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The sza level muen charge ratlo in the near verticel direction has

It

bsen mesasurcd uging the Durhsm =spectrogreph ¥.4,3.85. in the region

10 GeV/c to ebout 500 GeV/c.

A detalled description of the apparatus used in the experiment is

Zused on approximately l.3 x 106 particles the mean ratio, over ths
wholc #nergy range 15 found to be 1.2850 + 0,0023. Thls is cousistent
with previous measurements made with ths same instrument and also with
results of other workers. No evidence i'or pronounced maxima or minims
in the ratio as a function of momentum is seszn nere ig nowevar, Lome
indicavion of a broad maximum in the ratio in the repion 20-50 GeV/c

followed by a somewhat lower ratio to about 200 GeV/c.

Using data from the intersecting storage rings experiment an attemnt
hss heen made to estinate the expected muon chsvee »atioc at sea level,
This estimated ratio is found to be higher than the observed value.

The reasons for the discrepancy are thought to be a combination of
inadequate pion productlon dats and the effects of intra-nvclesr
cascading. Other possible causes - a breakdown in scaling ond changes

in the primary spectrum are also discussed.
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PREFACE

The work presented in this thesls represents that carried out in
the cosmic ray group of the Physics Department of the University of
Durham during the period 1969-1973 while the author was a research
student under the supervision of Dr M G Thompson and the period 1973-

197l while the author was a research assistant in the Department.

The M.A.R.S5. spectrograph was in an advanced stage of construction
when the author joined the group in -1969. Since then the author has
played a part in the further construction and running of the instrument.
Within this context he has been responsible for the construction, testing
and operation of the instrument R.U.D.I. and for the analysls and
interpretation of the gathered.data. The work described in this thesis
represents part of the first stage of the M.A.R.3. programme, the
measurements having been made with the !'low mumentum' system wnich will
eventually be used as the momentum selector system for the thigh

momentum' (up to 5000 GeV/c) measurements.
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CHAPTER 1

Invroduction

1.0 The Development of Cosmic Ray Studies

The study of cosmic rays has its origins in the investigations
of ionization and electrical conduction in gases which were being made
at the beginning of the century. During these investigations ionization
was found to be present in closed vessels contalning air. Rutherford
found that the ionization could be reduced by surrounding the vessel
with a lead shield; the remaining ionization he attributed to traces of
radioactive material in the vessel walls. Just before World War I
Hess, in Vienna and Kolhorster in Berlin made balloon ascents carrying
sensitive electrometers with them. In September 1912 Hess reported that
after an initlal reduction in intensity he found the ionization to
increase with altitude. Fe concluded that there was a penctrating
radiation coming through the atmosphere from above (Hess, 1912). In
1918 Millikan Began to study the ionization and its variation with
height; he found a much weaker dependence than did Hess or Kolhorster
and concluded in 1924 that there was no penetirating radiation. A year
later Millikan and Cameron began a series of experiments to measure the
lonization in snow fed lakes which were thought to be free from radio-
active contamination. By reducing the background in this manner they
obtained consistent results from two separate sites. They concluded
that their results strongly indiffted a radiation travelling downwards.

At this time Millikan coined the name 'cosmic rays!'.

Attention was now concentrated upon determining the nature of
cosmlc rays; they were initially assumed to be B rays = the most
penetrating form of radiation then known. At about this time (the
late 1920's) two important instrumental advances were made, In l92§
Skobelzyn using a Wilson cloud chamber in a magnetic field to measure
p particle energies found some extraneous tracks of particles of

energy greater than 15 MeV. He also found, in a few of his photographs,

“\)\\“m UNIyESS
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cases of many simulianeous tracks crossing his chamber, these he
called showers., Skobelzyn attributed the tracks to Compton recoil
electrons secondary to the 'Hess ultra- ¥ radiation'. In the same
veor Bothe and Kolhorster used the recently invented Geiger-Muller
tube to study cosmic rays. They found that when two such counters
were placed one above the other, many simultaneous discharges occurred,
indicating the passage of a charged particle thréugh the pair. This

wes the first use of detectors 'in coincidencel.

Having found at least some charged cosmlc rays Bothe and Kolherster
suggested that because of the geomagnetic field some variation in
cosmic ray intensity with (geomagnetic) latitude might exist. Such
Bbservations had already been made bty Clay in 1927 but it was not
fully established until the inbernational survey crganized by Complon
in 1932. A clear correlaticn between intenslty and mapnetic latitude
was found. The latitude 'knee! - the latitude beyond which the increuase

2]

o’ intensity with increasing latitude becomes less rapid ~ was also
found. At this time 1t became clear that a large proportion of the
rays were charged; the discovery in 1933 oi the east-west effect
indicated a predominance of positively charged particles. By 1933 the
cosmic radiation in the lower atmosphere was known to consist of
mainly positively charged particles with energies 2,108 eV; 1t was
thought to be the secondary product of interactions between air nucleil
and the primary cosmic radiation which was also composed of mainly
positive particles and had energies 2;3.1010 eV. PFrom this time cosmic

ray research expanded rapidly. The major research fields can be very

roughly classified into five groups, each of which will be briefly

described.

Studles of tihwe Primary Cosmic Radistion =~ this is cf interest otecsuse

of the astrophysical informction which may be gained and also bhecause
the high energy particles of which it is found to be compesed can be

used to derive inforration on ruclear irnitersctions.
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The primaries were found toc be mainly protons by the ballcon
studies of Schein 1ln the early 1940%s. In 1947 other balloon
experiments by Hereford showed the presence of nucleil of Z7 2 and
in the following year Frier and her co-workers found nucleil of 2
up to ~ 28, At the present time nucleil as heavy as uranium, or
possibly heavier have been found. The main difference between the
mass distribution of the primaries and that of the uﬁiversal abundance
is the considerable excess, in the former, of L1, Be and B. This is
thought to be the rezult of the fragmentation of heavier nucleii in
passing through the small amount of matter ( ~ L gms cm=2) from their

source to the vicinity of the Earth.

Early messurements of the primary energy spoctrum utilised the
latitude effect but valloons have also been used. In 1937 Powen,
Millikan and Neher flew up %o 90,000 £t (~ 12 gms cw™<) cariying
ionization counters. Balloon-borne detectors remain one of the major
sources of datas on primary cosmic rays. Rocket-torne instruments have
also made important contributions (notably the discovery of the Van
Allen radiation belts). Satellite experiments h:ve also been made put
the results are still the subject of some discus:ion. Direct measure-
ments of the primary spectrum have been conflined to energles below a
few thousand GeV for protons, to a much lower level of a few tons of
GeV per nucleon for nucleli of Zy2 and to an energy of about 500 GeV
per nucleon for hellum nucleii. Beyond about 3000 GeV indirect
measurements of the spectrum must be maede. For example, Brooke in 196L
used the measured muon ses level spectrum together with a model for
high energy 1nteracti§ns to work back to the primary spectrum. Above
ebout 10,000 GeV results from air shower studies have been used o
ohtain information on the primaries. Greisen (1965) summarised the
then availéble data wlth the resvlt srown in #ig 1l.l. Felow 351015 eV
the integral intensity is lO'L'r(lOll"y’_é’.)l'6 sec™t n"2€ grl gt which
energy ther? 1s a dramatic chon.e in elopc the Inbensity thereafteor
being given by 2,10710 (1017/E)£°ﬁ Sec“l mes srTir gt apout 3n1013 oy
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the alope seems to revert to -l.6 bul this remains a rather uncertuin

feature.

Other primary particles which have been lound are electrons, X rays
and ¥ rays. The former were first found by Earl in 1961 and further
studies showed that the ratio of the numbers of positrons to electrons
is less tnan unity and the combined flux is about 1% of the proton flux.
Primary ¥ rays (energy'g;lOO MeV) were Tound by Clark in 1968 while

lower energy X rays were found by Giacconi in 1962,

The question of the origin of the primary particles is still
unsolved (apart from the low energy particles occasionally received
from the sun). The first serious work on a possikle acceleration
mechanism was by Swann in 1933 who proposed betatron acceleration
in the varying magnetic field which may exist sround stars. A4 major
advance was made by Fermi in 19,9 when he considsred the collisilon of
charged particles with a moving magnetic field (such as contained in
randomly moving clouds of gas). Following more detailed cuperimental
observations Fermi modified his mechanism to involve the msgnetic fields
in the spiral arms of the galaxy. Ginzberg in 1953 sugpested that
conditions for Fermi acceleration would bpe favourable in disturbed
regions such as supernova remmants (e.g. the Crab nebula). Other
suggestions as to possible sources have been ordinary novae, pulsars
and quasa.s8. It 1s unknown whether the majority.of particies arise fran
within the galaxy or are of extragalactic origin. Measurements of the
arrival directions of the primarics have given no indication of any
preferred directions. The change in slope of the primary speccrum
(Fig. 1.1) at about 3.10%> eV is thouzht to be duc o the inability of
the galactic magnetic field to contain the particles. The flattening
of the specrrum beyond about 3.1018 eV has been suggested as evidence
of an extragalactic component. Hewever, this flattening is not
confirmed by experiment; a number of particles of energy believed

i

to be greater then 1029 v hsve been doetected (salbhoush the energles
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are subject to some degree of uncertainty). The recent discovery of
the 3°K background radiation has led to the possibility of a steepening
ol the spectrum at around 1018 eV caused by the removal of higher
energy protons in interactions with the low energy photons. At these
high primary energies measurements are most often made with large air

shower arrayse.

Studies of Air Showers Alr showers were first discovered by Bothe

in 1937 when he obtained coincident pulses from counters up to 4O cm
apart. Using better resolution counters Auger, Maze and Grivet-Meyer
found coincidences up to 300 m apart. As the known total flux of
particles could not contain so many independent particle pairs to
generate the observed coincidence rate it was clear that a large shower
of particles was involved. By adding a third and fourth counter to his
experiment Auger, in 1939, showed that there were AJlOé particles in
the larger showers. Auger was also the first to realize the high
energies of the primaries responsible for the showers. This discovery
extended the energy scale of lknown radiations by an even greater factor
than did the original discovery of cosmlic rays. The calculations of
Auger treated the shower as a multiplicative electron-photon cascade
initiated by an electron or positron at the top of the atmosphere.
Further experimental work indicated that some regeneratiﬁg component
was preventing the shower being attenuated as rapidly as predicted by
theory. Realization that the shower initiating particles were the -
mainly protonic - primary cosmic rays came from the emulsion experiment
of Kaplon, Peters and Bradt in 1949. These authors also gave evidence
for the existence of a neutral meson decaylng into ¥ rays (which could
then decay into electron pairs and provide‘the required regenerating

mechanism).

The construction of large arrays of detectors to measure the flux
of large showers began in about 1953 with the detection of showers

caused by primaries of energy ~ 1017 ev, The next generation of
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detectors cover areas of about 10 Km® and should detect primaries of
~ 10°0 ¢V. Between 10 and 15 events of energy P 5,109 eV have so
far been recorded by various arrays. The energies of such particles
are commonly estimated by comparing experimental data with the results
of computer simulations of showers. Various shower models have been
constructed and the interpretation of the highest energy experimental

data is an active field of work.

In addition to measurements of the primary spectrum, showers also

give information on high energy interactions.

High Energy Interactions Studies of particle interactions and the

discovery of new particles were amongst the most active research fields
Just before and just after the Second World War. Following the cloud
chamber work of Skobelzyn in 1929 other groups began observations and
found their photographs to show equal numbers of positive and negative
particles. The former were assumed to be protons but were found to be
insufficiently ionizing. 1In 1932 Anderson came to the conclusion that
the particles were positive electrons. In 1937 range momentum measure-
ments made by several independent groups pointed to the existence of a
particle of mass ~ 200 Me. Now called the muon, the particle was at
first thought to be that which had been predicted by Yukawa in 1935;
however it was found to interact only weakly whereas Yukawa'!s particle
was of a strongly interacting type. The discovery of the latter had to
await the refinement of the emulsion technique. Lattes, Muirhead,
Occhlalinl and Powell in 1947, studying emulsion plates exposed at
mountain altitudes found tracks they deduced to be those of the decay
of one mesonlinto a lighter one which they identified as the muon.

The parent particle later identified as Yukawa's, they called a pion.
Over the next few years, using cloud chambers and emulsion plates,
cosmic ray experiments found several new particles - the K mesons
(1947-8), the /\ hyperon (1951), the =  hyperon and the L hyperon

(1953). No other particles have been found since this time but




gearches are still veing made, In particular for quarks and W-particles

and others such as magnetlc monopvles and tachyons.

As particle accelerators of ever increasing energy have become
available the role ol cosmic rays has shifted to the study of inter-
actions at even higher energies. Cosmic rays are the only source of
particles of energies greatiy in excess of those of the CERN ISR
experiment and it is this fact that to some exgent compensates for
the often poor and rather qualitative results obtained from cosnic
ray measurements. Interest in the ultra-high energy field has been
stimulated by the theoretical ideas of, 1n particular, Feynman (1969)
and Bonecke et al (1969). The technique generally adopted in these
studies is to form a simple model of a nuclear interaction (derived
by extrapolation from the lower energy rvegion) and then to nertform
varlous cglculations using the model znd then to comnere with experiment.
The deviations ol the observations Irom prediction are then used as a
basis for modifying the model. The experimental data are usually eir
shower measurcments or the sea level specura of variovs pszeticles such

as muons, protons or pions.

Cosmic Rays at (round Level The primary nucleons incident on the top

of the atmosphere have an interaction length of approximately
80 gms em™ and the probability of thelr arriving at ground level without
interacting is less than 10-5% Their interactions produce many types

of secondaries. At the ground the great majority of particles are made
up of muons, electrons, pions; protons and neutrons. The most numerous
types are the first two; low energy muons and electrons form the soft
component of the radiation winile the hurd coumponent (defined by

Grelsen in 1942 to be the particles capable of traversing 10 cm of Pb)

is mainly composed of muons. There are two main reasons for inferést

In ground level mvons. F

Lrstly the interactions.of the muons can be

studied in local detsctors with the object of examining the charscter of

the muon liiself (abtemptire itoc distingrish it Lrom o mere heavwy clectron:.
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Secondiy, comparison can be made with calculations based upon various
models of high energy collislons in the search for information on these
collisions at very hipgh energies. Particularly for the second reason
the muon charge ratio, in addition to the energy spectrum is of scme
importance. Comparisons of muon spectra above and below ground relate
to electro-magnetic processes and, by way of neutrinos, to weak

interactions.

Pions are generated both in the flirst collision of the primary
particle with an air nucleus and in the successive interactions of the
products of that first collision with other air nucleii. Measurements

of the pion spectrum are of nuclear physical interest.

In the interaction of nucleons with air nucleii one of the
secondary particles is found to have a much higher energy ( A;SO% of
the incident energy) than the other secondaries. This 'leading particle!
is a nucleon and is considered to be the surviving incident nucleon.
The probability of the leading particle being a neutron when the primary
is a proton, and vice-versa, has becen found to be such that at ground
level the proton and neutron spectra are similar (except at low
energies where the effect of ionization loss on the proton spectrum
becomes important). Here agaln, measurement of these spectra is of use

In determining some average characteristics of the nuclear collision,

Neutrinos were first postulated by Pauli in 1930 and the electron-
neutrino was detected in 1953 by Reines and Cowanj later experiments
demonstrated the existence of a second type of particle - the mﬁon
neutrino. The flux of cosmic ray muon neutrinos has two main
components, the atmospheric neutrinos and the extraterrestrial
neutrinos. The former arise from the decay of pions, kaons and muons
while the latter are thought to come from interactions between the
primary cosmic rays and the interstellar or intergalactic gas; some

may also be produced in stellar interiors. The total cross section for




9
interactions between energetic nentrinos and nucleons is a few tines
10'"38 em®, - on this scale the diameter of Ghe earth is NlO"LL
interaction lengths. Detection is thus difficult and detectors are '
usually deep underground to reduce the cosmic ray background. The
results of such.experiments have enabled a lower limit of ~ 2 Ge‘Jj,:"c2
to be placed on the mass of the intermediate boson; they also show
signs of a slowing at about 100 GeV of the rate of increase of inter-
action cross section with energy. The ratio of extraterrestrial to

atmospheric neutrinos has been found tc have an upper limit of 1,0

and a study of arrival directions has given no evidence for locallzed

sources. Considering electron neutrinos these also have two ma jor comp-
onents = the same as muon neutrinos -+ and there is slso a rather smeliler
component in the decay of radioactive material in the earth's crust.
No electron neutrinos from either of the two main sources have been
detected with certainty. The extra-terrestrial component should be
mainly from the sun and it is solar neutrinos which have bscome the

subject of much study.

Solar Cosmic Rays Betwesen 1911 and 1913 Hess made a nuwber of day and

night balloon Ilights to determine whether the penetrating radiation
came [rom the sun. Thereafter, many further attempts were made with
ground based instrurents to detect solar effects. The first report of
a very small variation with local solar time was made by Hoffman and
Lindholm in 1928. An important development was made in 1936 by Forbtush
with the establishment of a network of reliable continuously recording
lonization chambers. The results from these instruments showed many
types of cycle to be present in cosmic ray intensity variations.
Theoretical descriptions of these effects made a major advance with

the introdnction of the concoeps of Lhe solar.wind (by Chapman and
Ferraro in 1931) and mo:t of *he intensity variations can be at least
approximately described in terms of the wind and.its assoclated maznetic

field. Very detailed studies of solar effects are beins vigorciisiy

pursusd.
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A particularly important aspect of solar cosmic radiation is
the study of solar neutrinos. It is generally believed that the
energy of the sun is generated by nuclear fusion in the process of
which electron-neutrinos are produced. As the expected energy spectrum
of these particles depends upon solar parameters such as the consti-
tution, density and tempersture of the core, the measurement of this
flux is helpful in establishing the values of the parameters. The
main experiment to detect solar neutrinos, that of Davis, has so far
failed to detect any flux above the background noise due to cosmic
ray muons . and atmospheric neutrinos. This has created some astrophysical

controversey.

lel. MosA.ReSe

M.A.ReSe ~ The magnetic automated research spectrograph at the
University of Durham is one of the new generstion of spectrographs
possessing a high maximum detecteble momentum (m.d.m). The main
purpose of the instrument is the study of the muon energy spectrum and

charge ratio.

