o b a b i l i t y of 
I n c i d e n c e of a 

Shower 

Neutron Y i e l d 
by pions per 

year 

< 50 0 . 0 5 > 150 

50 - 150 0 . 1 4 35 

150 - 250 0 . 1 0 1 

250 - 350 0 . 1 0 1Q" 1 

350 - 450 0 . 1 2 1 0 " 2 

450 - 550 0 . 1 6 -
550 - 1000 0 . 3 3 0* 
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The upper l i m i t o f R can be s een to be around 100m. The lower l i m i t 
of R f o r u s e f u l measurements w i l l be determined by the e r r o r i n core 
l o c a t i o n i n t h e a r e a i n which the monitor i s s i t u a t e d , and has been 
t a k e n here a s 50m. (Although the p r e s e n t core l o c a t i o n a c c u r a c y i s 
+25m, f u t u r e improvements may reduce t h i s to + 5m). 
6 - 3 „ 3 The E n e r g y S p e c t r a of NAPs ~ Model C a l c u l a t i o n s 

I n i n v e s t i g a t i n g the neutron monitor response to E A S , s u b s t a n t i a l 

use h a s been made of the EAS s i m u l a t i o n s of Dixon e t a l . ( l 9 7 3 ) . A f u l l 

d e s c r i p t i o n o f t h i s model i s g i v e n i n r e c e n t papers (Dixon e t a l i l 9 7 3 ) , 

D i x o n , Waddington and T u r v e r (1973) and Dixon and T u r v e r ( 1 9 7 3 ) ) . 

, The model b a s i c a l l y c o n s i s t s of two partso The f i r s t d e a l s w i t h 

the pr imary p a r t i c l e i n t e r a c t i o n s and the c r e a t i o n of a l l the p ions 

i n n u c l e a r induced i n t e r a c t i o n s u s i n g the Monte G a r l o method, w h i l s t 

the second t a k e s the r e s u l t i n g m a t r i x of pion e n e r g i e s and h e i g h t s 

o f p r o d u c t i o n i n the atmosphere and f o l l o w s the development o f the 

r e s u l t i n g p i o n , e l e c t r o n and muon components, down to sea l e v e l by a 

s t ep by s t e p procedure a l l o w i n g f o r i o n i z a t i o n l o s s e s . The p r e d i c t i o n s 

of t h i s model i n c l u d e the g e n e r a l 3-D c h a r a c t e r i s t i c s of the pions 

g r e a t e r t h a n 1 GeV a t sea l e v e l . I n v i ew of the l i m i t e d range i n r a d i a l 

d i s t a n c e R t h a t w i l l y i e l d u s e f u l r e s u l t s from neut ion monitor s t u d i e s , 

r e s u l t s of the EAS s i m u l a t i o n s W i l l o n l y be g iven here f o r t h r e e v a l u e s 

of R a t 50m, 100m and 200m. 

No a l lowance has been made i n the model f o r n u c i e o n / a n t i - n u c l e o n 

p r o d u c t i o n i n a h igh energy i n t e r a c t i o n , . Such n u c l e o n / a n t i - n u c l e o n 

p r o d u c t i o n could account f o r up to 30% of the energy a v a i l a b l e f o r p a r t i c l e 

p r o d u c t i o n ( G r i e d e r , 1970) . -̂ he e f f e c t of t h i s important m o d i f i c a t i o n 

w i l l be c o n s i d e r e d l a t e r e 

6 - 3 . 4 The G e n e r a l C h a r a c t e r i s t i c s of the S imulated Showers 

I n the absence o f n u c l e o n / a n t i - n u c l e o n p r o d u c t i o n , and wi th the 

assumpt ion t h a t a l l secondary p a r t i c l e s produced i n n u c l e a r i n t e r a c t i o n s 
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a i e p ions a l l but A o f the NAF& i n each shower a r e p i o n s . T h u s , i t 

i s assumed t h a t any neutrons produced i n n u c l e a r i n t e r a c t i o n s i n the 

atmosphere g ive a n e g l i g i b l e c o n t r i b u t i o n to the NAPs a t sea l eve lo 