The muon spectrum has most commonly been investigated by measuring
the deflection of the muon in a magnetic field and relating this
deflection to the particle'!s momentum. In the earlier spectrographs
Geiger counters were used both as the triggering elements and for
measuring the particle deflection. Subsequent spectrographs incorp-
orated additional detectors, often flash tubes, to extend the range
of particle momenta which could be measured. More recently, scintillatior
counters have been used as triggering elements and spark chambers have
been used as the track defining elements. Spectrographs have used
either air gap magnets or solid iron magnets (in which the muons
traverse the magnetized iron). The latter generally have the higher
m.d.m. but suffer from worse scattering problems. M.A.R.S. incorporates

four large magnet blocks; the trajectory defining elements are trays of

neon flash tubes located =2t the top and bottom of the instrument and
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alsp in the gaps betwesen magnet blocks. large area scintillation
counters are the trigger detectors. The m.d.m. is about 6000 GeV/c.

A multi-layer instrument has been chosen because of the need to allow
for the increasing probability of burst production by the muon with
incressing muon encrgy. Sald (1966) gives the probability of a muon
of 1000 GeV leaving a thick steel absorber beil.ig sccompanied by a
large burst as 16%. The four magnet blocks of M.A.R.S. are an attempt
to ensure that most of the muons traversing the instrument will give
enough accurately locatable points on their trajectories to enable a

successful determination of their momenta.

le2. The Present Work

During various stages of the construction of M.h.R.3$. since its
commencement in 1968 several experiments using the spparatus as it
stood at that time have been performed. Detalils of most of thesec

experiments and of M.A.R.S. 1ltself are given in the next chapter.

The data reported in this thesis have been gathered in one cf the

longer term experiments performed during completion of the spectrograph.

Measurements of the muon charge ratio have been made over an

energy range of approximately 10 GeV to 500 GeV.




CHAPTER 2

M.A. Rs S,

2.0 Introducticn

In this chapter an outline of the M.A.R.S. project is given in
order that the parts of the project described in greater detail in

later chapters may be seen in perspective.

2.1 The Traijectory of Muons in a Magnetic Field

A particle of charge Z€ and mass m moving with a velocity Vv in

a magnetic field B is subjected to a force F given by
F = BUze
in a direction perpendicular to V', thus causing the particle to move
in a circle of radius ¥ given by
F= mﬂ?r
ie r = mV/Bze = P/Bze where P is the momentum of

the particle. The momentum of a muon in a known magnetic field may
thus be found if the radius of curvature of the trajectory can be
measured.

The inclusion of energy loss as the particle progresses changes
the track from a circular to a spiral form., The energy loss of a
particle moving a certain distance is much higher for a solid iron
magnet type of spectrograph than for the air gap type. A further
amplification is the effect of elastic scattering of the particle as
it passes through the instrument - again this is mbst important in
solid iron spectrographs. Yet another complication present in the
latter is the effect of 1lnteractions in the iron - particularly near
the bottom of the magnet - producing large bursts of electrons which
can saturate the trajectory defining detectors. In an effort to
minimise this problem M.A.R.S. - a solid iron magnet type of specto-
graph - has been built in layers. This ensures that enough accurately

located points on the muon tracks can be obtained to enable their

momenta to ba determined.
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2,2 M.A.R.S. ~ 4 Genceral Description

The basis of the M.A.R.S. project 1s the large electro-magnet
which has been bullt in the Sir James Knott Laboratory. The magnet
consists of i separate iron blocks (Fig 2.1); in'the gaps between
blocks, above the top block and below the bottom block are placed
trays of flash-tubes.

Using the tubes tc locate the track of a particle traversing the
whole magnet, the deflection of the particle - its direction and
magnitude-can be measured. By combining this deflection with a knowledge
cf the value of the magnetic field within the blocks the momentum and
charge ol the particle may be calculated as previously described.

The most common method used by previous workers to record the
discharged flash-tubes has been to photograph the trays; this invclves
tedious, time-consuming scanning of the resulting film. For the M.a:.XR.3
spectrogrsph however, a new technique involving digitication of the necn
flash~tubes has been developed. The data from some of the flash-tube
trays of the zpectrograph are stored directly in a computer which is
also used to calculate the momentum and charge of the particle.

Another feature of the M.A.R.S. experiment is the use of a 'momentum
selector! to reduce the number of low energy particles stored in the

computer,

2.1 Iq.A.RIS. - Details

2+.3.1. The Magnet The four magnet blocks are each composed of 73

iron plates (fig 2.2a). The coils on each block are wound as shown in
Flge.2.2b. One side of the spectrograph has been designated the roed

side, the other side is the blue side. A detailed front view of M.A.R.S.
is shown in g 2.3. The colls wound around each block are composed cf
92 turns of li SWG copper wire. Two power supplies, each providing 504
at 120v are used to energise the magnet coils. One energises the blocks
A and C and the other energises blocks B and D. Normally the magnetic
fields in the blocks are parallel to each other bul may be arranged to

give other configuvrations. 'The connections bestwesn power surpliss ant
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colls ‘are readily accesslble so that the energising coils can, if
required, be connected in series, hence reducing the magnetizing current
and consequently the magnetic fleld in the blocks.

With a current of 50A flowlng through the coils of each block
search coils indicate a magnetic field in the iron of 16,3 + 0.l kg.
The hysterisis loop of a block shows the iron to be well saturated for
this current = fig.2.4 (The uniformity in the field is given in
Fige2.5 and it 1s seen that the variation of the field over the sensitive

volume of a block is + L%.

2¢3¢2. The Triggering System To detect the passage of a particle

through a side of the spectrograph scintillation counters are placed at
the top middle and bottom of the magnet (Fig.2.3). Each counter contains
a slab of plastic scintillator (NelO2A) of size 133 cm x 75 em X 2.5 cm.
Each block of scintillator is viewed by four 53-AVP photomultipliers -

2 at each end. The outputs from diagonally opposite palrs of photo-
multipllers are passively summed and the resulting pulses amplified
(Fig.2.6). These two resulting pulses are fed, separately, into
discriminators. The outputs of the discriminators are taken to the
input of a 2-fold coincidence circuit. An output pulse from this
circult is taken to mean that a particle has passed through the scint-
111at16n counter (although a very small fraction of the pulses 1s due to
coincidences between the random noise pulses of each photomultiplier).
The 2-fold coincidence pulses from each of the three scintillation
counters on one side of the spectrograph pass to a 3~-fold coincidence

circuit, which detects the traversal of particles through one side of
the spectrograph.

2+3.3. The Acceptance of the Spectrograph To determine the muon

spectrum incident upon the spectrograph the acceptance = the 'collecting
power! - of the instrument must be known. The minimum requirement for

a muon to be detected 1s that it must traverse each of the three

scintillation counters. The acceptance of the ingtrument under this
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condition, as & function of momentum, is shown in figure 2.7. Further

details of the acceptance are given in chapter l.

2+3.l e The Pulsin-o Systam A high voltage pulse is applied te the

flagh~tube trays in the spectrograph wivhin 2 ps of a particle having
been detected (by the scintillation counters) uslng e spark gap and 1
lumped constant delay line (Fig 2.8). The spark gap is triggered by
digcharging with a thyristor, a small capacitor (0.05 pf charged to
1J00v) through a pulse transformer. The output of the transformer is
applied to the trigger electrode of the spark gap. To minimise the
féquired trigger voltage a barium titanate-(BaTiO3) col;ar insﬁiﬁtes
the trigger electrode from the (earthed) spark gap electrode. The
small trigger spark produced between trigger electrcde and earthed
electrode of the main spark gap lnitiates the aspark discharge of the
main gap and results in the production of a high voltage pulse across
the matching resistorss

Delay lines have been constructed using 2500 pf, 20 K.V. D.C.
capacitors and, for the inductors, 22 turns of 18 SWG copper wire
wound on a wooden former of diameter 3.0 cm. A negative square pulse
of width 2 Td (where Td is the propagation time of the delay line) and
height Vs/2 (where Vs is the spark gap supply voltage, is generated.
The pulse height is Vs/2 for R matched to the line le R=Zc where Zc
is the characteristic impedance of the line; otherwise the pulse height
differs slightly from this valuve. Each flash tube tray is connected
across s separate resistor R and is a capdcitive load Cv . One spark
gap is used te pulae several trays, hence there are several delay lines
and their assoclated resistors connccted to that spark gap. The spuark
gap, delay lines and tevminaling vesistors arc housed in an earthed
aluminium box. Co-axial cavles are used to transmit the high volfage
pulses to the flash tube trayas, this ninimises electrical pick up

problens.

In one side or thne apectrograrh two types ol fleash tubes ars used
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1arge'diameter (1.53 cm internal diameter filled with commercial Ne

at 0.8 atmospheres) and small dismeter (0.55 cm internal dig, and 2.4
atmospheres). For reasons given later in the chapter the trays of
large diameter tubes (each containing 20l tubes in l layers) are known
as momentum selector trays while the trays of small diameter tubes
(each containing 712 tubes in 8 layers) are known as measuring trays.
One spark gap is used to pulse the three momentum selector trays and
a second gap to pulse the fine measuring trays. The 2 types of tray

are pulsed via delay lines of differing characteristics:-

Ze () |Fulse width (us)| ¢ (pf)

(No trays
Measuring
Tray 22 1.5 .028
iom-sel
. M ivay L7 3.0 .005

Optimum flash tube efficiency has been obtained by measuring
the layer efficiency of the trays as a function of agpplied pulse

height. The important parsmeters of the pulsing system for M.A.R.3

are:

R (a) Pulse Ht | Peak Fid acrogs S.G.Sugply

(kv) Tray (kv cm~l) (kv
Meas. Tray 22 6 7.5 13
Mom.Sel.Tray | L7 L.5 2.6 10

2.3.5. The Principle of Digitisation It was realized in the design

stages of M.A.R.S. that, because of the high acceptance, photographic
recording of the flash tube data was not practical - the scanning of
the resulting large quantities of film would be impossible. Several
attempts have already been made to find non-photographic methods
(e.g. Bacon and Nash (1965), Reines (1967)),

During an investlgation of this type it was found that a voltage

pulse across a resistor held some distance from the tube was generated

|\
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when the tube discharged., Using the arrangement of Fig 2.9a
pulses on the metal probe were viewed on an oscilloscope.

The dependence of the digitisation pulse shape on 1, d, t, 1lp
and R was studied and 1ndicated a weak dependence of pulze height on 1
and d and a stronger dependence on t and lp. Variation of R had a
large effect on both the height and length of the pulse. Having
investigated the properties of a single tube the next step was to study
an array of tubes. It was found that to reduce the electrical picl up
from both the high voltage pulse and {rom any adjacent discharging

tubes the probes had to he enclosed in a screen -~ Figure 2.9b.

The rosult of both sets of inveotlgatlons showed that the probe

should be as near the flash tube as possible in order o maximise

the signal to noise ratio; the value of R can be adjusled to give the
required pulse length while the pulse height can be sclected by tTappling
off the required height from R Similar results were obtained using
small diameter flosh tubes. Therse studies showed that an array of
probes cculd be used to detect discharged flash btubes and that the
resulting 'digitisation' pulses from the probes could be tallored to
match any following circuitry., This 1s the basis of the digitisstion

system used by M.A.R.S.

2:3.6. The liomentum Selector System The purpose of the momentum

selector system is to select perticles of 'high! momentum (2 250 GeV/c)
The system consists of the momentum selectcor flash-tube trays (3 in each
side of the speclrograprh), probes to y'ovide'digitisation pulses and
electronic circuitry to fix the poinl across the width of the iray,
where the particle traversed the tray. Further electronic equipment
uvsing the information on the perticle positions from each of the 3
levels in the spectregraph to determine whether or not the particle
was of nigh momentuin, completes the 8yatem. If g high momentum cvent
is indicated the system initiates il sLoring of'data Tren. the trays

of tuvben designated ‘measurine travs' in Lhe computer.
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The initial location of the particle in a momentum tray to within
2.5 mm of the true position is performed by considering which tubes of
the momentum selector trays have discharged. The output of each probe
of a tray is fed to a memory circuit (based on integrated circuit logic
function blocks) known as a latch. An interrogation pulse applied at
the same instant to all the latches causes pulses to be given out by
those associated with a discharged tube. By taking suitable colnclidence
and anti-coincidence arrangements of these pulses the width of a tray
front is effectively divided up into 152 cells each of width 5mm and
the particle track 1s assigned to one of these cells. Having performed .-
this assignation at each of the 3 momentum selector trays the remaining
part of the momentum selector system decides whether the particle was of
high momentum,.

The information en which cells have been traversed is transferred
to the momentum selector shift register unit, a unit containing thres
152-bit shift registers - one register per tray and one bit per cell.
Loading of the registers is complete within 3 us of applying the
interrogation pulse, Figure 2.10a shows the registers in schematic
form where it can be seen that registers A and C are each extended by
;he addition of another 76 bits. A high momentum event can be defined
initially as one whose track is a straight line. The momentum selector
ghift register unit scans the data from the 3 trays (which is now held

in the 3 shift registers) for such straight lines. The scanning process

. 1s described below.

Bit 76 of shift ?egister (written SR, in future) B is connected to
151 3-1/P coincidence gates. Adjacent cells of level A are OR-ed together
in groups of 3 starting with group /0,1,2 7/ (where O is in fact & dummy
input since cell O does not exist) and then group / 1,2,3_/ etc.,
finishing with group / 150,151,152_/, The 151 outputs from this OR-ing

process are taken to the inputs of the 3-fold coincidence gates.
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Level C is treated identically except the results of the CR
functions are allocated to the 3-fold gates in the reverse order to
that of level A. Thus the complete inputs of the first 2 and last 2

3-fold gates are:

INPUT cnve | GATE ) ) W PR Y T GHTE 150 GATE 5]
! SR P76 SR 676 SR B76 IR B©76
Py [-MO) + AQ) ih(\) + (%) [(\(\\A‘) + Ali50) [(\(xSo) v A(SY)
+ (D) 4 RL’:A] ¥ (\(\S\ﬂ A (\(\S'.L)}
z [c[_\SO) v (159 [c(\w\) x (150) [C(\) r c(@) ‘c(o') + (V)
+C052)] D) +e] ve@))

The symbol + indicates the 'OR' function

The output cf the threefold coincidence gate changes only when all
3 inputs are in the same state. Some 3 us after leading of the chift
registers a train of clock pulses (frequency 925 KHz) is applied to the
3 shift registers causing the contents of each bit to shift to the right.

Now consider Flg 2.10b which shows the cells set off by a straight
track. After 11 clock pulses the output of SAEB76 will changs from its
reset state, logical 'O', to logical '1'. The outputs of the 2 OR
gates with inputs A(95), A(96), A(97) and C(55), C(56), C(57) will
change - also to '1! states. Thus the threefold coincidence gate having
s its inputs:

1 SR B76

[A(95)+A(96)+A(97)_/
3 [C(55)+C(56)+¢(57) 7

will indicate a coincidence - the output changes atate. Thus the change

N

in state of the output indicates a straight line track - a high
momentum event.

Iﬁ will be geen that 1f the particle had passed through cells
95 or 97 in level A or through cells 55 or 57 in levael C the result
would be the same¢ -~ a high momentum event would be indicated., ‘this
property has been dellberately built inbo the systew (hy use o7 the OR

function on the 3 adjacent ceiis) in an atiespt co adnimise vhe elfect
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off incorrect cell allocation. The particle may be mlsallocated to a
cell on ecither side of its true cell and still be detected as a high
momentum event. By dolng this, any bias due to mis-allocation
introduced 1nto the measured high energy muon spectrum will be small,
and can be further reduced by subsequent correction factors. As can be
seen from fig 2.iOc, in the extreme case a low energy particle sulferirg
a '2 cell! deflection may be classed gs a straight track event.

For the tracks shown in fig 2.1Qd the method described above
would fail because the particle passed to the right of SR B76. This is
overcome by building an identical system to that described above but
using bit 152 of SR B in place of bit 76, in the set of threefold
coincidence gates. The reason for the extension of shift registers
A and C can now be seen =- to accommodate shift register bits initally
loaded into SRA or SRC between bits 76-152 on subsequent shifting of tlhe

bits to the right.

2¢3e7 High Momentum Events When a high momentum event has been

detected storage of the measuring tray data commences. 'The data from
the trays, consisting of the column numbers of the discharged tubes and
the patterns of dlscharged tubes in those columns is fed, along.with
other subsidlary data such as event number, time, date, magnetic field

direction and atmospheric pressure, into a 1024 byte (1 byte = 8 bits)

u

core store. The store can hold all the data from one event. After
assembly of the data in the core store is completed the computer is
interrupted and the data transferred to it. 1In addition to handling
M.A.R.S. data the computer 1s also used for on-line control of bubble
chamber film analysis and this can mean that transferrence may not be
immediate; the maximum delay however is only 2 secs. The data 1is
initially held in the store of the computer but when Y or 5 events have
accumulated it is written onto g ﬁagnetic disc. When film analysis is

in progress the data is only stored but when film analysis has ceased for
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the night an alternautive programme operates to analyse the evonts
" stored in the previous period of film analysls and at the same time
to contlinue storage of more-M.A.R.3. data.

As mentioned previously the most common method of recording Ilash
tube data is by photography and subsequent scanning of the film. The
programmes to analyse the M.A.R.S. data have had to express The actions
of the film scanner in a logical form.