S i n c e neutrons a r e p r i m a r i l y r e s p o n s i b l e f o r the "background" count 

r a t e of neutron m o n i t o r s , t h i s i s an important assumption to make and 

c o n s i t u t e s perhaps the g r e a t e s t l i m i t a t i o n to the a p p l i c a t i o n of the 

s i m u l a t i o n data to the p r e s e n t worko 

A comparison of r e s u l t s f o r the average showers produced by 

17 

pr imary p a r t i c l e s of two masses and an energy E j . =* 10 eV i s shown 

i n f i g s . 6 „ 4 , b and 6 ( c u r v e s A and D ) . I t i s seen t h a t the pi on 

s p e c t r a from the heavy i n c i d e n t n u c l e u s ( f o r which A = £>6) have 

a lmost e x a c t l y the same shapes a s those from p r o t o n s , although the 

a b s o l u t e numbers o f p ions a r e s l i g h t l y h i g h e r . 

The showers have been chosen from a l a r g e sample to r e f l e c t 

the average development to be expec ted . I t i s w e l l known t h a t 

the form of the pro ton- induced shower a t sea l e v e l i s p a r t i c u l a r l y 

s e n s i t i v e to the depth of maximum cascade development which i n t u r n 

r e f l e c t s f l u c t u a t i o n s i n the depth of f i r s t i n t e r a c t i o n . A l s o shown 

( c u r v e s B and C ) a r e the s p e c t r a r e s u l t i n g from two s u b s t a n t i a l 

f l u c t u a t i o n s i n t h i s depth . The a c t u a l v a l u e s o f the depth (measured 
"2 \ 

i n g cm from the top of the atmosphere) and corresponding depths t 

a t shower maximum (the depth a t which the numbei o f p a r t i c l e s i n the 

shower, ma in ly e l e c t r o n s , r e a c h e s i t s maximum d u r i n g the atmospheric 

development) a r e g i v e n i n T a b l e 6 . 2 . S i n c e about 10$ of the showers 
~2 -2 

i n t e r a c t w i t h i n 10 g cm and the same g r e a t e r than 200 g cm , the 

r e l a t i v e f requency of showers B o r C r e l a t i v e to the average i s 

approx imate ly 0 . 1 . 

I t c a n be seen t h a t the a b s o l u t e number of p ions g r e a t e r than 



T a b l e 6 . 2 

The F l u c t u a t i o n s o f the Proton Induced Showers 

Shower Type Depth of F i r s t 
i n t e r a c t i o n 

- 2 
g cm 

Depth of Shower 
maximum 

-2 
g cm 

A 98 700 

B 1 3 . 5 600 

G 270 850 
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1 GeV f l u c t u a t e s by a f a c t o r o f about 1C0$ ab a l l r a d i a l d i s tances . . 

The l a t e deve lop ing shower ( curve C) i s c h a r a c t e r i s e d by a 

r e l a t i v e l y l a r g e number of p i o n s a t low energy and a somewhat low 

number a t h i g h energy. The oppos i t e i s the cape f o r the e a r l y 

d e v e l o p i n g shower (curve B ) . 

6 -3o5 Comparison wi th E x p e r i m e n t a l Measurements and o ther C a l c u l a t i o n s 

I n v i e w of the many u n c e r t a i n t i e s i n any model of the development 

of E A S , i t i s important to de termine bo what e x t e n t the p r e d i c t i o n s 

r e p r e s e n t a c c u r a t e l y the r e a l showerso 

The t o t a l p ion energy spectrum f o r shower A (approximate ly 

* 16 
n o r m a l i s e d to a 10 eV shower) i s compared i n f i g 0 6 0 8 w i t h some 

measurements of NAP s p e c t r a above 10 GeV compiled by Tanahash i (1970) 

and a low energy measurement of C h a t t e r j e e e t a l . (1963) . I t i s seen 

t h a t above 10 GeV al though bhe shape i s i n reasonab le agreement, the 

p r e d i c t e d a b s o l u t e i n t e n s i t y i s too h igh by a f a c t o r of f i v e . However 

t h e r e i s v e r y good agreement wi th the low energy p o i n t . 