The aim of the first part of the programme is to obitain an initial
estimegte cf the trajectcery of the particle. The data from individual
trays is first divided into groups of discharged tubcs. An 1nitial
scan of the data is made to eliminate spuriously flashing tubes, spurious
triggers of the spectrograph and multiple (> 2 muons) tracks. Bursts
in a tray are defined as a group of 10 or more discharged Lubes aund are
not used in further calculations but a check is later nade tc ensure
that the final calculated particle trajectory passes within the burst
region. Having thus decided which groups may be used for track defining
purposes each group is split into sub-~groups and sttempts made to Tiu
a line through the discharged tubes of ths sub-groups.

Although it 1s not possible to define the point at which & particle
passed through a glven discharged tube the path of the particle may
still be accurately located by considering the discharged tubes in
various layers ol the tray. For each subgroup a line 1s fitted to the
Tlashed tubes. This line is then modified by considering the particle
to have passed through gaps between tubes in.those layers with no
discharged tubes in them. By moving this second line about its
calculated poéition until it violates the given data, aﬁproximate limits
to ‘the channel through which the particle passed are found. If however
it is not possible to rit a Lline without contradicting the given data
then it is assumed that sorie incorrect information i1s present. This may
be due to either a tube inefficiency - ie a tube‘should have flashed

but did not - or to knock-on electronz cavsing a tube somc distonce
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from tﬁe main track to discharge. The fitting routine includes

various options by which it can turn tubes off or put tubes on until a
fit is obtained. .Eleven options are available and are tried in a fixed
order., 'The first option to give a fit is accepted as that giving the
true track in the tray. This procedure is repeated for each sub group
in a tray and that giving the highest probability track - defined by
which option has been called - is used in later calculations., The
procedure is repeated for each tray and hence an initial estimate of
the channel, in each measuring tray, through which the particle passed.

Using the mid poant of each cnannel at the central horizontal
plane of each measuring tray as the co-ordinate of the trajectory
a parabola is fitted to the trajectory. The least squares method is
used.,

The derived parabola is now‘used to define the angle of the track
at each measuring level. If the angle is incompatible with the flash
tube data in a tray the remalning track fitting options are tried and
other subgroups examined until compatability is achieved. In most
cases these considerations result in narrower channel widths for the
possible track,also the mid-point of the new channel does not necessarily
coincide with that of the original channel, With the data from the
new channels a new parabola is fitted. At this stage ‘any bursts in the
trays are checked to ensure they lie on the track.

The coefficients of the terms in the equation of the fitted
parabola enable the momentum of the particle to be found.

The results of this analysis are stored back among the basic data
for the event. The time taken for the analysis of each event depends
upon what options need to be tried but the average time is about 4O secs.

The standard deviation of the distribution of cell widths is
found to be 0,29 mm which is in agreement with an estimate made in
M.A.R.S. I (Ayre et al (1972a,b) of 0.30 mm. For the latter value an

m.d.m of 5800 GeV/c is obtained for a fit which is able to utilise

the data from all 5 measuring trays. The m.d.m is dependent upon which




trays yield usable data the worst case is found to. be when only
trays 1, 2, 3 or 3, L, 5 yield good data ~ the m.d.m. is then

approx 1300 GeV/c. -7 L

2¢3.8 'Tow!' Momentum Events Up to now no mention has been made of

those particles which do not give a straight line track. Informuation
i on the trajectories of these particles is available in the shift
registers of the momentum selector shift reglster unit. Because of the
high acceptance of M.A.R.S. the rate of these particles is high and the
opportunity of a very accurate measurement of the spectrum and charge
ratio at momenta below a few hundred GeV/c presents itself., To this
end a device, known as AUDI has been constructed to measure the deflection
of particles using the information present in the shiflt rcjisterse The
results from HUDI cover the range 20 < En €~700 GeV/c. A% the highest
energies RUDI and the computer anslysed events overlap and will provide

useful checks on the validity of the dats.

2¢3:9. Results from M.A.R.S. Consbtruétion of the mapnet blocks began

in 1968 and approximately one year later the spectrograsph was operated
using the conventional photographic method of rccording the flash-tube
information. The results of this preliminary experiment were presented

in 1971 (Ayre et al (1971, 1971a, 1971b). By August 1971 the trays

cf large diameter flash tubes were in place in the blue side ol the
spectrograph and digitised information on particlc tracks was obtained
by HUDI. Preliminary measurements of the mucn charge ratlo were niade
(Ayre et al (1972)) along with investigations of the interactions of
cosmic ray muons (Grupen et al (1972)). Since then lurther regults

on the muon spectrum, the muon charge ratio and the absolute inteusgiiy

of the muon bLeam have been made (Ayre et al (1973a, 197 3b).

2.k Summary
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chapter is devoted to a detailed discussion of this instrument.
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CHAPTER 3

RUcDoTs

3,0 Introduction

This chapter describes firstly, the manner in which a particle
traversin;, the spectrograph ls allocated to a cell in a momentum =
selector tray and secondly, the instrument - R.U.D.I = which vtilises
the data from the 3 momentum trays on one side of the spectrograph to

derive the sign and momentum of the particle.

3.1 The Momentum Selector Trays

The framework of a momentum selector tray is made up of 1" x "
bright steel bar and has an overall sizs of 283 em x 8lL cm x 12.7 cem
(fig 3¢ls). 3even struts across the width cf tne tray keep the sides
parallel. At each end of the tray a 1/8" brass plate is mcunted. Each
plate has 155 holes in each of which a flash-tube is located. The brass
plates are 197 cm gpart and the average length of the flssh-tubes iz
sbout 220 cm. The L. layers of tubes are interspersed with 5 aluminium
plate elsctrodes (each270cm x 83 cm) held in 'Tulfnol! supports mounted
on the frame. The 2 outer plates and the centre plate are at earth
potential while the high voltage pulse is applied to the remaining 2

platese.

Onto the front brass plate is attached a 3.8 em thiek Dural block

with matching holes for the flash-tubesg, this is the digitisation shield.
The flash-tubea penetrate 1.0 cm into the block (fig 3.1lb); the
remcining 2.8 cm is taken up with a perspex cylinder held in place by
an 'Araldite! adhesive. Through the centre of the‘cylinder passes a
6 BA screw with its head touching the flash-tube. This is the digi-
“tisation probe.
Since the brass plahes are %%w mneans by which the tubes are

located beth with respect to one another end with respect to the tray

framework as a wnole, extreme care wus taken in their machining.
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A connection 1s made from the end of the digitisation probe to the
first of 2 layers of circuilt board that are mounted on the dural block =
fig 3.lc. The first layer holds the resistors R described in 2.4.5
and which in this case have a value of 2.7 k. Connections from the
resistors are taken to the memory latches on the next layer of circuit
board. Above this layer of circuit board; supported on a steel and

'Perspex! framework which in turn is mounted on the dural block, are

boards of i/c blocks forming the cell allocation circuitry.

3.2 The Digitisation Electronics

3.2.1 Ti.e Memories As stated in the previous section, the digitisatior

pulses from the flash tubes are detected by a brass screw and then fed
to latches. Each latch is a memory circuit whose output nust be gated.
In the initial (reset) condition the output is a loglcal 1 state; if the
agssociated flash tube discharges fhen point X (fig.3.2) changes to a
logical O. To obtain a pulse at the output of the memory circuit a
gating pulse must be applicd to all the latches as shown in fig. 3.2.

The outputs of the latches are taken to the cell allocation circultry.

36242 The tray fronts A scale diagram of a momentum selector tray

front 1s shown in fig 3.3. Also shown are the 5 mm cells to which a
particle traversling the tray is allocated. By examining the combination
of tubes which have discharged it is possible to allocate the position
of the particle to one of the cells. Since the spectrograph will accept
'high! momentum particles ( 40O GeV/c)within 7° or tue vertlcal the
cell allocation circuitry was designed to correctly allocate particle
tracks within this angular range. For example, discharge of tubes T,
27, 37 indicates that the particle craversed cell 9; discharge of tubes
17, 37 indicates cell 10. However, for some combinations the particle

could have passed through either of 2 adjacent cells:
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(1) the combination 7, 27 can be allocated to cells 8 or 9

(i) " " 7,16,27,37 " " nor 8org

(iix) " " 3,7s12,16 " n " " 7 or 8
This amblguity was reduced somewhab by calculating, geometrically, the
probabilities of a particle passing through each of the cells and then
allocating the particular flﬁsh tube comblination to the cell having the
highest probability. In particular for case (iil) - cell 7 had the
higher probability (~0.6). The remaining cases were found to have an
equal probgbility of passing through elther possible cell. The 2 cells
in question are the same for each flash tube combination so one
combination was allocated to one cell and the other combination to the
remaining cell. Afiter applylng these corrections the [lash tube combin-

ations and thelr derived cells are as shown in table 3.1l.

FLASH TUBE COMBINATION :[Cell No.
16, 27/7, 16, 27/7, 16, 27,37/16, 27, 37/ l 8
Ts 27/7, 17, 27, 37/7, 27, 37/ | G
175 31/7s 31/7s 17, 37 10
8, 17, 28, 37/17, 28, 37/7, 17, 28, 37/7, 17, 28/ 11
17, 28/8, 17, 28/8, 17, 28, 38/17, 28, 38/ 12
8, 28/8, 18, 28, 37/8, 28, 38/ ‘ 13

The Fﬁaéh Tube Combinations
Table 3,1
As can be seen from table 3.1 the flash tube combinations are
repeated every l cells; this being the spacing of the tubes. The
efficiency wifh which cells are correctly determined is discussed later
(Chapter L), Having decided upon the cell allocabtion thellogic circuityy

required to achieve this allocation will now be described.




28

3o0203. The Cell Allocation Electronics An important factor 1in

designing the circuitry was that only one cell should be indlicated by
the traversing particle. The restiriction is necessary to allow R.U.D.I
to determine a unique momentum and sign of the particle.

To reduce the amount of circuitry required on the tray fronts,
the flash tubes of row 1 are used only when absolutely necessary. Far
example, combination 7, 17, 27, 37 (cell 9) is still correctly allocated
if tube 7 is ignored, similarly for combination 8, 17, 28 (cell 12)
flash tube 8 may be ignored. The modified set of combinations 1s shown

in table 3,o 2o

FLASH TUBE COMRINATION Cell No.

(7), 16, 27/(7), 16, 27, 37/ 8

7, 27/(7), 17, 27, 37/7, 27, 31/ 9 ( ) Denotes a flash-
tube which is

(7)s X7, 37/7, 31/ 10 not used in coin-
cidence with the

8, 17, 28, 37/(7), 17, 28, 37/7, 17, 28] 11 other flash-
tubes in the

(8), 17, 28/(8), 17, 28, 38/ 12 combination.

8, 28/(8), 18, 28, 38/8, 28, 38 13

The Flash Tube Combinations Using Row 1 Only When Necessary
Table 3.2
Using row 1 in this manner means the effective measuring level is close
to the mid-polnt of the remaining 3 rows; for this reason the measuring
level is taken as lylng exactly on the centre line of row 3.
Because of the requirement that only one cell should be indicated
in each tray simply feeding the memory (latch) outputs to coincidence

gates is not sufficient as can be seen in the following example. Tn the

case of this method the discharge of tubes 17, 28, 37 would indicate,
in addition to the true cell (11), cells 10 (from tube combination
17, 37) and 12 (combination 17, 28). Thus some form of vetoing the

additional cells is required. However, not all of the combinations
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of tubes form part of some larger combination and need not be vetoed,

'The combinations requiring veto loglc are listed in table 3.3

FLASH TUBE COMBINATION FLASH TUOBL CCMBINATIONS
REQUIRING VETO PRODUCING VETO
. 7, 16, ?7: 36 (Cell 7)
Ts 27 (Cell 9) (7), 16, 27 (Cell 8)
(7)s 16, 27, 37 (Cell 8)

1, 27, 37 (Cell 9) (7), 16, 27, 37 (Cell 8)

(7)s 17, 27, 37 (Cell 9)
7s 37 (Cell 10) | 7, 27, 27 (Cell 9)
(7), 17, 28, 37 (Cell 11)

(7)), 175 27, 37 (Cell 9)
17, 37 (Cell 10) 8, 17, 28, 37 (Cell 11)
(7), 17, 28, 37 (Cell 11)

7, 17, 28 (Cell 11)
17, 28 (Cell 12) 7), 17, 28, 37 (Cell 11)
s 17, 28, 37 (Cell 11)

The Veto Requirements Over a Tube Spacing

Table 3.3

The logic diagram of the cell allocation circuitry - coincidence
gates and veto logic = ig shown in fig 3.4. The circuit may be divided

into 3 stages ar shown. Upon gpplication of the gating pulse the output

pulses of those latches associated with discharged tubes are inverted and
fed into the flrst stage which 1s an array of gates to find initially
which cell(s) possibly contain the particle track. As described above,
tubes 17, 28, 37 would indicete cells 10, 11, 12. Those outputs of the
first stage which may reguire vebo-ing ure taken tc the second stage;

the remaining outputs are taken directly to the third stage. The
sacond stage consiats of an array of inverting delays, monostables and
coincidence pates. Considering again tubss 17, 28, 37 =~ cells 10 and

12 are to be vetoed. This 1s echieved by taking the pulses after being

delayod and inverted by the elements D Irom those gates perfcrming the
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functions (17, 37) and (17, 28) to the coincidence gates where a
coincidence with any possible veto pulse is sought. The veto pulses are
derivea via the monostables (M/S) from other flash tube combinations

containing tubes 17, 37 or 17, 28. These are, from table 3.2:

combination /17, 37/ combination /17, 28/

17, 27, 37 cell 9 17, 28, 37 Cell 11
17, 28, 37 Cell 11 7, 17, 28 Cell 11
8, 17, 28, 37 Cell 11 8, 17, 28, 37 Cell 11

afid can be seen on the logic dlagram. For the example under consideratior
a veto pulse is obtained from the combination 17, 28, 37. The veto
pulses are 5 ps negative pulses. The delay units D give positive pulses
of length 0,15 ps, delayed by 0,85 ps from the leading, negative, edge
of the input pulse. The delay units were incorporated into the clrcuilt
as a precaution against any unwanted delay in the veto circuit which
could allow pulses to indicate incorrect cellse Since the veto pulses
arrive before the delayed pulses the outputs of those gates receiving
veto pulses are held in the logical 1 state - the quiescent state. If
no veto pulse is received then the gate output is a negative pulse of
length O.lS‘ps. The outputs of these gates, together with the outputs
of those gates of stage 1 having no veto requirements, are taken to the
final stage of the circuit. The latter consists of l coincidence gates,
the output of each corresponding to a cell. A negative pulse received
at any of the inputs indicates the traversed cell and at the output of
the relevant gate a positive pulse is produced.

The outputs of the 152 gates across the tray front are taken to
the momentum seiector shift register unit situated some distance from
the spectrograph.described in Chspter 2. The output of each cell is
used to set an element of a 152-bit shift register. Some time after

this loading of the shift registers all 3 reglsters (one register for

each momentum tray) are clocked at 980 kHz. In the reset condition the
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shift register elements are all in a logical 1 state; the pulse lrom
an indicated cell flips the relevant element to a logical O. This
elenent gives a negative pulse when clocked off the end of tue shift
register and it is upon detection of this pulse that the operation of

RoUeDo Io is basedo

3,3 R.U.D.I. |

3361 Introduction The Restricted Use Digital Instrument - R.U.D.I =
is the instrument used tc calculate the sign and momentum of triggering
muons and also to give some measure of their zenith angle. The celcula-

tion of these quantities is based on the generation of 2 numbers.

36302 Determination of the Muon Deflection The & nunibers mentioned

above are produced by 2 scalers counting the clock pulses of the
momentum selector shift registers. Filgure 3.5 shows the circult
diagrammatically - shift registers A, B, C represent the momentum
selector trays at the top, middle and bottom of il2 magnet. The first
scaler, scaler AB, is controlled by the negative puises, denoting the

traversed cells, from the shift registers A and B: the second scaler

is controlled by the pulses from shift registers B and C. A pulse from
shift register A (SRA) starts scaler AB counting. Upon reception of a
pulse from SRB, the counting in scaler AB stops, and counting in scaler
BC commences. Counting in BC continues until stopped by a pulse from
SRC. The order of arrival of the pulses is not important and thus
scaler AB may be started by a pulse from either of SRA or SRB and
correspondingly stopped by pulses from SRB or SRA. The number in scaler
AB is a measure of incoming zenith angle of the particle trajectory and
the deflection suffered by the particle in traversing the uppér half of
the magnet; the number in scualer BC iz a measure of the zenith angle

and the deflection suffered in the lower bhall ol the mégnet, given in

- units of cell width (0.5 em).
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The deflection of a traversing particle is defined as the distance
shown in Fig 3.6; the relation between A and the momentum of the

particle is derived in the next chapter -
PA ~ koo

where P is the momentum in GeV/c and

A is the deflection in cms.

Figure 3.7a shows a particle traversing the spectrograph and the
resulting shift register and scaler readings. In this case A is

obtained by subcracting the two scaler readings:

A

scaler AB count - scaler BC count

45-12
33 cell widths = 33 x 0.5 em = 16.5 cms.

il

In fact, a small correction to A is necessary because the second
momentum selector tray is not exactly midway between the outer trays.
This correction is not incorporated in R.U.D.I but is epplied. at a later
stage in the treatment of the data. Fig 3.7b shows & particle of
opposite sign to 3.7a. In this case, A 1s obtained by adding the scaler

counts:

1}

A =145+ 72

117 cell widths = 58.5 cms

The decislion to add or subtract the scaler counts is made in R.U.D.I.

The data from R.U.D.L. are accumulated in the memory of a L0OO
channel pulse height analyser (PHA). Because of tie limited number of
channels not all deflections can be gllocated to individual channels.
Thus, all deflections greater than 22 cell widths are stored in a single
channel; deflections of 22 or less are stored in separate channels.

This is shown diagrammatically in Fig 3.8. In this way all deflections
are stored in 2l channels and so a total of 16 such dqflection spectra,

separated by a spare channel, can be stored. The spare channel should
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remain empty and serves as a useful check on the functioning of R.U.D.I,
Qf the sixteen spectra, 8 contain data rrom posgitive muons and the
remaining 8, data on negative muons. The 8 gpectra of a glven sign are

classed according to the approximaie zenith angle of the muons.

The range of R.U.D.I. can be extended by manipulating the output
of the binary adder before it is taken to the circuitb responslible for
dealing with deflectlions of 23 cells. Ths output of the adder is in
binavy format of 8 bits. If the binary 1 output is ignored and the
remaining outputs designated 1, 2, ... 6l. then any original output has
been halved and truncated. Thus, a deflection of 22 cells ig classed
as & deflection of 1l cells; a deflection of 23 cells is elss classed
as one of 11 cells. The new cells are thus 1 cm wide whereas the
original cells were 0.5 cm wide. The greatest deflection, ia this
el ternative mode, which is not put in the inbtegral channel is U5 cells
(of 0.5 cm width), this is recorded as 22 cells (of 1 em width) and is
a particle of lower momentum than a normgl mode 22 cell deflection. In

this new mode of operation - '1 cm cell operation! ~ the mean mcmentum

of each cell is approximately halved and the range of R.U.D.I., thus

extended at a cost of a loss of momentum resolution. This modification

is indicated in Fig 3.8.

To determine whether the scaler readings are to ve added or sub-
tracted it is necessary to consider all of the possible types of particle
trajectory. These are shown in Figs 3.9 a and b, for the case of a
'positive! magnetic field i1.e. one directed into the plane of the page.
The arrival order written under each diagram is simbly the order in
which the negative pulses from the momentum selector shift registers

are fed to R.U.D.I. From fig 3.9a it can be seen that to obtain A

the following rule c2n he used:
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3L
If B arrives first or last then /A is the sum of
the scaler counts ie BA + CB, If B arrives second

then A is the difference of the scaler counts ie

CB-BA.

Some complication to this rule may arise dve to palrs of A and B
or B and C arriving simultaneously. These cases are shown in fig 3.9b,.
In these cases any inherent delay in epplying control pulses to the scaler
could result in a scaler being started by a slightly delayed pulse and
then counting éontinually as the only pulse which could stop it has
previously. been applied. This problem is overcome by delaying the pulse -
from B by a useful amount but an amount which is negligible with
respect to the clock pulse duty cycle (a delay of 0.1l us 1ls used in
practice). The simultaneous arrival of A, C is covered by the fact that
B correspondingly arrives either first or last; this fact also deals
with the case of a vertical trade. These last 2 cases are also shown in

fig 3.9.

Including the need to determine the arrival order the system is

now as shown in fig. 3,10.

"303.3. Determinatidn of the Muon Sign. The sign of the muon is

derived initially by assuming the magnetic field to be in a particular
direction - the positive direction.

Referring again to figs 3.9 a and b consider the events with arrival
orders BCA, BAC, (AB)C, (CB)A, B(AC) and those with arrival orders ACB,
CAB, C(AB), (AC)B, A(BC). For these cases the sign of the muon is
unambiguous, that of the first group is negative, that of the second is
positive. The case of (ABC) is that of a particle passing vertically
through the spectrograph and suffering a deflection less than 1 cell
' width (the corresponding particle momentum is ;5 800 GeV/c¢) and thus

cannot e assigned a meaningful sign. It is arbitrarily defined as a

negative muon and is put into the first group of events above.
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For bthe arrival orders ABC, CRBA the muen sign is not obvious.
In these cases the procedure is as follows. From the rule derived in
the previous section the scaler counts AB and BC must be subtracted.
The circuits of R.U.D.l. are such that the subtraction performed is
(BC-AB) as distinct from (AB-BC). This is done by taking the complement
of AB (i.e. AB) and adding it to BC:

(1) If BC> AB the subtraction involves carrying ) from the end

of the 9-bit binary adder to the beginning (i.e. from blnary

position 256 to position 1). For example, conslder AB=lj BC=6,

AB = 000000100 (AB = 111111011)
BC = 000000110
then BC-4AB ig 000000110

111111011

[r000000001--3

1—>»------ 4

carry 1
when the carry 1 is added, the answer becomes

000000010 i.e. the correct answer:2.

(2) If BCLAB the subtraction does not involve a carry but to
obtain the correcct answer the result of the initial suktraction
(BC~AB) must be complemented. For example, consider AB=li, BC=3.
then BC-AB is 000000011

111111011
111111110 This value is (true answer),

and must be complemented toc give

000000001 1.e. the correct answer:l.

Now consider the arrival order CBA; if BC 7 AB the muon is positive.
Thus the presence of logic states indicating
a) the arrival order CEA and,
b) the presence of a 'carry 1' logic stato from the adder,
are used to specify the particle as positive.
For a negative muon LC < AB and the presence of states indicating
a) the arrival order CB.L and

b) the preasence of no carry 1 from the adder are vsocd bo
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specily the particle as negative.

In the case of a high momentum (22 800 GeV/c) particle having a
deflection less than 1 cell the designation of sign becomes arbitrary.
Since no 'carry 1! state is produced when AB = BC the procedure just

described defines a CBA high momentum event as negative.

Now consider the arrival order ABC; if AB BC the muon is positive
and the presence of logic states indicating
a) the arrival order ABC and

b) the presence of no 'carry 1! from the adder are used to

specify the sign as such.

For a negative muon ABLBC and the presence of states indicating

a) the arrival order ABC and

b) the presence of a 'carry 1' from the adder specify the

particle as negative.

In the case of a high momentum ( 2% 800 GeV/c) particle the sign

1s again arbitrary. From the procedure just cdescribed an ABC high

momentum particle is defined as positive.

Until now the muon sign has been determined by assuming a positive
field. Information as to the true direction is now inserted. If the

field is positive or zero, the sign remains unchanged; if the field is

negative the sign is reversed.

A schematic diagram of the circuit used to determine the deflectim

and sign of the muon is given in fig 3.11l. It now remains to obtain a

measure of the zenith angle.

3:3.4. Determination of the Muon Zenith Angle. R.U.D.I. is unable to

measure the true zenith angle of the muon. The angle which is measured
is the angle A of fig 3.6. From a knowledge of the momentum of the

particle the relation between K and the true zenith angle @ may be
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calculated - Chapter l.

The arrival directlon - Bast or West - is found by considering the
afrival order of pulses from levels A and Bs If the particle traverses
the ReD side of the spectrograph then:

if A follows B then the direction 1is West,

if A precedes B ¥ " " " Fast

Since for both sides of the spectrograpn the momentum selector
shift registers are shifted towards the centre of the magnet the sbove
directions must be reversed for a particle traversing the BLUn sides
oi’ the specbtrograph. Thus the side of the magnet treversed must be

identified and 1red to R.U.D.I1.

The angle A is grouped into L ranges of scaler AR count as shovias

GROUP e b c d —‘
sc%g}TB AB < 16 16 €AB €32 32 ¢ AB<LS AB 3 148
EQUIVALENT o .0

ANGLE ok | % < 14371 1.43%a¢2.87° | 2.87° g ¢ 11a37° | oA D L. 37°

A schematic diagram of the circuit so far is shown in fig 3.12.

3:3.5. The Final Output of R.U.D.I. In the last 3 sections the muons

have been grouped into:

a) 2 classes according to sign: + or -
b) 2 classes according to arrival direction: E or W
c) i classes according to the angle & ,

Thus there are 16 spectra to be stored in the 400 channels of the
PHA - 25 channels/spcctrum. . Bach spectrum contains deflections 0,1,&,

eeeee2l,22, (23 or more} cell widths; the remaining 25th channel is

empty.
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Each of the spectra is given an identifier of the form (n x 25 + 1)
where n = 0,1,2, eoselli,15. These numbers in terms of sign, arrival

direction and range of are as below.

ABL16 32 AB16 | 48> ABy32 | AB) 48
u-w 001 026 051 " 076
u-E 101 126 151 176
u+W 201 226 251 276
WHE 301 326 351 376

For a particular event the deflection of the muon and the identifier
of the spectrum to which it belongs are added. The result is the
address of a channel in the store of the PHA and the contents of that
channel are, provided the event satisfles certain criteria tg be

described, incremented by one.

The address sent to the PHA 1s in binary coded decimal (BCD). The

~logic levels of R.U.D.I. and the PHA are different and the address must
pess through the 'logic level change'! circuit. The relevant logic

levels are given below. Those of the PHA have been specified by

Nuclear Chicago Ltd, the manufacturers of the PHA; those of R.U.D.I.

are the DTL logic levels

Logical 1 Logical O
RyU,D,I.| +2.2v or more + | +8v or less +
PHA 6v or more neg. 0.5v or more +

The address and muon sign are displayed on the front panel of

R.U.D.I.

This introduces the need for a memory circuit and, since the
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address display is in decimal form, a BCD to Decimal conversion
circuit. Also displayed is the deflection of the particle before

reduction. This display is in binary form and no memory is required

since the display is reset only by the next event.
A schematic diacram of the circult so far is shown in Fige. 3+13.

3e3eb6s The Functioning of R.U.D.I. In addition to producing an address

for the PHA, a pulse - the !'store'! pulse - must bz generated to increment
the contents of that address by 1. The store pulse ls produced by
R.U.D.I, and is transmitted to the PHA only if certain concitions are
satisifed, if they are not, then the address contents are not incremented

and the evepnt 1is thus not stored.

It was mentioned in 3.2.3. that 1, and only 1, traversed cell

must be indicated ut eaclh of the 3 levels. The reason for this is now

obvious - more than 1 cell at any of the levels would start or stop

the scalers AB and BC in positions having no relation to tne deflection
of the particle. A circuit 1s included in R.U.D.X. to prevent the
storage of such events. This is showﬁ schematically in #ig.3.1L. Two
tests are made; one ensures that the number of cells indicated at each
level is O or 1, the second ensures that the No. of cells is 1 or more.
The results of the tests are combined so that only if both are

satisfied is a pulse ~ the 'arithmetic!' pulse - transmitted to the adder

to initiate addition or subtraction.

~

In order to be stored, an event must sat.isfy a rurther 3 checks in

addition to that sbove. These checks are made on loglc states generated

by R.U.D.I. They test that:
(1) the add or subtract instruction sent to the adder is
~unambiguous i.e. the instruction is either add or subtract,

not both, not neither.
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1o
(1i) the geuerated muon sign ls uncmbiguous i.e. it is either

e

positive or negative, nct both, not neither.

(11i) the East or Weslt arrival direction generated is unambiguous

i.e. either East or West, not both, nct nelther.

unly wien an event has satisifed the 1our conditious will 1t be

stored in the PHA. ‘fhe circult is iLlustrated in Fige 3¢15.

In addition to these pulses from the momentum-selector shift
reglsters another 3 pulse trains are required to control the timing
of R.U.D.JT., thesc sare:

(i)- the clock pulses ﬁsea to_clockhthe éhift registers, The%e
pulses arc shaped by R.U.D.I. before being fed to the
various circuitse.

(ii) an initial reset pulse. The BLﬁE gide 3-Told coincidence
pulse 1s used to reset initially R.U.D.Il. after a particle
has traversed the spectrograph but before data is recelved
from the shift registers.

(iii) the 'C90!' pulse. This pulse triggers 3 monostablies, one
to produce the 'arithmetic! pulse which is input al gate 1 of
Fig. 3.1ll; another to produce the 'display! pulse which
updates the memory of the PHA address display and the last
to produce the original store pulse which must pass through
gate 2 of Fig. 3.15. The C90 pulse ocriginates within the
momentvm selector circuitry and is fed to R.U.D.I. simply
for convenience. After a 750 ns delsy it triggers the

aforementioned monostables.

The timing sequence of R.U.D.I. and the spectrograph as a whole

is shown in fig. 3.16.

An example of a deflection spectrum produced by R.U.D.IL. and
stored in the PHA is given in Pigure 3.17., DMost of the channels showing
data are the category 23 type channels, the data in the remaining

channels axe too few to bhe seen on the verticsl mcale usad, 0On the
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L
horizontal scele the small vertical lines aroc at 10 channel intervals,
Channels 1-100 and 101~200 contain negative particles from the west
and east respectively; chennels 201-~300 and 301-400.contsin yrositive
particles from the west and east 1espectively. This spectruvm was
collected with a positive magnetic field. It can be seen that the
predominantly accepted arrival direction is east fcr the negative
particles and west for positive particles. This aemonstrates the higher
acceptance for these directions with a positive magnetic field;

reversing the field changes the predominant directions.

J¢3:.7 Tne Construction of R.U.D.I. All of the logic circuitry of

R.U.D.I. has been constructed from DIL logic blocks. The logic level
change clrcuit, the PHA address display driving circuits and the store

pulse finally fed to the PHA are discreet transistor circuit

{n

« Logic
diagrams and circuit diagrams, together with a deacription of the

working of cach board are given in Appendix 2.

The final logic diagram of K.U0.D.I. is shown in Fig. 3.18.

]

3.3.8. Operating R.U.D.I. During data collection, R.U.D.7. is tested

appreximately once per week. To Facilitate testing, an instrument -

the R.U.D.I. Test Instrument -~ has been constructed. The logic diagram,
circuit diagram and operation of the instrument ars describcd in4ﬁppendix
3. The instrument simulates the outputs of the momentum selector shift
register units; by selecting various cell combinations the working of

d.U.D.I. can be checked.

While 1t is operating, the performance of #.U.D.X. is continually
monitored. The monitoring instrument: counts the numbsr of triggers of
the spectrograph end the number of times the shift registers are clocked
all the way across the 152 cells. These 2 nwibers sharld be equal but

in practice it has been found th:t due to mglfunctions of ths shifs- .

registers discrepancics can arisc. Sets of data in which such discrep-

ancies occeur are rejected. Tue instrument slso couvnks the number of

events which have at lewst 1 cell seb in each ¢if cie shift registers.
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ha
This is useful as described in Chapter L.

Another instrument has been constructed to count the number of
cells indicated at a given level. Ideally the number of cells shaild
always be 1 but a number of zero's and ‘two's are also found; the rare
events showing 3 or more cells are also recorded. This device is also
able to detect which cell 1s indicated at a given level for a
particular event. The results obtained from this instrument are given

in Chapter L and a circuit diagram is given in Appendix l.

It has been found that fluctuations in the current of the PHA
core storé can lead to couﬂE; not being stored for some addresses.

An instrument has been built to test the PHA by sequentially generating
each address and incrementing the contents by one and then repeating

the cycle. Any fault in storage can then be seen from the PHA display.

Data is gathered by R.U.D.I. 1n a series of 'Runs'. BEach run
lasts about 15 hrs and collects about 5000 events. At the end of a
run the contents of the PHA memory are printed out. This output
1s checked to ensure that the number of events stored in the PHA agrees
with the number of store pﬁlses transmitted to the PHA. The output
" 1s then transferred onto punched cards and analysed by computer. The
print out from the computer displays the results of the run grouped
into the various spectra and also a number of rates and charge ratios.
The data from several series of runs of the spectrograph and studies of

various bias effects in them are described in the next chapter.




1.3
CHAPTER L -

Ingtrumental iffects

4.0  Introduction

This chapter describes various instrumental effects of the

spectrograph and the momentum selector celling system.

ltel  Acceptance Effects

For a particle of infinite momentum the overall acceptauce
of the spectrograph has been found using the method of Lovati et al
(195lL) . Taking the zenith angle dependence of the muon beam to follow
a Cosne law, where 0 is the zenith angle, theze authors show the

) acceptance of the arrangement of Fig L.l to be given bLy:

< ayz Y-2Ztual, % Y
et el
A con B, 40, | dy | dx Jes g dY
n
1) ~Y X Y

For M.A.R.5., concerned with momenta 2 7 GeV it is adequate to take
nN= 0 (Fowler and Wolfendale (196l), Coates (1967). The first three
integrals of the above expression have been evaluated for a nunber of

values of n; giving the following results:

kaq 22
= [2 [Auod' a-la(1e ©)% ¢ Lo seckan B[220 0]d0 (A= 2xLos0/2)
Q

bust' Az

A, = [2 cosB2 vecbar' B -cos ban A-T[2Y-ZcanB] 5 246
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l:o.n 292 EN\ bATV 4

jl(.os Bl'_Sm (kan’ (\\][2‘1 Z‘:o.\\@]Z/L‘ule + ( bAc/ G)/ o5 0 40
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A, = [2 cos'® i cos ban 'n)[2v-2kan8] 2/, 46 fc LA cos ® de
0

Teking Z to represent the distunce between the céuniras of the outer
tw intillat " th rctrosrach t
cWO scintlililavorg o' the snectrorranh the values 4o - Al are respeci-

ively L06.0, 03,5, LOL.2, 393,8 und 390.5. The eccephance is rather
there being a change of ~ 204 ia guing rrom B = 0 te
L300 LS #Lddgy R LR
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n=l, - Ly

To obtain the acceptance for finite momenta, the paths of particles
through the spectrograph have been simulated in a computer programme.
Figure lL.2a shows schematically the m th of a particle through the
spectrograph; the two planes represent the outer scinitillators. The
two components of the muon track, one parallel to the magnetic field .
and one perpendicular to it, may be considered separately, The
projection of the track onto the front plane is shown in figure li.zb.
The acceptance at anglefﬁ, is represented by the distance P which by
simple gegmetry is given by

P=1WcCs ©;-2sinb,

The acceptance (A1) in this plane is then:

Fman

Y,
A= 2j (Wes8,-2$n0,)d08, = 2[(2‘*\:4‘)‘ -—Z]
o
where Gmax = tan =1 (I-I/Z) for a particle of infinite momentum. The
acceptance in the remaining plane is given by a similar expression with

T replacing W. Since both planes are taken to be independent the total

(three~dimensional) acceptance (A) is the product of the two-dimensionsl
acceptances and thus:

A= (2 + W - 2). (z* + 1" 1% 2) ror a particle of
infinite momentum. This ylelds an acceptance identical to that
calculated as previously described. For a particle of finite momentum
some deflection occurs in the front plane (the plane perpendicular to
the magnetic field) and the values of P as a function of O are obtained
from the computer model. The technique used to find P has been to
select the momentum and incident angle of a particle and then find that
length L along the top of the spectrograph over which the particle
track will satisfy certain criteria. These latter were that the track
should pass through all three scintillators and all three momentum
selector trays and should also stay within the solid iron of the magnet

blocks. The computer programme was written to consider only magnetic

deflection - scattering was neglected. Energy loss in the iron was
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taken into acccunt using the results of Sternheimer and Peierls (1.971),
Figures L3 and L.l show the variation of P(=LCos‘9l) with zenith angle
for the two field configurations most often used in the experiment.
The momentum variation of these roughly triangular shaped curves 1is
rather better illustrated in Figures .5 and L.6. Integrating over 0
gives the front plane acceptance; the side plane acceptance is constant
slnce no deflection occurs parallel to the magnetic field. The

resulting variation of acceptance with momentum is given fig lL.7.