I n c l u d e d i n f i g . 6 . 8 a r e some r e s u l t s of a model of G r i e d e r (1970) 

which i n c l u d e s some a n t i - n u c l e o n produc t ion and gave the bes t o v e r a l l 

f i t to the a v a i l a b l e e x p e r i m e n t a l d a t a . These overes t imate the NAP 

i n t e n s i t y even more, a l though bhe shape i s i n good agreement. Other 

r e s u l t s of t h i s model i n d i c a t e t h a t the a n t i - n u c l e o n product ion proces s 

c a u s e s an i n c r e a s e i n numbers of NAPs so the NAP i n t e n s i t i e s p r e d i c t e d 

by Dixon e t a ] „ w o u l d not be expected to f a l l when an a l lowance f o r a n t i -

nuc l eon p r o d u c t i o n i s i n c l u d e d . I t would a l s o seem t h a t although the 

f r a c t i o n of nucleons i n the NAP component i n c r e a s e s d r a m a t i c a l l y w i t h 

a n t i - n u c l e o n p r o d u c t i o n , the shape o f the NAP energy spectrum above 

10 GeV would not n e c e s s a r i l y be a l t e r e d g r e a t l y . 

The s t e e p e r s lope of the combined exper imenta l data between 1 and 

10 GeV i m p l i e s a l a r g e r c o n t r i b u t i o n from NAPs w i t h energy below 1 GeV 
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than p r e d i c t e d by the modelo 

I n f a c t t h e experiment of C h a t t e r j e e e t a b u s e d neutron monitor 

type d e v i c e s which would have had an energy t h r e s h o l d of about 100 MeV, 

so i t i s p o s s i b l e t h a t the mean NAP energy has been overestimated,) I n 

t h i s case the measured s lope would g ive b e t t e r agreement but extend 

to lower NAP e n e r g i e s , w h i l s t the abso lu te i n t e n s i t y a t 1 GeV would 

be lower than t h a t p r e d i c t e d by the modelo 

The d i f f e r e n c e i n s lope could be q u a l i t a t i v e l y understood i n terms 

o f a n e u t r a l component of NAPs ( n e u t r o n s ) produced e i t h e i by n u c l e o n / 

a n t i - n u c l e o n p a i r p r o d u c t i o n o r by i n e l a s t i c pi o n - a i r n u c l e i i n t e r a c t i o n s 

i n the form of i n t r a - n u c l e a r cascade product s . T h i s component could 

g ive an important c o n t r i b u t i o n to the NAPs i n the low energy r e g i o n 

where i o n i z a t i o n l o s s e s of charged p a r t i c l e s p l a y an important r o l e » 

The m u l t i p l i c i t y d i s t r i b u t i o n s de tec t ed by t h r e e NM64 monitors 

2 5 

of t o t a l a r e a 21 m i n showers of t y p i c a l s i z e 10 p a r t i c l e s have been 

used to d e r i v e the l a t e r a l d i s t r i b u t i o n and l a t e r a l energy d i s t r i b u t i o n 

o f NAPs and the r e l a t i o n s h i p between the t o t a l number of NAPs and 

shower s i z e (BShm e t a l . 1 9 7 0 ) „ T h e i r measured l a t e r a l d i s t r i b u t i o n 

(a r e l a t i o n s h i p not s t r o n g l y dependent on model parameters ) f o r showers 

5 t 
o f s i z e 10 p a r t i c l e s i s compared w i t h Dixon e t a l . s c a l c u l a t i o n s 

15 

f o r 10 eV showers i n f i g . 6 . 9 . I t seems t h a t a t t h i s lower energy 

the p r e d i c t e d abso lu te number of p a r t i c l e s i s underest imated a l though 

the shape of the l a t e r a l d i s t r i b u t i o n f o r r a d i a l d i s t a n c e s R > 1 0 m , i s 

i n good agreement. 

However, BShm e t a l c o n s i d e r e d t h e i r measurements to be o v e r 

e s t i m a t e s of the NAP i n t e n s i t y on account of neutron product ion by 

the e l e c t r o n - p h o t o n component,. T h e i r measurement may a l s o have a 

c o n t r i b u t i o n from NAPs l e s s than 1 GeV. 
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F u r t h e r , a s p o i n t e d oub by Hook (1972) bhere are d i f f i c u l t i e s 

i n comparing measurements of showers (of a g i v e n average s i z e ) w i t h 

p r e d i c t i o n s ( f o r the energy of p r i m a r y p a r t i c l e t h a t produces , on 

average the same shower^ s i z e ) due to the l a r g e f l u c t u a t i o n s which 

occur i n the shower development. 

Thus i t would appear t h a t the model of Dixon e t a l . , i n s p i t e 

o f the s i m p l i f y i n g assumptions c o n c e r n i n g the development of the NAP 

component i s capable o f r e p r o d u c i n g the broad f e a t u r e s of the NAPs 

above 1 GeV a t sea l e v e l o I t shou ld be noted however, thatbhere i s 

ev idence of the p r e d i c t e d a b s o l u t e i n t e n s i t y o f NAPs being too high 

and the s lope o f the NAP energy spectrum being too f l a t , w i t h a low 

energy c u t - o f f t h a t i s too h i g h . 

17 

6-4o The Monitor Response i n EAS of Energy 10 eV 

6 - 4 . 1 I n t r o d u c t i o n 

I n the p r e v i o u s s e c t i o n i t h a s been e s t a b l i s h e d t h a t a monitor 

p l a c e d i n the Haverah Park EAS a r r a y should produce a s i g n i f i c a n t 

y i e l d of neutrons due to p ions of energy a few GeV. A l s o , the v a r i a t i o n 

of median p i o n energy a p p r o p r i a t e to a m u l t i p l i c i t y m, has been e s t imated 

f o r t h e NAP s p e c t r a c a l c u l a t e d by Dixon et a l . * 

I t has been demonstrated t h a t the model of Dixon e t a1, g i v e s a 

r e a s o n a b l e d e s c r i p t i o n of the shapes o f the NAP energy s p e c t r a a t l e a s t 

above 10 GeV and the l a t e r a l d i s t r i b u t i o n a t sea l e v e l a l though the 

abso lu te i n t e n s i t y of NAPs may be o v e r e s t i m a t e d . The model a l s o i n d i c a t e s 

t h a t the e l e c t r o n - p h o t o n component may g ive a c o n s i d e r a b l e c o n t r i b u t i o n 

to the neutron y i e l d . However, the model s u f f e r s from the i g n o r i n g of 

low energy neutrons which cou ld g ive a s i g n i f i c a n t y i e l d of e v a p o r a t i o n 

neutrons i n a moni tor . 

The u n c e r t a i n t y i n a b s o l u t e v a l u e of m f o r pions mentioned i n 

s e c t i o n 6 - 2 . 1 , f u r t h e r compounds the problems not on ly of e s t i m a t i n g 
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the a b s o l u t e i n t e n s i t y o f NAPs but a l s o the s lope of t h e i r energy 

spectrum y^o However s i n c e the v a r i a t i o n of m w i t h energy f o r 

p i o n s j neubrons and protons above 1 GeV should be s i m i l a r , i t would 

seem j u s t i f i a b l e to use t h i s model and the a v a i l a b l e i n f o r m a t i o n on 

neutron p r o d u c t i o n by p r o t o n s , to i n v e s t i g a t e the changes i n the 

moni tor response due to d i f f e r e n t NAP s p e c t r a a t s ea l e v e l due to 

f l u c t u a t i o n s i n development , and d i f f e r e n t pr imary p a r t i c l e masseso 

T h i s s e c t i o n attempts to answer the f o l l o w i n g q u e s t i o n s f o r 

a v a r i e t y of monitor d e s i g n s . 

( 1 ) G i v e n t h a t m i s expec ted to i n c r e a s e w i t h s m a l l e r s p e c t r a l 

s l ope Y j can t h e d i f f e r e n c e s i n p r e d i c t e d by Dixon e t a l . f o r 

showers A - D be r e s o l v e d w i t h the l i k e l y s t a t i s t i c a l e r r o r s of m 

a f t e r c o l l e c t i n g s a y , one y e a r ' s d a t a ? 

( 2 ) What i s the maximum energy of NAP about which i n f o r m a t i o n 

can be o b t a i n e d from measurements of m u l t i p l i c i t y d i s t r i b u t i o n s 

d u r i n g one y e a r ? 