From curves such as those of figures L.5 and L.6 graphs showing
the relation between incident momentum and the most probable zenith __._
angle have been construvcted. These are shown for various field
configurations in figures 4.8, L.10 znd L.12. The compuber programme
gimulated the paths of positive particles. It is useful to note that
becauvse of the shape of the acceptance curves the most nrobable, the
mean and the median angles are all similar. The most probable angle
emerging Crom the bottom of the spectrorraph (corresponding to the most
probable zenith angle incident on the spectrogreph) as a function of
incident momentum is shoum in fig l.1L. Only the most commonly used
field configurations are givenr. To show more clearly the relation
between top and bottom angles the most probable values are related in

figures l.15 and L.16.

As mentlioned in a previocus chapter it is not possible, using
R.U.D.J. o measure the zerith angle of a particle. The angular ranges
inte which particles are grouped are tased upon the angle indicateé by
the scaler ab ol R.U.D. .l The relation bebtween the latter and the
projected zenith angle (the zenith angle projected onto the front
plane) is given, for the two cormonly used {ield directions, in
figures l.17a, b. On the onrdinate are shown the l angular ranses
(the ranges a, b, ¢ and d) into wuich the parbticles are aubtomalicel ly

groured. The end points oi the lines are at the angles at which the

acceptance has fallen teo zero. fThe dasheld line represents a particls
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of infinite momentum.

The computer programme has also been used to derive the relation

between momentum and deflection. The deflection (A ) is given by

A= %X2Z-ly +(\-Lf)ly-x)

where X , y and Z are the track positlons at the upper, mi.dle and
lower momentum trays respectively; and ‘q and kz are the lengths of
the upper and lower arms of the spectrograph. By simulating the
passage of particles of known momentum (P) incident at the appropriate
most probable angle this deflection has been found and the product PA
calculated., The values of PA as a function of P, for the various
field combinations are plotted in figurcs 4.9, J.11 and L.13. For
the conventional field the cxpression

(P-L-02) A = 33u9 [P Gave, A cms)
fits the illustrated curve to within about 2% over the momentum range

500 GeV/c to 20 GeV/c. For the crossed field the expression

(P-2329) A = (-6 [Pw Galle, D i cwms.)

fits the curve to within about 2% over the momentum range 500 GeV/c
" to 10 GeV/c.

h.2 The Category Acceptance

By category acceptance is meant the range of deflections which
are assigned to a given category. A muon track is assigned, by R.U.D.I.
to a category nt defined by

ng = na + n¢ - 2nb

where n represents the cell at the upper (a), middle (b) or lower (c)
level to which the muon trajectory has been allocated by the momentum
selector celling system. The cells are of width 0.5 cm. The category
acceptance has been calculated using a method suggested by Nandl (1972,

private communication).
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¥igure 4.18 shows a schematic diagram of the magnet blocks and
momentum selector trays; it is seen that the trajectory positions (x)
at levels 3 and 1 are

Xy = X5Ys \:am\? ¥ g\ "81 "(\‘S'\’L)AQI M (\l's'\lh.)b‘gl ""(b"”
= As - Y, ban Y *g\ ¥ S:L *Sz. *Sk ¥ (ﬂ\o"\'a) AQ, +
(\"“_\l“)ﬁ¢1 ¥ (1\&”‘,)[)@3 4+ (\‘w"\lq)AQb‘ e c 6 - (b{'l)

From the work of Ashton and Wolfendale (1963) the vsrious angular

5
}

deflections (AW ) and linsar displacements (§ ) are, in the general

case, given by

AD (&1} = 3008 ln(i- A1/o) and
. IR . PR L IR SRS 1
$(pal) = 3’_02%3__]_- {\ * 5(011/9) * %("Ll/[’) i\o (\‘L‘L/('> A

where P (ev) is the momentum of a particle entering a magnet block of
length 1 (gms cm‘z); A 1s the mean energy loss per unit path

length in the block (eV cm'l) (assumed constant ovev ohe

trajectory).

The method adopted is to specify the category number and then
to consglider a particle of fixed dellection (and hence known momentum
using the results of section L.l). To find the accepteance it is
necessary to find the range of zenith angles within which the particle
is allocated to the selected category. By specilying the discharged
cells (C5 and C3 say) in the upper two momentum selecltor trays the
range of projected zenith angles over which a particle passing through
¢S énd C3 may be inciaent is found from equation li.l. (Defining C5 and
C3 also fixes (Cl, the discharged cell at the lowest level). The range
of zenlth angles is found by considering particles incident at varions
positions in the top cell and constraining them to pass through the
extremeties of the cell in th: middle level. Plotting the maxinwi and

minimum angles as a function oif the incldent pezltion gives o closea
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curve (a rectangle) whose area is proportional to the acceptance of
the top two levels of tne magnet. Using the now defined discharged
cell in the lowest level an ldentical procedure using the outer two
trays and equation lj.2 yields a second clused curve. The area common
to the two closed curves is proportional to the acceptance of the
spectrograph for the particle of the selected category number and
deflection. This acceptance is then weighted by the the numver of
possible ways, the same category can bse produccd by trajectorics
parallel %o tvhe track specified oy the positicms 0b, €3 and Ci. '[he
tetal acceptance fur the configuration under considuration is thus
proaucced. The prucess is ropsatved for all possible cell configuraticns
leading ©o the requirca catvegorye. The resulbting acceptances are then
surmed to give the total acceptance for the particular category and
deflection,

For category 10 the results of these calculations are shown as the
golid curve of figure .19, It is seen that the category, although
nominally of width 0,5 cm does not have a square acceptance function
but contains particles over an approximately l cm spreasd of deflectione
The peak of the curve is not at 5.0 cm but is slightly shifted (by
- 0,07 cm) to a smaller deilection. The shapes ot the acceptance curves
for other categories are the same as that oi’ category 10, The shiiting
of the peak from the value (category number 4 2) however does increase
with decreasing momentum (larger category number); for categories 20,
30 and 4O the shifts are respectively 0.12 cm, 0,16 cm and 0.17 cm,

The shift is due to the spectrograph not being perfectly symmetrical,

The results of the above calculations have been checked by simula=-
ting, with a computer programme, the passage of particles through the
spectrograph. The histogram of figure .19 shows the results and the

agreement 1is thought to be adequate for the purposes of this work.
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In figure L.18 the conventional magnetic field has been assumed;
when the crossed [ield configuration ias considered the shapes of the
acceptance curve are not found to be significantly different from that

shown in figure lL.19.

Using the curve of figure l}.19, the previously described p [
relation and the difflerential momentum spectrum of Allkofer et al
(1971) the mean deflection and mean momentum of each 0,5 cm cell
category has been found. This gives a mean momentumn of category O
of 680 GeV/c. Adding to the curve of figure L.19 a curve of ldenticsl
shape but with peak displaced by 0.5 cm gives the acceptance function
for 1.0 cm cell operation. From the apprcpriste pA reiations the

5

mean momenta for the catezories O under conventional and crosscd field
modes are 520 GeV/c and 200 GeV/c respectively. It shculd be noted
that the acceptance curve of figure l|.19 is that which would be obtaingg
under ideal conditions. There 1s however the possibility that a
tra jectory may be allocated to one or mere wrong cells at each of the
different levels; the reasons for such misg-~allocations ares~

(a) The electronic logic perforning the celling is not completely

efficient. This effect is to some extent momentum dependent

and is mest sericus at low momenbta when particles pass through

the instrument with large angles,
(b) The flasn~tube efficiency is not unity

(¢) Knock-on electiirons produced in the glass walls of the flash
tubes may cause either the wrong cell or in some cases, two

cells to be discharged.

(d) Purst production neer the bottom of au iron block may give
rise to electrons discharging one or more cells. >
The effect of (a) on ths charge ratic it discussed in chapter 5 and

b ] . . Fo T T v e 03 . Y . .
calculations or the ei’ficiency ol the celling syoshom are described in
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section J.3. In this work no calculations of thLe effect on the
acceptance curves of the above factors have been made. The dashed
line of figure l.19 shows the results of calculations performed by
yhalley (197)) in which the effects of (a)-(c) were considered. The
effect of (d) is momentum dependent but should be the same for both
positive and negative muons and will not be considered further. The
broadening of the acceptance function, as lndicated by the dashed line,
combined with the steepness of the muon differential spectrum causes
the mean deflection within a category to increase. The mean momenta
of categories 0 for Series L, 5 and 6, Series-7 and Series 8 became
W2 cgev/e, 376 GeV/c and 126 GeV/c respectively. Table L.l gives

the mean momenta for the various experimental arrangements.

TABLE l.1. Median Momenta
Series lj,5,6 Series 7 Series 8
Cat;gory 0.5 cm cell 1.0 cm cell 1.0 em cell
* Normal Field Normal Field Crossed Field

0 hh2 Gev/e 376 GeV/e 126 geV/e

1 358 236 81.0 /
2 274 160 68,3
i 21 118 Eu.7
177 93.0 3.5
5 145 7646 36,8
6 128 65.3 31.8
7 112 57.0 27.8
8 98.3 50’7 25-3
9 88.3 45.8 22.8
10 80,0 . h1.7 21.1
11 7137 38.3 19.5
12 67.9 35.3 18.2
13 63.0 33.1 17.0
1l 58.9 31.0 16.1
15 55.2 20.3 15.3
16 52.1 277 14.5
17 9.3 26.3 13.9
18 L7.1 25.1 13.3
19 Lhy.8 2Lh.1 12.8
20 LL3.8 23.1 12.3
21 Lo.8 22.1 11.9
?2 39.3 2l.3 11.5
23 13.9 12.4 9.7




. 3« The Celling System

The efficiency of the logic of the celling system has been found
by simulating the logic 1n a computer programme esnd determining the
response to particles passing through the system at various angles.
If a single cell at each level is not allocated to a traversing particle,
the event is rejected by R.U.D.I. The probability of a single cell

being generated at a level is shown in figure L.,20,

lelts _Other Effects

&) The Mumber of Discharged Cells. Using the R.U.D.I. cell monitor

(Appendix l}) the number of calls discharged at each level has bheen

measured. The results are tabulated below:

% of events having the indicated mumber of
raber dischasrged cells
Of - - — gt — e
11s o ~
Positive PField Negative Field
Top Middle Lower Top l Middle Lower
Tray Tray Tray Tray ‘ Tray Tray
{
7.5 + 0.5 3.0 0.3 | 12,0 + 068{] 745 + 0.5 2.1 + 0.3111.56 + 0.7
8hel] T 1.6 88,0 T 0.5 | 7700 T 065}I6L.1 T 1.5[88,1 T 0.5{78.6 ~ 1.5
6.0 0.6] 5.3 0. 7.8 0.5 6.7 0.6; 5.7 0.l 7.6 0.4
007 0.2 193 0.2 l.7 003 1.0 0oz l.ll- 003 l.2 003
0.3 0.1} 0.8 0.2 0.5 0.1l 0.3 0o0l] 0.6 0.2{ 0.5 0.l
0.9 0.2 0.6 0.2 0.7 0.2]] 1.5 0.2} 0.6 0.2] 0.7 0.2

| _The Distribution of Discharged Cells Across a Trey. The cell monitor

has also been used to find, at a given level of the spectrograph, which
cell has been discharged. The cells have been considered in groups of
four (equivalent to one flash tube spacing). There are 38 such groups
across a tray but the lasi 1s reglected since it contains oniy 3 cells.
Neglecting any extreme edge effects it would be expected that within a
group the positlon of the cell contalning the maximum number of
measured events weuld be randomir dilstrivuted. The positions of the

maximum cells have been plotted in figure [[,21l. Tbe two magnetic fleld

directions have been cengidered severuvicly and Lhe uvpner ryavkh ia each
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case is for the positive magnetic field. It can be seen that,
particularly for the lower two levels there are large sections of the
tray where the maximum cell lies in the same position. In figure L.20
some groups have a maximum cell gppearing in two positions, this means

that there were equal numbers in the two positions.

This effect is interesting but unexplained. The slow, systematic
variation of the effect is shown in figure 4.22. 1In this case the
distribution of events within a group has been treated as a histogram
and it 1s the position of the mean that is plotted in figure L.22. The
error flagé represent the standaré error of the mean. Il thé
distribution within a group were uniform the value of the mean would be
2.5. The deviations from this value are seen to be systematic and do
not seem to depend on field direction. This latter point does not
support thejsuggestion that the phenomenon is due to the effect of the

magnetic field on the inte;rated circuit blocks.

These measurements have also been used to locate t'dead! cells
i.e. cells which have never been discharged because of some fault in

the circultry.

¢) Pairins of the Data This is mentioned in chapter 5 and illustrated

in figure 5.9. The effect is unexplained.
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CHAPTER 5

T DATA

5.0 Introduction

This chapter contains a tabulation of the basic data obtained from

" R.U.D.I. The charge ratio data are examined for bLiases.

5.1 The Data

Data collection using R.U.D.I. was performed in a series of 'runst;
each run represents a period of continual operation ¢f the spectrograph.
A typical run commenced at 1800 hours and wes berminated at 0909 hours

the next day. In an attempt to minimise any bias effects due to
i

essymetries in the magnetic fleld the direction of the magnetic fleld

was reversed regularly. Some bias due to this cause was found.

Corresponding to particular modes of operation of 2.U.D.I. and/ox
the spectrograph a number of runs have been grouped together to {orm a

Series. At present (July 1973) 8 Series have been complcted.

The results of Series 1, 2, 3 and L4 have been reported previously

(Ayre et al (1972)). 7The results reportsd in this work are those of

Scries L, 5, 6, 7 and 8 and have been reported by Ayre et al (1973a,
1973p). Since Series l} forms only a small fraction of the later data

the two sets may be considered independent.

Series L, 5 and 6 were obtained under identical modes of operation
(0.5 cm. cells and conventional magnetic field) and have been summed
together. Series 7 dala were obtained using 1.0 cm. cells and conven-
tional magnetic fiecld. Series 8 data were obtained using 1.0 cm. cells
and 'crossed! magnetic fields (in which the field direction in the centre

two blocks of Cthe magnet was in the opposite direction to that of the

outer two blocks)e.




sl

The data are given in tables 5.1 - 5.3. Pecause of the above
mentioned blas due to magnetic lield direction the data have been
presented separately for each direction. The apparent arrival directiom
is simply the East or West direction indicated by the discharged cells
in the top two trays. In part (iil) of each table the bracketed values
are those obtained after correcting for events in which the particle
sign was wrongly determined. These bracketcd value: have been used in

calculating the charge ratios and excesses.

In the remainin_: tables (5.l - 5.6) the data summed over buth field
directions .are given. (he. charge ratio and its error were calculated
using the relation

R= Ny/N. * R(L/N+ + 1/1\1-)%
the charge excess (§) and its error were found using the relatlon

$ = (m - W/(Ne + N E(@/ilk 4 N)P) (N2 4 N-2)E

where N+ and N- refer to the numbers of positive and negative muons. The

derivation of the errors of R and § is discussed in Appendix 1.

The values of N+ and N- have been oblLained by simply swiming the
data from both magnetic field directions. It can be shown however that
the best estimate of R is obtained not by such a summation but by using
the quantity R = jR+ R~ where R+ and R- are the charge ratios observed
for positlve and negative fields respectively. This is discussed in
Appendix l. In the case of the data in tsbles 5.1 - 5.3 this latter
representation gives a value of R which is negligibly different
(typically 0.3%) from that obtained by summation. Consequently the
summation method has been used. The given values of § have been
calculated Crom the sunmations; in Appendix 1 it is shown that the best
estimate of § is indeed obtained by such a summation and not by the

geometric mean as in the case of Re.




2.2

5.2 Experimentally Observed Riases in the Charge Ratio

The most.signilficant bias on the charge ratio meagsurcments thset has
(so far) been detected is that of the effect of magnetic fiecld directicn.
The measured ratios ror the positive and negative field directicns of
each Series have becen plotted in fig 5.l. The data have been su.med
over several cells as shown in order thet the error bars may be a
reasonable size. The most important feature of each of tnese graphs is
the difterence between the ratios of category 23 for the two field
directions. For Series!' lLj, 5, 6 and Series 7 the ncaative field yields
the higher ratio while the situation is reversed for Seriss 8, For

Series' L, 5, 6, Series 7 and Series 8 the separations are * (.7 * 0.2) %,

+ (5.9 * 0,5)% and + (2.1 * C.7)% Crom the mean ratio obilained by

sumwing over both field directionse.