( 3 ) Can measurements o f n , the neutron y i e l d per shower, be 

used f o r e i t h e r d e f i n i t i v e measurements o f , s a y , the degree of 

f l u c t u a t i o n of each showerr, o r g i v i n g u s e f u l i n f o r m a t i o n about the 

d i f f e r e n c e s i n s a y , the average f l u c t u a t i o n s of d i f f e r e n t samples 

o f showers? 

The m u l t i p l i c i t y d i s t r i b u t i o n o f detected neutrons p ( m ; t , e f ) 

a t t r i b u t a b l e to d i s t i n c t NAPs and the average number of de tec ted 

neutrons per shower n a t t r i b u t a b l e to a l l the NAPs i n c i d e n t 

s i m u l t a n e o u s l y on the monitor have been c a l c u l a t e d f o r the s p e c t r a 

' o f p ions a t s e a - l e v e l i n showers shown a s A , B and C i n f i g s . 6 « 4 , 5 

17 

and 6 , r e s u l t i n g from pr imary protons of energy 10 e V , and the 

s p e c t r a shown a s D i n the case o f showers i n i t i a t e d by pr imary 

p a r t i c l e s o f mass MT = 5 6 , of t h e same energy. 
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Four basic designs of monitor were considered representing 

the combinations of two values of thickness (one and two NAP inelastic 

interaction lengths) and two values of efficiency (0.03 and 0.06); 

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 
2 

assumed to be 10m in a l l caseso The results are summarised in Table 6.3 

6~4o2 The Mul t ip l ic i ty Distribution 

The mul t ip l i c i ty distributions corresponding to showers A and D 

each resulting from 100 showers f a l l i n g 50m from the t = 2,ef = 0.06 

monitor are shown in fig<> 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 s ta t i s t ica l sample which may be 

investigated. I t can be seen that the shape of the mul t ip l ic i ty 

distr ibution is not part jcular ly sensitive to this large variation in 

primary mass and that the primary mass could not be identif ied even 

with the thick, high efficiency monitor„ using one year's data and 

neglecting al] systematic errorso 

The effect on the mul t ip l i c i ty distributions of fluctuations 

in the proton induced shower is shown in f i g . 6.11 where showers 

A, B and C have been assumed to f a l l 50m from the t = 2 9gf = 0.06 

monitor with relative frequencies 1.0 : 0 .1 : 0.1 respectively. These 

results show that the mul t ip l i c i ty distribution would be more able 

to reveal information about these fluctuations although not even the 

high efficiency/thick monitor would give results that approach 

s ta t i s t ica l significance 0 

Define m for a given mul t ip l ic i ty distribution corresponding 

to a given NAP spectrum incident on a given monitor^as that mul t ip l ic i ty 

for which the expected number of events with mul t ip l ic i ty greater than 

"max ^ t r i bu t e ble to single NAPs per year? i s say ten. Then the median 
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The Detected Multiplicity Distribution due to NAP s in EAS, 
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FIG. 6.11 
The Detected Multiplicity Distribution clue to NAPs in EAS. 
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enei-gy E corresponding to m is a measure of the maximum energy 
nidi x rnsi x 

to which the mul t ip l ic i ty dis tr ibut ion is sensitive,, Calculations 
indicate that E increases from ~ 12 GeV to ~20 GeV for an increase max 
i n thickness from t = 1 to 2, at both efficiencies) fo r spectrum A 

in fig» 6„4, corresponding to m

m a x ~ 9 for the t = 1, ef = 0.03 monitor 

and mf»48 for the t = 2, €f = 0.06 monitor., max 

The corresponding values of E m a x for the di f ferent mul t ip l ic i ty 

distributions caused by fluctuations in the proton showers (curves 

Cand B in f i g . 6.4) are lower than this on account of the larger 

s ta t i s t ica l errors, and are ~8 and ~ 10 GeV respectively for the 

t = 1 and 2 monitors.. 