The cause of this separation has been found by consideraticn of o
angles made by the muon tracks in the momentum selector trays. Considering
Series li, 5, 6, figs 5.2 a, b show the charge ratios of t“0se muons

waving similar irajectories through the magnebt. For ezanple a positive

5
L 1&

~

muon inecident from a Westerly direction when the magnetic Tiel
positive has a similar trajectory to a negative muon from thec sawe
direction when the magnetic field is in the nszative direction; the

- \ + - .
numbers of these muons have been denoted by puWB and pWB respectively.
The same convention is used for other trajectories. In fig S.Za two sets

-

ol ratios have been plotted. Account was taken of the fact that the
data collection was not equally divided itetwcen positive and negative
magnetic flelds by using a normalization procedure. Before calculating
the ratios plotted, the total number of pariticles gathercd with a
positive field.was normalized to that gathered with s ne.ative field.

Compared to the ratio using the un~nornialized dats the chanze in the

ratio is small( 0.0l in the absolute value of the ratio). In Tig 5.2s
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the trajectories involved have the common feature that the angles in

the bottom tray are, at least for those particles in category 23,
predominantly positive. For higher momenta (lower category numbers)

the contribution of non-positive angles in thé lower tray to the ratio
R} will increase. It can be seen from {ig 5.2a that the ratios obtained
by selecting similar trajectories are in good agreement and this also
applies to fig 5.2b which shows the ratio for trajectories involving
mainly negative angles in the bottom tray. Figures 5.2c¢, 4 show the
ratios found with dissimilar trajectories. The large discrepancy
observed between the category 23 ratios is due to the differing

efficiencies of cell allocation for positive and negative angles.

As shown in Chapter L the probability of a single cell being
allocated to a track is somewhat higher for positive angles (B) such
that 10°<H6<30°., It has also been shown that the most prcbable angle
(which is close to the median) is, in the bottom tray, > 10° for
momenta £ 12 GeV/e. Hence for these momenta some difference in

detection efficiency is to be expected.

Consider now the ratio R} of fig 5.2c. The positive particles are
incident in the top tray at a positive angle and hence have g higher
detection efficiency relative to the negative particles which are
incident at negative angles., At the bottom tray the situation 1ls reversed-
the negative particle which is now moving at a positive angle has the
higher detection efficiency. The overall efficiency of detection is
taken as the product of the efficiencies at the top and bottom levels;
the middle level will be neglected. As shown in Chapter l. the median
angle in the bottom tray is generally larger than that in the top and
since the rate of fall of efficiency with angle is greater in the
negative direction the overall efficiency is lower for the particle that
moves at a negative angle in the lower tray - the positive particle in

this case. The relative loss of positive particles results in a

preduction in the charge ratio. For the ratio Rz of Fig 5.2c identical
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reascning leads to a loss of negative muons and an increase In the ratio.
These features are shown by the data. Similar arguments may be used to

explain the ratios of category 23 of fig 5.2d.

The data of Series 7 (plotted in figs 5.3 a-d) exhibits similar
behaviour to thabt of Series ), 5, 6. The major difference is that the
splitting of the ratios of cate zory 23 1s rather larger. The median
momentum of this category is lower than for Series L, 5, 6 and siace %the
difference bebween positive and negative particle detection efiiciencivs

increases with increasing angles then a larger splitting would be

expected.

A more quantitative estimate of this effect of diffsring effici-
encies has buen obtaired for 3Series lj, 5, 6 and Ssries 7 as follows.
For a rixed magnetic field direction (positive) the mean angles in the
top and botbtom trays, as a function of momentum, iicre found (wy
calculatinz the acceptance as a function of angle). These angles are

A N
denoted Bt and Ob o Dependent upon the slign of muon the values of

(0]

eteuml Bb may be positive or negat¢ve, for examecle in the case cf a
positive muon of energy say, 10 GeV, Gb and Gh arc positvive and nezativs
respectively (assuming the same sign convention ol Chapter l). #rom

the wraph of detection efficiency as a function of angle (Chapter L)

the corresponding elficlencies were obtained and are plotted in figs

5.5 a, b. The probability of a single but incorrect cell being generated
is rather small and has been neglected. FReyond arout 15 GeV/c both

ét and ?b are less than 10° and the detection sfficiency is unity,

The overall detection efficiency is taken to be the product of the top
and bottcem tray efficiencies. In the case of the example above, the
overall efficiency is the product of the top effliciency (fh positive)

and the bottom efficiency ( Gb negative). The results for both types

of muon are shown in f'ig 5.5c.

Using these efficiencies topether wlth the 0.5 cm. cell acceptance

curve for cate.ory 23, the overall acceptance ol che specutrograpl a8 .
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function of momentum and assuming an incident muon differential
spectrum (Allkofer et al (1971)) the momentum distribution of particles
in category 23 was calculated. A charge ratio of 1.0 was assumed.
Integrating over momentum gives the ratio of each kind of particle to
be p‘/p+ = 1,03 thus indicating a reduction in the true charge ratio
of l«3% Taking the true ratio as that obtained by summing the data
over both field directions this figure is in good agreement with the

observed (L.7 + 0.2)%.

To obtain the equivalent figure for the Series 7 data the only
change to the above procedure is the use of the 1 cm. cell acceptance
for category 23. The results of this calculation indicate a reduction
in the charge ratio of 5.,9%. This is in excellent agreement with the

observed value of (5.9 + 0;5)%.

Turning now to Series 8, the charge ratios of category 23 are
found to deviate by + (2.1 * 0.7)% from the mean. The rather small
splitting 1s qualitatively understandable since with this magnetic
fleld configuration the angles of particle tracks are not as extreme

as in the conventional case. This leads to a higher overall detection

efficiency for both signs of particles and consequently a closer

approach to the true ratio. The splitting of this Series is in the
opposite direction to that of the previous cases. It should be
remembered however that the 'positive! and'negative! momenclature

describes the field direction in only the centre two magnet blocks.

Figures 5.4 a-d show the charge ratio for the various trajectories.
Excluding category 23 the ratios for both similar (fig 5.4 a, b) and
dissimilar (fig S.l ¢, 4) trajectories are in good agreement; within
the error bars there are no obvious systematic trends. In the case of
category 23 the situation is less clear. Firstly, the splitting seen
in fig S.l4 a is larger than that in 5.4 b and secondly fig 5.4 ¢ shous

a large splitting as may be expected but fig 5.1 4 shows no such effect.




At presentb, neither of these details is understood hut a possible

explanation is that they are statistical fluctuationse.

A descriptive cxplanation of the splititing shown in fig 5.l ¢ can
be obtained by considering fig 5.6 in which some typical particle
trajectories are shown. The diagrams are schematic only and represent
the tracks of particles of momenta £ 8 GeV/c. Figure 5.6 a shows the
paths of those particles forming the ratic R} of fig 5.l c. Tho large
deflection suffered by the particle in the last magnet block is due to
the fact that it has lost a large fraction of its energy in passing
through the uﬁper hlocks. 1t can be seen that positive and negative
particles emerge at positive and negative angles respectively and
since the detection efiiciency is highest at positive angles the

-

resulting charge ratio R} is enhanced. Figure 5.6 b shouws those
tracks forming Rp of fig B.lt ¢ Here the situation is reversed and
negative muons have the higher cetection efficiency resulting in a

depressed charge ratio,

A more qualitative measure of this effect ihias been made in a gimiler
mnanner to that described previously. In this case the range of incident
angles under consideration is within the range + 10° and the detection

erf'iciencies are unity in the top level. In tihe bottom tray much

larger angles are involved; the mean angles have beerr calculated and
the corresponding efficiencies are plotted in rig 5.7. BReyond about

9 GeV/c there is no difference in the detection efliciencies of positive
and negative muons. Using the same procedure as perore tne expected
ratio oy btne numbers of particles of each kind was if'ound to be 1.0L3
l.e. with the fleld direction shown ('positive') the enhancement of

the true charge ratio is lL.3%. The sgreement with the observed value

of (2°l + 0.7)% is not good and is unexnlained; it is rather surprising
in view of the results obtained wiil: Series L, 5, 6 and Series 7. This
ay be an indication of some effect which is, as vet, undetected. Since

the difference wetween the obzerved and expected values is reasonably
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small ( ~2%) and since the charge ratio in this category is not in
serious conflict with that from the remainder of the data it is felt that

there is justification for taking the result at its face value.

This concluces the description of the bias introduced due to

different detectlon efficiencies of particles of different sign,

Another check for bias in the data has been made by examining the
distributions of the observed ratios. For each series the distributions
of Rg11 and Rp3 have been obtained; these are first, the overall charge
ratio of a run and secondly the ratio found by considering only the
data in categories 0-22 inclusive. This latter is useful in that it does
not include category 23 which, since it contains a large number of
particles, heavily weights the overall ratio. To account for the
different statistical weights of the measured ratics due to runs of
different lengths the distribution of the quantity d, given by
d = (R{ - R)/d; where R{ and & are the ratio and error of the i®h
run and R is the mean for the series, is plotted. The results for Series
i, 5, 6 have buen summed and are shown in Fig 5.8 a; the two field
directions are presented separately. For Series 7 and Series 8 the
results from the two field directions have been added to improve the
statistics of the plots; they are given in Figs 5.8 b, ¢. The dashed
lines represent Gaussian distributions and are the expected distri-
butions when only random statistical errors are present. The error
flags on the histograms are the Poissonian errors except where the
number of runs 1s 10 in which case the Regener statistical 1imits have
been used (Regener (1951)). Because of the size of those error bars
the interpretation of the plots is rather difficult but there seem to be

no gross errors in the data.

To test for the possibility of some progressively developing fault
in the system causing the measured charge ratio to be a monotonic
function of time a straight line was fitted to the results of each series

expressed as a function of time. In all cases the slope of the line
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was found to be
To allow for incorrect determination of the muon sign a correction

61

slstent with zZero.

con

From the acceptance curves of catepgories 1 and 2

has been applied.
mis~allocated are 9.1% and 1.7% respectively (for 0.5 cm. cell operation)

(as described in the previous chapter) the fraction of events which are

and 0.6% for category 1 during 1.0 em. cell operation. For higher

category mumbers the corrvecticns arc negligibly small or zero.

Riases Iin the Spectrun Measurements

(

Some bias has been Tound in_the intensity meassvremcnts of Series h.,

5.3
5, 6, The deflection spectrum of this series is shown in fig 5.9; it can
een that the results in categories I and 5, catesrories 6 and 7, etc
Mo such elfect is seen

be =
%o categories 18 and 19 seem to be paired.

up
in the results of Sevries 7 (also shown in the figure) or of Seriles 8,
Separating the spsctrum of Series L, 5, 6 into its positive and negative
components shows the effect to he present in both and thus there is no
Since the vhenomenon is present
1

effect on the measured charge ratio.
only in the 0.5 cme. cell results, all spectrum measurements have boer

made uvsing 1.0 cm. cells - the results of deries 7 end 8 wers obnained
3eries lj, 5, 6 have been
is evident).

ceil mode agna the reasuvlts of

,
- Ied
1.3

-in tl’le 1«.0 CMe
grouped irto 1.0 cm. ceils (whon no pair
Another form of bias peculiar to the data produced by R.U.D,I. i
Extra cells

n¢ !
that the instrweent is cepable of andlysing only those

diccharged at each level.

due to the fact
events in which a single cell is
csn bo discnarged by the electroans of bursts produced near the bottom of
nmagnet blocks. Sincce the probib ility of burst production is momentum
dependent then so 1s thie correciion whicn must be epplied. A similar
bins occurs for accompanied muons. The distribution of the number
is given in Chavter L.
stoibu

discharged cells in aacnh level

A Turther

ol' discharped




Particles

of

No.

Series 4,56

A Series 7

FIGURE'5.9, -~

0O 4 8 12 ® 2 211. Category No.

PAIRING OF  DATA




b2
In this thesis no spectrum measurements gre described; detailed

descriptions can be found in Ayre et al (1973b) and Whalley (1974).

5.1,  Conclusion

The conclusion of this chapter is that as far as the charge ratio
measurements are concerned the most obvious bias (thsat of magnetic
field direction) is fairly well understood and its effect has been
ninimised by the frequent field reverals. The effect of other biases

is small. The dats are therefore thought to be relicble.

The charge ratio as a function of momentum for the various seriles!

and for the sum of the series! are plotted in figs 5.10 - 5,13,
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Table 5.1 (Part (i)}
SERIES &, 5 and 6

Starting Date 13.5.72

Finishing Date 25.9.72

Ceils 0.5 cm.

Hagnet Configuration conventional

Total Fun Time 2458 h 20 m

Total Live Time 1157 h 6m 38

Number of Spectrograph 1
Triggers 1278411

Events accepted by
R.U.D.I. 778978

Efficicncy 0.61

Accepted Run Numbers 195, 197, 199, 201, 203, 205, 207, 209, 211,
(Pogitive Field) 13, 215, 217, 219, 223, 227, 231, 23%, 2735,

2357, 239, 2k1, 2b3, 2k5, 24%7, 249, 251, 253,
255, 257, 259, 261’ 253: 2550 2671 Zvhs &75,
279, 2819 2831 2859 ?8‘75 289: 291, &95, 297,
299, 301, 303, 305, 307, 309, 311,

Accepted Run Numbers 196, 198, 200, 202, 204, 206, 208, 210, 212,
(Negative Field) 214, 216, 218, 222, 22k, 226, 228, 230, 232,
23k, 236, 238, 2h0, 242, 244, 246, 2h8, 230,
25k, 256, 258, 260, 262, 264, 272, 274, 276,
278, 280, 282, 28k, 288, 290, 292, 204, 2£95,
298, 300, 302, 304, 306, 308, 310.

In tables 5.1 - 5.3 the prezcnted data are first classiflad according

to apparent menith angle and direction; they are then summed over apparent

anglen and then finally over both apparent directions. The directions and

angles avre only the apparent quantities since they have been calculated

using the tos twe trays cf the magnet.




}
920L | 6654 | L1622l OLLCZ | #GC6L | 260hE | BERLE | #Gioe LS9 | oznle |6gnde | 94ua2 | Gegl 646< | €6g6 | HiCst = HNS
i2 6042 | 224£9 CLO6L | 46994 | '66%0C | §5982 | enofe | oneg | €osy2  |escfe | LnEeL | 202 63Le | 4669 | 2itel €2
19 Gyl 952 CHeE 142 e i 24 €22 %2 §0g oze ¢z 96 oLe oLz 44
¢2 €L oce 2Le 42 242 oLy Eoh 902 2 LLE 24 6L 2oL ¢ll | wse e '
h Ol gee L+e &2 one ' 2gC Ly 23 e +©0€ 44 L L2l €CZ [ 0d2 (04
2¢ el cee €44 zLe w2 g2ss H9% oL 02 92¢ ehe gL é6 291 | e9e 6L
g€ oL | gce c€ o ¢62 vl a2€ ggl [y 292 62¢ L | gor | €02 |6w2 gL !
%< 6Ll ez SLe gélL £ne one gLz £GL g6L Lge gce 6L 6 L6y | dwe il

4 94 2 6oL 22 wee 144 8% () 69l cce g62 114 96 6L | ese 9L
24 €<y 2 L€ LHAR 972 FARA a5z 14N AN 162 552 e 05 coL | Lie SL
4s L4l L2 el gL fot4 62 0% cEL ¢ol og2 162 A 2oL 23L | gte Hi
o] el #7102 g/z oL QLL £02 9LE oLl oL il 62 44 €6 63L (902 €L
34 BEL zoe aee 25 g5l ogz (144 oLl L3l 661 L2 -4 73 951 12 cL
T ih écz e ¢olL 4L oh4 vt o] LiL Z6L cie "< L6 eHL | co2 L
25 coL oL He2 g2t 2st ez 42 2oL geL @i 6L gc | 904 AT RS cL
] ig 69L sLe €2 gt gL zee ol g8 eaL gL oh L LOL | 4gL 6
64 26 col €sL 6 9oL cly @22 1A L9 gcL asl 149 69 2cL | 9st 8
Le 40i gL LGl €3 48 enL o0 6% 46 2L Q5L £ 94 L6 6LL L
€y 24 Ll SHi 2 22 44 161 Sh 64 g G2 6¢ L 96 cel 9
gL 22 1) 2L &g 1 Ll ocL oc CY 98 el 4] 44 39 66 4
on < g 28 24 14 &l 0L 92 14 69 4 L2 a4 147] 9 4
€z < %9 22 g2 &Y Sy o8 2 ¢z L {4 gL | ¢ 26 |6y ¢ .
Gl €2 ¢ <4 gL 6L ce 1Y A 9L &t 9¢ ol 22 2 1< 2
oL oL ce 9¢ 4 8 ge e 4 2 6 gL 6 g q 72 L
0 0 0 0 ) Y oL é 4 9L L Hi o] o] o] 0 o]

; TII0
P > q L p ) q T P * 9 q B 14 2 q B :FIONV "&5V
ISvE . TSN ISVE TSN tNOIZOZHIQ ~ddY
SRIZIISOE - EATIVOAN ' ) RATVLS .
|