This i t appears that the size of the s ta t i s t ica l errors would 

l i m i t the information about the shape of the energy spectrum of NAPs 

in these showers to energies less than 20 GeVo Further, the differences 

in spectral shape in this energy range predicted by Dixon et a l . for 

the two primary masses and the fluctuations i n development are too 

small to be resolved by the designs considered here0 

The errors in m calculated fo r the four monitor designs can be 

used to estimate from f i g 0 6 o l , the error in the slope of the integral 

NAP spectrum (assuming that the slope can be considered as constant 

over the sensitive energy range, 1 - 1 0 GeV or so) which gives the 

best f i t to the mul t ip l ic i ty distr ibution recorded over one'year 

ignoring potentially large systematic errors due to electron«-photon 

contamination e t c , assumptions about the neutron production spectrum 

(including the absolute value of v) and the monitor efficiency., This 

error for the 50m spectrum is about + 30% for a l l four designs considered 

here. 

6-4o3 The Neutron Yield per Shower 

The neutron yield per shower n, is s l ight ly higher for shower 
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D than for shower A at a l l radial distances considered (see fig.6*12) 

reflect ing the higher absolute intensity of pions (>1 GeV) predicted 

by the model for the showers in i t i a ted by the heavy primary particles. 

However the errors are too large to enable defini t ive measurements 

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

spectrao 

The neutron yield shows greater variations for the fluctuations 

in development of the showers in i t i a ted by primary protons (curves 

B and C in f i g . 6.12) again ref lect ing the absolute intensity of 

pions above 1 GeV, but the standard deviations are s t i l l too large 

to enable def in i t ive measurements. 

The s imilar i ty in spectral shapes A-D causing arelatively 

constant mean measured mul t ip l i c i ty per incident NAP enables the 

neutron monitor to be Hused as a NAP density measuring device over 

a range of r a d i a l 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 = = m." 6.13 
<m>A efvi( t)A 

I f we assume a single exponential production spectrum averaged 

over the sensitive energy range, then this becomes 
n 

D = ( i - l ) i ( t ) A 

Such an assumption may be j u s t i f i e d given that the distributions 

in f i g s . 6.10 and 11 follow a reasonably straight line-up to mm a x> 

although this is partly because i t was assumed in their derivation 
that f (m,E ) (E averaged over a few GeV) was of this form« I f this s s 

assumption is not found to be va l id , i t should be possible to obtain 

a meaningful estimate of D by extrapolating the detected mul t ip l ic i ty 

distr ibution back to zero (see fig„ 4 o ? ) thus obtaining the total 

number of interacting NAPs including those producing no detected 
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neutrons and hence < m>„ 

I f equation 6.13 is evaluated for samples of showers, of a given 

size, whose cores f a l l i n various bands R, R + AR of radial distance 

from the monitor, the radial density distribution of NAPs w i l l be 

obtained. The absolute intensity w i l l be uncertain to the error in 

the form of the production spectrum averaged over a l l NAP energies 

contributing to n 0 

Thus, although the errors i n n are too large to allow meaningful 

def ini t ive ineasurements on individual showers, such an analysis on 

a sample of showers which is thought to have, say, 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 i n table 6o3 indicate that 

the measured difference from the mean NAP density of the early and 

late developing showers at radial distances of about 50m would be 

s ta t i s t i ca l ly significant above the 50% level for a l l the monitors 

considered here, for the expected yearly sample sizeso 

Of great importance at short radial distances (< 50m) is the 

ab i l i t y to ident i fy neutrons from single NAP 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 f a l l i n g 

simultaneously on an area of lm is about 10%for the shower represented 

by curve C i n f i g . 6»4 so that showers f a l l i ng at distances less than 

this are l iable to give a significant probability of producing "unresolved" 

neutrons. The core location accuracy is probably of even greater 

importance,. From f i g . 6.12 i t can be seen that an error of + 5m in 

core location (that expected from an "improved" Haverah Park array) 

leads to an error i n n of 25% at 50m. The, present array with i t s 

core location error (+ 25m) would lead to an error in n of about 100% 
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and would thus be of l i t t l e use in NAP studieso 

I t has been demonstrated earl ier that the model of Dixon et a l . 