CETI FAIZISOd (¥FF) 3ded L4 TIEVE

_ NN




L9628 6LL5C LEgwe  062CE| cIoL 6,04 k2L Ihh02| 228 LG8 9546 LEuGL]  62€1L9 L2092 LLl9e 9L4g2e = K0S
LniCQ ELELE 6uLlee  ¢lewmzZ: Lee 2Lg2 (R4 CEGGL S0z LEL2 €249 CiouL] €91L66 Lneie 14022 #5L8L @
e et L3c €SH 6< 2L Qg2 €ae 22 g5 L IAN 92 L6L . 622 22  #q1€ 22
642 63z 99¢ 6%y 2 Ml 9ie me 12 2oL 961 €le opL | €e2 962 | SHE 12
292 L9z 65 04 Le ohL ch2 4as L< 0L 202 L2 6L | gL2 GLe | 60¢ o2
o422 442 2L 0z+ 114 221 02 662 .2 L pA (65 -4 2L | 09L Lée | g€ 6L -
622 052 24 e & ciry ¢z LCE A9 2L 251 262 gL | gee qez | #52 gL
ol iz oHe i oL gLl o4 coc ¢z 50L 9% 922 <TI YAR #6z | 9L L
e Gee 14 H6e Sn €gL 9% 61% 6< 0L 651 6Le ohl L2 2 | €92 ol
294 502 2¢¢ o4 9z LOL o6l L h c6 9L éq2 <L | 991 292 | 942 cL
291 L2 232 2ie 2s 9L 122 £92 92 czi 63L 602 6¢L | SEL 9i2 | 6g2 4L
il ceL 442 gLc € 90L 702 L5 49 201 aolL ¢z2 6 r+ 3 Qee | 0le cL
Ll VXA 2 STYA 05 2oL 661 HE2 Ly +5 +5tb oGL oot | #6&L I T L
2cL 451 A cae 64 20, #21 462 R 26 il 9L soL | 42 gL L2 h
50L oty 602 a5e or 0L €9L hee 44 24 el i oL | 2€ 9ar | 2¢2 Ci
e3 %5y 32 €= Ly 26 22L s02 4 g0 2L 91 22 6 odL | Geéeg 6
o/ £z €6 cce b 26 0Li coe 24 cé 148 LSL L9 96 oSt | G3L Q
28 4oL 6¢L 63L ¢ €9 4“2L 26y 4% 0l 4Ll 42 94 99 ALl | hGL Z
99 02 w2y 2l S 06 oL 164 (44 29 43 nil oc o7 6LL | 61 9
4L 24 QLL el L2 €9 00 2L ¢c oS 28 (4] 2 +9 26 6Lt “
¥4 cy 03 FARR oL +5 L9 6 e ty £ cL 2 2L 7 25 f
€y €L €5 L2 { 24 64 9 gl 149 éh </ LL o2 DA 4/ ¢
i 6L (<4 < gL g2 +5 e <L 2 4 c¢ 8 oL 2 o19 4
g Y gL 4 Li oL o2 %2 LL LL gL 8L < 6 6 oL "
¢ gL 9 2L 0 0 o] o] 0 o] o] 0 f 1 3 ¢e 4]
i
n 0
P ] q L3 P 2 a © ? ° q B P ] q e oyl WS-\
ISYI ISTA xsvd IS=A *NOIIOFUIA “dsy
TATIICOS TATIVOEN 1EIoIINVE

QT=LE CALIVOAN ((QTF) 39%d) L°G ZIEVE




WY 0L54LL h gupac cizllL L0 ‘16605 = Rng
126 SCoLGL by glese S2GE65L gaés2L 1512 €e
2222 2591 i il ¢gal LOLL LS z
05.2 csaL 834 : TelkL gLl Ghe P
aso2 cagL c8s ages, 250 ) i
aciL o194 2 A TH2L €s0L €cc ok
LESL 2835y i oA P304 veh 268 2L
(09230 chyl : a9 oL cub o1 X4 i
€LoL o5 YA Ll /G2 e ) M
a3 20 szl 2o < o3 GL
Haly i, o) GOl 043 €98 =L
A4R 252 249 ; 426 g¢s, 28 L
SL9L cczy, 43 oes FaolA 555 gL
v in VoL 39 c1Q % &9% 1L
cogy, 1 actoTh clg 202 559 ] oL
€Cuy €5 oLs &3 LEy g &
950 €3 [4v LE Ln A% 9
(A E37 - G& 5y €2y 9z¢ A
248 g= A o e 44 9
g9 A &2¢ 144 gl e 4
Zuq W2h 2 292 eo2 aze Ul
woe 222 soL coz L3y SaL <
(eceytee (9i)dde Svi coL 69 92 4
{esLyonL 2338 8 25 g oy L .
1< o (o] Le &q o v

_ } T

i ALK
n ]
ISV + ISER GSVI + ISIA i &SVE LTTH LSVE AT NOLIUHUEIG *&iv

t

\

it i

. i

TATZISC0L . JAIIVOEN W FAITIS0Z TATIVOEN ATOIL=VI .

i .




#0L222 24195L 254915 0020% aclée 2E9gt = }n3
248261 crOzHL g<559L w22 LERG2 caceL €2
gnL e .95 cECL G4 24s ScoL ce
ocLe SL9L ¢igL €ol 255 0oL Le
e ooy L55) 037 €og €5 c2
cooe o451 get 2] 2456 &G5 ét
2461 > 1 . L2l A €Cs 256 gL
HgL 254 otLL QL9 /8 65" Li
5251 e5EL 9Lt 6< (149 €53 9
ogIL HL0L R e IR 2Lo A éL2 GL
2zitL o2%L CzoL i04 S c3l +L
G4h5L +2L 126 £29 cse 24 €L
ciL r-fA R gsn €36 624 €39 ct
8oL SLit 129 438 W54 2es Ly
L2 cHoL g2/ 645 ey £39 oL
ciLL 036 605 L% I2h oL 3
6l CZ5 629 02g Ty ciy 9
€29 Sz 48n 9L e €g% JA
458 049 Sy iy S0s 9% 9
459 1914 09% +0E Gee ¢z s
cec Lsh L2 +G2 Le2 cte 7 -
' E5¢ < ool €oL cly €65t <
(2 )ene (sii)dL 50L 5L 55 Lo r4
(g2LeL {26)55 9% 5] Qs e L
Ly Ly Ly (o] . o Ly 0
TETO
TSVE + TSTA ICVE + ISES his¢1c8 I53A ISvI WSTH ROTIOTUTI "&ay
H |
' |
FATTISO SATIVEEN FALIISOE TATIVOEN TICINEVE

TIII BATINCEN ({QFTT) 3II9T) L°C TEVS

e




Starting Datce
Finighing Date

Cells
Hagnet Configuration

Total Run Tine
Total Live Time

Number of Spectograph
Triggers

Fvents Accepted by
—1‘(0 —UODO_I.

rEfficiency

becepted Ran Rumbers
(Pozitive Field)

hLecepted Run Numbers
(Negative Field)

Table 5.2 (Part (1))

ERIES 7

SER:

26, 9.72
15.11.72

1.0 om
canventional

740 h 2 m
339h 52 m 455

Looshs

0.49

313, ;

5354

312,
332,
355,

215,
335,
AL
350,

358

238835 — — - - -

517, 319,
337, 339,

316, 318,
336, 338,
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Starting Date
Finishing Date

~ Cells
Magnet Configuration

Total Run Time
Total Live Time

Number of Spectrograph
Triggers

Events Accepted by
R.U.D.I.

Efficioncy

Accopted Run Numbers
(Positive Field)

Accepted Run Numbers
(Negative Field)

Table 5.3 (Part (i))

SERILS 8
16.11.72
2. 1.73

1.0 en
crossed

636 h 26 m
26 h 56m 238

401110

276981
0.69

360' 36!" 368' 3?01 372' 37"" 3781 380' 382’ 38"’

387, 389

361, 363, 369, 371, 373, 375, 377, 379, 381, 383,

385, 388, 390, 391
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Category Momentum Charge Charge

No. GeV/c Ratio Excess

0 L2 86 72

1 358 174 276 1.586 + 0.154 0,227 + 0.046
2 274 352 Le6 1.316 0.093 0,137 0.0%5
3 214 591 767 1,208 0.071 0.129 0.027
L 177 875 1068 1.221 0.056 0.099 0.023
5 145 1060 13h4 1.25 0.052 0.118 0.020
6 128 1328 1709 1.287 0.047 6.125 0.018
Vi 12 U475 1833 1.24% 0.0ki 0.108 0.017
8. 98.3 1803 22h5 1205 0.029 0.409 0.016
9 88.3 1895 2303 1.215 0.038 0.097 0.015
10 80.0 2135 2640 1.237 0.036 0.106 0.0%4
1 73.7 2187 2813 1.286 0.037 0.125 0.014
12 67.9 2L08 3058 1. 270 0.035 0.119 0,013
13 63.0 2554 3124 1.223 0.03% 0.400 0.045
1h 58.9 2759 3521 1,276 0.052 0.12% 0,073
15 55.2 2776 4ok 1.259 0.032 0.118 0,013
16 5201 2865 3899 1.361 0.0%% G. 953 0.012
17 49.3 2920 3694 1,265 0.031 0.117 0.012
18 k7.1 3199 3908 1.222 0.029 0.10C 0.012
19 k5. 8 3174 3988 1.257 0.0%0 0,114 0.012
20 43,8 3289 4203 1.278 0.07%0 0.122 0.011%
21 50.8 3296 L266 1,294 0.030 0.128 0.011
22 39.3 3256 k375 1.340 0.031 0. 17 0.011
23 13.9 294640 378793 1.2856  0.0032 0.9250)  0.0012

D e teueat



SERIES 7
Category Momentum Charge Charge

No. GeV/c Ratio Excess

o 376 96 98

1 236 300 308 1.327 + 0.101 0.140 + 0.037
2 160 608 760 1.250 0.068 0.111 0,027
3 118 867 1101 1.270 0.058 0.119 0.022
L 93.0 1095 1356 1.238 0.050 0.106 0.020
5 76.6 1305 1727 1.323 0.049 0.139 0.018
6 65.3 1463 1919 1.312 0.046 0.135 0.017
? 57.0 1666 2104 1.263 0.0l1 0.116 0.016
8 . 50.7 1699 2307 10358 0.043 .  0.152 0.016
9 ks.8 1903 2398 1.260 0.0%9 0.115 0,015
10 41.7 2016 2558 1.269 0.038 0.118 0,015
11 38.3 2077 2623 1.263 0.037 0.116 0.014
12 35.3 2130 2769 1.300 0.038 0.130 0.014
13 33.1 2219 2938 1.32k 0.037 0.139 0.01h4
14 31.0 219k 2883 1.314 0.037 0.136 0.014
15 29.3 2233 2871 1.286 0.036 0.125 0.01k4
16 27.7 2327 2872 1.234% 0.0%34 0.105 0.0
17 26.3 2230 2951 1.289 0.036 0.126 0.01%4
18 25.1 2363 3106 1.314 0.036 0.136 0.013
19 4.1 2375 3070 1.293 0,035 0.128 0.013
20 23.1 2287 3018 1.320 0.037 0.138 0.014
21 22.1 2267 3029 1.336 0.037 0.4k 0.014
22 21.3 2280 2995 1.3k 0.037 0.136 0.0%h
23 12.4 - 64010 82902 1.2951 0.0068 C.1286 0.0026




TABLE 5.6

SERIES 8
ategory Momentum Charge Charge
Ho. GeV/c Ratio Exeess
4] 126 k70 551
1 81.0 141 1781 1,233 + 0.04%% 0.104 + 0,018
2 68.3 2230 2844 1.275 ¢.036 0.121 0,014
3 547 2867 2561 1.242 0.03%1 0,108 0.012
4 43,5 5282 L259 1.298 0.020 0,120 0.011
5 36.8 3633 k583 1.262 ¢.028 0,116 0.0191
6 31.8 3783 5037 14332 0.029 0,142 .01
? 27.8 2915 5167 1.320 ¢.028 0.138 0.010
8 25.3 Lok3 5231 1,294 3,027 0.128 0.0170
9 22.8 Ll 5274 1.272 QO26 0120 0.010
10 7 T21.1 4198 5323 1.268 G.026 0.118 0.010
1 19.5 Li39 5295 1.279 ¢.027 0.123 0.010
12 18.2 Lkoko 5328 1.319 0.028 0,137 0.010
13 17.0 4113 5164 1.256 C.0286 0,713 0.010
14 16.1 k008 5205 1.299 G.037 0.170 0.010
15 15.3% 3056 5107 1.291 0.027 0,127 0,01 .
16 1%4.5 3886 £020 1,292 G028 0,127 0.0%1
17 13.9 3006 kool 1.261 0.027 0.115 0.01%
18 13.3 3851 Leoh 1.219 G.027  0.G95 (.04
19 12.8 3505 k805 1.371 0.031 0.156 C.011
20 12,3 3578 Lz97 1.229 0.028 0,103 0.011
21 11.9 3458 4287 1.269 0.029 0.118 0.011
22 1.5 3282 4133 1.25% 0.G2% G .11k 0.2
23 9,7 41798 53393 1.27°7h 0.508% 0.121 0.0032
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CHAPTER 6

RESULTS OF OTHER WORKERS

6.0 Introduction

This chapter contains a summary of the results of a

number of measurements of the muon charge ratio.

As mentioned in Chapter 1 the presence of an excess
of positive particles in the sea level cosmic ray beam was
first indicated by the discovery of the east-west effect in
1933. The early work of Blackett (1937), Jones (1939) and
Hughes (1940) gave for the mean ratio of the numbers of positive
and negative particles the value 1.225 % 0.049 in the
particle momentum range 0.4 - 20 GeV/c. The post war studies
of Nereson (1948), Conversi (1949), Bassi et al (1949) and
Brode (1949) found the ratio to be around 1.25. Since these

times there have been many measurements of the charge ratio.

The experimental results summarized in this chapter
have been divided into 2 classes - those measuring in the
near-vertical direction and those measuring in the near-
horizontal direction. The two sets of results are then
combined by considering the charge ratio at the muon

production energy.

6.1 The Near-Vertical Direction

Figures 6.1 and 6.2 show respectively the charge
ratio and charge excess measured in the experiments reported
by the following : Filosofo et al (1954), Moroney and Parry
(1954), Pine et al (1959), Owen and Wilson (1951), Appleton

et al (1971), Nandi and Sinha (1972), Hayman and Wolfendale
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ol
(1962), Holmes et al (1961), Aurela et al (1966) Allkofer
et zl (1969), Burnett et al (1973), Allkofer et al (1971).

To examine the degree of consistency between the

various measurements the distributions of the parameters

‘T
L}

(Ri - ﬁ)/d(Ri) and

o
I

§; - 3)/g) have been chtained.

B and f are the overall mean ratio and excess
(respectively 1.2431 % 0.0023 and 0.1084 % 0,0009 in

this case),

J(Ri) is the standard error of zn indivicual
measurement of the ratio (Rj),
5(31) is the standard error of an individual

measurement of the charge excess (éi)o

The resulting distributions are comparsd with

Gaussian distributions in Fig. 6.3 - the dashed lines. There
seem to be no serious deviations from the expected curves.
This indicates little energy dependance of the quantities and
also that the results of the experiments are consistent. The
two extreme data points on elther side of the appropriate
histograms of Fig. 6.3 are from the same experiment - that

of Filosofo et al (1954).

The data of Fig. 6.1 have been grouped and areplotted,
along with the M.A.R.S. data (also grouped) of the previous
chapter in Fig. 6.4. The results of Filosofo et al (1954)
have been kept separate from the other results of Fig. 6.1 since
they are of particularly high precisien. The mean ratioc from

: . . . + e . .
this experiment is 1.2401 - 0,0026; the mean ratio from the




Non- Vertical Directicn — Production En.raics

Ratio Excess
LOF LOf
301 30r
20 20}
10f ‘L 10F
1) I— SN 0
-8 -6 A
Non - Vertical Direclion — Sea Level Energies
Ratio Excess
L0} Lo}
T M~
30f // \\ 30} 1N
/ N\ ’ \
2‘3" // 3 20. / N
cl \\ /’ \\
10p )/ | \\ 10r 4 . \\k
| P o=, b
3 -2 - 0 1 2 3 -3 -2 -1 0 2 3
Vertical  Direction — Sea Level Energies (Excluding MARS)
Ratio Excess
l.O" Ao:-
30}
20}
10
0 T I~ ~—1

FIGURE'6.3. DISTRIBITION OF  DEVIATIONS




| 7'9 anbiy

(/A29) WNININOW T3A3T V3S /

0001 _ : o_m._ — _ H_u_ | : | Lo
- il
- 1 + .W * , + + Jxm_
i +%o o._yo._mvoﬁmrv#w._.w+ ¥ + x lm._m
B 1

|
y o
7
|
o
.
-—

SUVN Q
spuipway 4
¥

| uol}dal
— (761) 0j0s1id | 1 EDIETY :m_uz . —L°1




remaining experiments of Fig. 6.1 is 11,2540 pa 0,0051;
combining the two groups gives a mean of 1.2431 ¥ 0.0023.
The mean ratio of the M.A.R.S. data (which involve more
particles than the combined data of Fig. 6.1) is 1.2850 ¥
0.0023 and the distribution of t 1s well fitted by a
Gaussian curve. This value is heavily weighted by the
category 23 results at 9.7, 12.4 and 13.9 GeV/c. Excluding
these results yields an overall mean of 1.2818 X 0.0042, a
ratio not significantly different_from_the original value.
These values are consistent with other, independent sets of
M.A.R.S. data i.e. those of Ayre et al (1971) (mean ratio
1.29 ¥ 0.03 for momenta greater than 10 GeV/c) and of Ayre et
al (1972) (mean ratio 1.284 ¥ 0.004 for momenta greater than

10 GeV/c).

The difference from the M.A.R.S. result is 0.0449
¥ 0.0034 which is (statistically) highly significant. This
is mainly due to those few low charge ratios measured for
momenta 6'3 GeV/c (Fig. 6.1). Considering only momenta
9.7 GeV/c gives for Fig. 6.1 a mean ratio of 1.2635 ¥ 0.0075
leading to a deviation from the M.A.R.S. result of 0.0215
¥ 0.0078. This is slightly less than three standard errors
and its significance is uncertain. The value 1.2850 ¥
0.0023 is in good agreement with the recent results obtained
by Allkofer et al (1971) who found a mean of 1.29 ¥ o0.02
for momenta greater than 10 GeV/c and by Nandi and Sinha (1972)

who found a mean of 1.28 % 0,02 for momenta greater than

about 5 GeV/c.