may be seriously i n error in predicting the nucleon/anti-nucleon 

composition of the NAP component. Since the work of Grieder (1970) 

indicates that the shape of the NAP energy spectrum is rather insensitive 

to assumptions made about nucleon/anti-nucleon production, the average 

measured mul t ip l ic i ty m for NAPs should also be insensitive to these 

assumptions provided that the average mult ipl ici ty v produced by the 

various NAP components are very similar. Given that y has been 

assumed to be that measured for protons in the present work, and y 

for neutrons should be almost identical to that for protons above 

1 GeV according to Shen (1968), the only additional source of uncertainty 

is due to the anti-nucleons which are present i n s l ight ly less numbers 

than the nucleons at sea level and about 15% of the to ta l number of NAPs, 

according to Griedero However, i t would not be expected that an an t i -

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 

i n a value of V very d i f ferent to that resulting from an average 

strong interaction of a nucleon of the same eneigy. Therefore the 

effect on m of this modification in the EAS model would not be very 

•greato However, i f as suggested earl ier , neutrons of energies less 

than 1 GeV give an important contribution to the NAP spectrum the 

predicted average measured mul t ip l i c i ty could become sensitive to 

the assumptions about anti-nucleon production because y for neutrons 

i s 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 i t is d i f f i c u l t to accurately estimate i t s effect . Certainly 

i t would increase the to ta l neutron yield and lower the average 
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mul t ip l i c i ty ms i n addition to reducing the s ta t i s t ica l 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 i n thickness 

t of producer w i l l increase the sensitivity of the mul t ip l ic i ty 

distr ibution to changes in the NAP energy spectrum by making y 

a more rapidly changing function of energy and w i l l 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 i n efficiency has less effect . 

Also, the high energy bias has been demonstrated in section 6-4.2 

where i t 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 NAP's detection by increasing 

both the probability i ( t ) of i t s interacting and (by increasing v) 

the probability of i t s producing at lea s t one detected neutron. A l l 

these factors are important i f the monitor is to be used as an energy 

spectrometer based upon mul t ip l i c i ty measurementso Even when the 

monitor is only to be used as an NAP detector, the increase in detection 

probability of a thicker monitor is to be desired also. The upper 

l i m i t of t = 2 (chosen in this work because of the lack of calculations 

of v(E ) for thicknesses greater than th is) would therefore appear s 

to be highly desirable,. 

An increase i n thickness of the producer of a conventional IGY 

type monitor from t = 1 to 2 wouid reduce the monitors efficiency 

through the reduction i n 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; i n this way the t = 2, ef = 0.06 

design parameters could be approached using two NM64 monitors. 

In order to maintain the spatial resolving power of the monitor, 

i t would be necessary to individually hodoscope the counters as in 

the DIGY monitor described i n this worko I t was shown in f i g . 4.1 

that a negligible number of neutrons were detected 40cm beyond the 

point of interaction measured across the monitor, so that i t is 
2 

feasible to expect a resolution of 1 m by accepting neutrons from 

any, say, f ive adjacent counters.. 

In view of the fact that the electron-photon component of EAS 

can give rise to considerable neutron production, i t is important 

to take steps to minimise i t s e f fec t . Approximate calculations 
have been made of the neutron y ie ld due to electrons and photons 

17 

in a 10 eV 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, weignted with the incident spectra 

calculated by Dixon et al,and measured by KeHerman and Towers to 

obtain the residual f lux 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 

mul t ip l i c i ty producto I t was found that the neutron yield due to 

electrons and photons fell to less than 0.2% of that calculated for 

the unshielded monitor^for a l l core distances, and that this resulting 
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yie ld 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 suff ic ient to reduce the effect of 

electrons and photons, and that the outer thermaliser-reflector 

may i n some cases be suf f i c ien t ly thick to serve the purpose. In 

the case considered above,the NAP f lux would be reduced by the 

absorber by less than 25%. 

6-5 Conclusions 

The results of calculations have shown that the expected neutron 
2 17 yield i n a 10m monitor of established design, due to 10 eV showers 

recorded for example by the Haverah ^ark array in one year is too 

small to enable the measured mul t ip l ic i ty distribution to be used 

to resolve the differences i n shape of the NAP energy spectia in 

showers predicted by Dixon et alo for two widely di f fer ing primary 

particle masses, and for the fluctuations in development expected i f 

the primaries are protons. 

I t has also been shown that the total neutron yield per shower 
2 

fo r these monitors of surface area 10m , cannot be used for meaningful 

def ini t ive measurements of individual showers due to the large 

s ta t i s t ica l errors. However, this yield per shower, measured over 

a number of showers, can be used in conjunction with the measured 

mul t ip l ic i ty dis tr ibut ion to measure the NAP density changes at 

various distances from the core caused by the fluctuations in 

development of proton in i t i a ted showers and could assist in ident i

fying the mass of the primary particle that ini t ia tes 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 f lux and the slope of 
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the integral energy spectrum i n this region to within a s tat is t ical 
error of 30%9 although uncertainties i n the neutron production 
spectrum of pions w i l i increase the systematic uncertainties in 
both quantitieso 

In part icular, the prediction of the present model that there 

i s a negligible f lux of NAPs below 1 GeV could be tested. Any such 

f lux would tend to raise the neutron yield j5er shower whilst lowering 

the average mul t ip l i c i ty . 

The calculations have confirmed that an increase in the monitor's 

producer thickness improves the energy resolution but that the high 
17 

density of NAPs i n 10 eV 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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C H A P T E R S E V E N 

SUGGESTIONS FOR FURTHER WORK 

7-1 The Mechanism of Neutron Production 

The results of the present work demonstrate that i t is only 

possible to reconcile the theoretically predicted response of a 

monitor to protcns and pions with that measured, by making a number 

of f a i r l y c r i t i c a l assumptions relating to intra-nuclear cascade 

theory, interaction mean free paths, and the energy and number 

spectra of evaporation particles produced i n the monitor, particularly 

above about 10 GeV where the derivation of the response of the monitor 

is based on a relat ively crude extrapolation from results of emulsion 

- experiment S o 

This implies two important pointso 

(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 

a l . (1965) using controlled beams of particles incident on devices 

with high neutron detection eff ic iencies , 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 i t w i l l be necessary 

to have a sound empirical knowledge of the response of the monitor 

to that component. For example, i n EAS work the lack of information 

on neutron production by pions is a particular problem. I f monitors 

were to be used fo r aficurate measurements o f , say, the shape of the 

NAP energy spectrum, i t would be necessary to calibrate them in a 

beam of pions with various energies at an accelerator machine. 

i 
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7-2 The use of monitors in EAS - Calculations 

Although the results of the present work indicate that the use 

of a monitor to measure changes in the shape of the NAP energy 

spectrum i n large EAS may not yield f r u i t f u l results, there remains 

the possibi l i ty that 

(a) this conclusion is significantly in error because of errors 

in the model of the development of EAS (particularly at low NAP energies) 

and (b) i n smaller EAS there may be more favourable conditions for 

the use of a monitor in this way ( in that the s ta t is t ical errors 

associated with the more frequent showers are l ike ly to be smaller 

than those found i n the present work). 

This would suggest that further work needs to be carried out 

on deriving the very low energy NAP component in EAS both large and 

small, and incorporating the interaction of this component with the 

monitor i n a similar way to the method of Hatton (l97l) i n deriving 

the t o t a l counting rate of monitors, and possibly in accordance with 

the philosophy of Hillas (1970) i n deriving the monitor response 

as part of the EAS calculation. An important ingredient i n any 

such treatment would be a rea l is t ic treatment of the interaction 

of the electron-photon (and possibly muon) component with the monitor. 

Although neutron monitors have been used extensively for NAP 

detection in EAS there appears to be conflicting information about 

the nature and energy of the detected NAPs, and of the effect of 

the electron-photon component, thus l imit ing the usefulness of the 

results of such work. I t would be. hoped that measurements of the 

mul t ip l i c i ty distr ibution could, i n 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 

I t has been demonstrated that even in the absence of such 

detailed knowledge, a monitor could be used to help identify 

fluctuations in the NAP f l u x due to the shower development, providing 

that the shape of the NAP energy spectrum remains more or ]ess 

constant (as appears to be the case from calculations in large EAS) 

so that the uncertainty i n the NAP energy is relat ively 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 bui ld , and can be operated fo r long periods with minimal attention; 

and these factors may offset their lack of energy resolution. Recent 

work by Quang et al,(l973)demonstrates that the use of a form of 

concrete (made of SiO^) to act as both producer and thermaliser in 

monitors may of fer a cheaper alternative to the more usual materials, 

a factor of great importance when trying to cover large areas within 

an EAS array. 
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