As mentioned above the lack of marked deviations from
normality of the distribution of t indicates a lack of

momentum dependence of the charge ratio. The grouped data of




bb

Fig. 6.1 show 1ittle evidence for momentum dependence except
at very low momentae (£ 3 GeV/c) where the ratic is rather low.
Considering the MsA.R.S. data a2lone it can bz seen that there
is no confirmatory evidence for the sharp maxima and minima
suggested by a number of workers. Feor example the results of
Ayre et al (1971) indicated a minimum in the ratio at

~ 70 GeV/c, the results of Allkofer et al (1971) indicated a
maximum in the same region and a minimum a2t ~ 100 GeV/c.

A maximum at 25 GeV/c was observed by Tebb et al (1971).

In the present M.A.R.S5. deta there does seem to be some
suggestion of a broad maximum in the range 20-50 GeV/c
followad by a somewhat lower ratio out te about 200 GeV/c.
Crouping the data into different momentum bins does not change
the overall pattern. Below 50 GeV/c the mean ratio is

1.2867 = 0.0024; again below 50 GeV/c but neglecting the

three heavily weighting points the mean is 1.2878 ¥ 0.0048

- not sigriificantly different; above 50 GeV/c the mean is

1.2617 ¥ 0.0086.,

The conclusion is that although the data are, as a
whole, consistent with a constant charge ratic there is some
slight indication of a slow variation with momentum. At
momenta beyond 2C0 GeV/c no useful conclusions can be drawn
" but the ratio shows ro tendency to fell to 1.0. This latter
is supported by the high energy data oif Ashley II et al (1973)

which is shown later in this chapter.

6,2 The Near-Hnrizontal Direction

Interest in the muon beam at large zenith angles was




o7

initiated by the realization that although the integral muon
intensity is much reduced by the increased depth of atmosphere,
an increase in the intensity of particles above about 100 GeV/c
could be expected. Thus the mean sea level energy of mucns
increases with increasing zenith angle and studies of high
energy particles are more profitably carried out at these

large angles.

Such measurements have the further significance that
the particle beam should be an almost pure muon beam, strongly
interacting particles having been absorbed by the large depth

of atmosphere.

, Figures 6.5 and 6.6 show the charge ratio and
excess as a function of sea level momentum. Figures 6.7 and
6.8 show the same variable as a function of production
momentum. All of these results have been obtained at zenith
angles 29750 with the exception of Higgs (1973) in which the
angle was 30°. In the first pair of graphs the results are
those of the following : Kasha et al (1968), Alexander (1970),
Kawaguchi et al (1966), Aurela et al (1966), Flint and Nash
(1971), Ashton and Wolfendale (1963), Mackeown et al (1965),
Kamiya et al (1971) and Higgs (1973). In the second pair of
graphs the results are those of the following : Kawaguchi
et al (1966), Aurela et al (1966), Flint and Nash (1971), Ashton
and Wolfendale (1963), Mackeown et al (1965), Kamiya et al

(1971), Higgs (1973), Burnett et al (1973), Ashley II et al (1973).

Distributions of t and tl have been obtained for
the various cases and are shown in Fig. 6.3; as before, there

seems to be no large deviations from normality.
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Sea Level Momenta

The data of Figure 6.5 have baen grouped and are shown
in Figure 6.9. The results of Kamiya et al (1971) and Flint
and Nash (1971) have been kept separate since they have a
noticeably greater statistical significance than the remainder,
at least up to momenta of ~100 GeV/c. At higher momenta the
errors are large. The overall mean charge ratio of Kamiya

et al (1571) is 1.259 0.015; that of Flint and Nash (1971)

+

is similar at 1.262 « 0.016., The overcll rcan of the

remaining data is rather Jower at 1.222 = ©.013. The last
point plotted for this data has Eeen obtalned from expesriments
covering the wide energy range 600--2600 GaV. The low charge
ratio may be due to the data having bheen collected near the
m.d.ms of the individual experiments and for this reason the

point should be treated with some reserve. Combining all

three sets of data yields a mean ratio of 1.244% Y o0.co085,

Figure €.2 shows some very slighl indiceticns of a
rather sharp dip in the ratio at ~ 60 GeV/c @nd of a broad
peak in the ratio at ~ 20 GeV/c. A possible explanation
of the latter, in terms of the production of (mainly positive)
particles of high transverse momentum in thé nuclear collisions
generating the muon parents, has been put forward by Kelly et
al (1568). However it can be seen that more accurate charge
ratio data are required before a study of its momentum

dependence is likely to be profitable.

Production Momenta

The date of Fig. 6.7 have been grouped as shown in

Fig. 6.10. The results of the more precise experiments -
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Flint and Nash (1971), Kamiya et al (1971), Burnett et al
(1973) and Ashley II et al (1973) - have been kept separate.
The latter are of particular importance since they extend to
the highest energies and are reasonably precise. The data
point shown dotted is a summary of the less precise experiments

covering an energy range 500-2600 GeV,

The overall mean charge ratios of the four experiments
above and of the remainder of the results of Fig. 6.7 are

in reasonable agreement?_they are respectively 1..263»t 0.016,

1.255 X 0,015, 1.2795 % 0.0070, 1.298 * 0.017 and 1.250 ¥

0.018. Combining these gives a mean of 1.2738 X 0.0053,

There are no strong indications of any momentum
dependence of the charge ratio. The results of Ashley I1I
(1973) do however, indicate that the ratio is not falling to

unity.

6.3 Combination of the Data

The results shown in Figs. 6.1 and 6.7 may be combined
if the former are expressed as a function of production
momentum. This has been done simply by adding 2 GeV/c to the
momenta of the data points of Fig. 6.1. For each of the two
diagrams (6.1 and 6.7) the results have been grouped
without discriminating between experiments of different
precision; the last data point of Fig. 6.7 has been ignored
because of its wide momentum range and poor statistical
significance. The results are plotted in Fig. 6.11 along

with the M.A.R.S. results.

The overall mean charge ratios for the near vertical sea

level data, the non-vertical production data and the M.A.R.S.
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data are, as already Jdescriped 1.2431 -~ 0.0623,

1.2738 £ 0.0053 and  1.2850 % 0.0023 respectively. The
total data give a mean of 1.2660 X 0.6016; if results only

at momenta 7 9.7 GeV/c are considered, ihe mean is

1.2818 ¥ o.cozo.

Comparing the near vertical dats (excluding MehAcKeS. and
results below ©¢.7 GeV/c) and tiie non vertical production
data no obvious zenith angle dependence emerges. NMlso,
the low energy points are best established in the near-
verticel direction whilst the high energy region {bovond

200 GeV/c) is dependent upon studies at Large zenith engles

£
Py

o

The M.A.R.S. data show no systematic deviations from the

other data scts. There is little evidence from Fig. 5.1l

for any sharp maxima or minima.
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CHAPTER 7

HIGH ENERGY INTERACTIONS

7.0 Introduction

The purpose of this chapter is to present a brief
summary of the experimental features of high energy collisions
which are most relevant to an attempt to predict the observed
muon sea level charge ratio. The features summarized have
mainly been derived from accelerator experiments in which N-N,

and to a lesser extent meson-N collisions have been studied.

7.1 Accelerators

Until about 1968 the highest energy available from an
accelerator was around 30 GeV and extensive studies of the
particle production in N-N collisions (usually p-p collisions)

vyielded seven major results :=

(1) the average number of produced particles 1is small - much
smaller than would be the case if most of the available
energy were converted into particles. The average
charged particle multiplicity is roughly proportional
to BL%, where EL is the laboratory energy of the

projectile particle.

(11) the transverse momentum (Pt) of all of the produced
particles is small - the mean value being 0.3 - 0.4 GeV/c.
The cross-section for particle production as a function
of P, falls rapidly with increasing P, (an

approximately exponentlal fall but recent results show

a flattening).

(iii) the leading particle effect -~ the projectile and target
particles tend to retain their identity in a collision.




I

This 1s shown in the Peyrou plots for varicus
interactions as shown by, for example, Horn (1972).
These same plots also show a cloud of pilons centred

on the origin i.e. near-zero longitudinal centre-of-mass

(CM) momentum,

(iv) pionization - this is the name given to the above
mentioned pion cloud. This phenomenon was first
discussed by Pal and Peters (1964) in describing ccsmic
ray results. A rigorous definition of pionization '
is that 'pionization exists if, aslthe incoming energy
tends to Infinity the fraction of produced particles
with energy less than some fixed quantity approaches

a non-zero limit' (Chou and Yang, 1970).

(v) the existence of resonances - these are revealed by
"bumps' in the varlation of cross section with energy;
they are confined to projectile encrgiec B 55 Gov.

They will not be considered further.

(vi) the majority (about B0%) of the produced particles are

pions.

(vii) the total cross-section falls from almost 200 mb at
"1 GeV to about 50 mb at 10 GeV and thereafter falls only
slowly to 40 mb at 30 GeV (recent results indicate a

rise at higher energies - this will be mentioned later).

Since 1970 data at energies 7 30 GeV has become

avallable from :-



(a)

(b)

(c)

7.2

the 70 GeV proton synchrotron at the I.H.E.P.,

Serpukhov, U.S5.S.R.,

the proton syndrotron at the N.A.L., Batavia, U.S.A.

which operates in the range 200-500 GeV, and

the intersecting storage ring (I.S5.R.) facility at
C.E.R.N, Geneva, in which p-p collisions at (equivalent)
laboratory energies up to about 2000 GeV are studied,
(Fig.7.1). -
Theoretical Aspects

The theoretical treatment of multi-particle production

has developed rapidly in the past few years. These studies

have mainly involved the development of both basic hypctheses

(which describe various aspects of high energy collisions in

broad terms) and the more specific models (used to give

detailed descriptions of many experimentally measured

parameters).

In this work no attempt has been made to develop

a model; 1t has been found adequate to consider only the basic

hypotheses. Of these latter the most relevant are those due to

Benecke et al (1969) and to Feynman (196%a,b). Detailed

discussions of these ideas are given in many review articles

(for example Horn (1972), Feinberg (1972)) and only a short

description need be given here.

It is customary to use the variables x and y - the

reduced longitudinal momentum and the longitudinal rapidity

respectively.

The former has been defined by Feynman (1969b) as

X = 2PL / 58"
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where PL is the CM 1longitudinal momentum of the produced

particle and YQ is the total energy of the celliding
particle system. 1In most cases f§1/2 is numerically -
close to the maximum kinematically allowed value of the cm

momentum (Pm x) of the particle, hence

a

x = Pr/Poox

The difference between Pmax and 5;‘/2 is important for

low energy experiments -~ the discrepancy is about 5% al an
incident laboratory energy of 20 GeV. In published
comparisons of high (usually I.S5.R.) and low energy data the

value of Pm for the latter is usually found from the

ax
relation

"

*
1

Pmax = TR [}s - (m + mx)z) (5 = (m - mx)z) ]

where m 1is the mass of the particle under consideration and
m is the minimum mass of those other particles which arc
produced in satisfying the conservation of charge, baryon

number and strangeness. Thus when m 1s the mass of-ﬂ’, 4“’,

k™, k¥, p or p then m, is the mass of 2p +4%%, p + n,

2p + k+, AN+ p, 3p or p respectively.

The longitudinal rapidity in the centre of mass system
(yc) 1is defined by

yco = -}ln[(E+P /(E-—PL)—l

-
where E 1is the cm energy of the particle. Taking the
velocity of light as unity gives yec = % 1n [(1 + P)/(1 - Pﬁ R
where P 1is the longitudinal B value. Since yc 1s a
monotonically increasing function of B (or velocity) the

name rapidity has been coined. In the non -relatlvistic zase
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the last expression reduces to pB. Other, equivalent,

expressions for yc are :-

tanh~1 (PL/E)

yc =
yc = cosh™1 (E/n)
yc = sinh™1 (PL/n)

3
where n = (M2 + Ptz) y the so=called longitudinal mass and

Pt is the com transverse momentum,

Combining the last expression with the definition of x

glves

25} +In (x + (x2 + gpz/s)%)

yc = sinh o = 1ln (

and

X = —au_ sinh vyc

Thus there is not a one-~to-one relation between x and yc

since the Pt - dependent longitudinal mass enters the expression.

2E
Also dx = B dyc

dx dPL
(xz + QPZ/SJ% B

and dyc =

Since the denominator of the last expression is usually < 1
it can be seen that a plot using yc as a variable is expanded
compared to one using x as the variable; the expansion

increases as smaller x values are considered.

A useful feature of yc 1s the ease with which it is
transferred from one reference frame to another. The laboratory
energy (EL) of a particle in terms of its centre of mass energy

(E) and longitudinal momentum (P) is

EL = Y(E + pp)




To6

By expressing this in terms of the centre of mass rapidity
yc and a new variable y defined by vy = cosh™! ¥ the

previous cquation becomes

EL = n cosh (yc + y), where M is the longitudinal
mass. The quantity (yc + y) is known as the laboratory
rapidity Yi,e Since dyc = dyy, the transform leaves the shape
of a function unchanged - it simply shifts the distribution by
an amount y = cosh-1 ¥ . Rapidity may also be related to a
well known cosmic ray variable. If ©_ (6 ) is the polar o
angle in the CM (LAB) system measured with respect to the
incident particle direction then since P_ = PL tan Os and

t
assuming PL2>> Pt2 W m® the rapidity may be written

y = =log (tan ec/z)

Substituting tan ec/z = Ytan GL where Y ls the Loventz

factor of the CM system gives

y = =log (tan eL) - log¥ which is almost identical

'to the variable (A) used in cosmic ray emulsion studies
N= log (tan eL).

Some care should be exercised in using this relation since the

assumption used to derive it is often not fulfilled.

Experimental data on particle production are commonly
presented in terms of an invariant production cross section
defined as
&
3

e

F, (PL, Pt, S) = E

Q.

where E 1is the com crergy of the particle. Averaging over

the azimuth angle (Gellert, 1972) cgives the useful




7

relation

d3d E a%d E a2c
E3~ = Sorp ap, aF. = PLZ T 4o
d°’p t L "t L ¢+

where - represents the solid angle.

The hypotheses which will be briefly described are the
hypothesis of limiting fragmentation (referred to in future
as HLF) of Benecke et al (1969) and the scaling hypothesis of
Feynman (1969a,b). The former was suggested in an attempt to
find a framework within which high energy hadron-hadron

collisions could be described.

Stated succinctly the HLF asserts that in a collision
between two hadrons such as when a beam of accelerated particles
strikes a stationary target the projectile and target
separately fragment. As the incident energy increases, the
fragments from the target are supposed to approach a limiting
distribution when viewed in the laboratory reference frame.
Similarly the projectile fragments approach a limiting
distribution when viewed in the projectile reference frame where
the projectile is at rest. There may or may not be other kinds
of particles emitted in the collision in addition to these two
kinds of fragments. The intuitive picture on which the hypothesis
was based is analagous to the optical model developed to treat
high energy elastic scattering. The target is regarded as a
droplet and serves as an absorbing and refractive medium through
which an incoming particle propagates as a wave. In this picture
the incoming particle viewed in the laboratory frame is Lorentz
contracted into a thin disc. The target particle (for example a

-14 c

proton) has a geometrical extension of about 7.10 me

Passage of the thin dlsc through the target takes place in about



2.10'24 sec and both target and projectile become excited in
this time and this is assumed to be the cause of the breakup
of the particles. The mechanism of excitation is not
consldered in detail by the authors but is thought to be
similar to diffraction dissociation. As the incident energy
increases the disc becomes more compressed but the authors
assume this has no effect on the excitation of the particles.
This assumption was based upon the experimentally observed
conztancy of the total and elastic cross sections in the range
15-3C GeV. The observation of an increasing total cross
section at higher energles had not boen made at the time the
idea was formulated. However this does nol s¢em to hava
invalidated the theory as the results of a recent axperinent
(Belletinl et al, 1973) designed to test the HLF have shown.
This experiment, performed with the I.S5.R., compared the
particle distributions in the fragmentation region of ocne beam
(beam 1) which was fixed in momentum while varving the nmonientbun

of the other beam (beam 2), hence changing the available

energy. Over the momentum range covered by beam 2 the total

cross-section has been observed to rise by about 5%. Tﬁe
experiment showed that the angular distribution of particles in
the hemisphere surrounding beam 1 downstream of the interacticn
point were independent of the momentum of beam 2. Experimental
errors were around = 2%. An important deviation from this
independence was found for particles emitted at large’ angles
('} 45° in the centre of mass)e. This has been attributed to
'splll over' of particles associated with beam 2 into the
hemisphere of beam 1. However at smaller angles the conclusion

is thst the HLF is valid.

Of particulzar relevance toe the interpretation of ths

muon charge ratlo are the roles of plonlizatlon and charge cneheenoao
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within the framework of the HLF., The HLF is independent of

the existence or non-existence of pionization. At high
energies the authors of the HLF considered, as a separate
hypothesis, that pionization was unlikely to occur (Yang, 1969)
since this would imply that the c¢olliding particles arrested
one another with the subsequent evaporation of slow pions.

Such a picture was thought to be inconsistent with the idea of
two extended objects passing through one another and shattering
in the process. Results from the I.S.R. have since shown
however that the majority of plons are, in the centre of mass
system, of low energy and are grouped around zero centre of
mass momentum. Benecke (1271) shows the expected rapidity
distribution for particle production according to the HLF

(Fig. 7.2a); also given is the expected distribution (Fig. 7.2b)
when a plonization component is added. This component was
derived from the work of Cheng and Wu (1969). Another
interpretation of the HLF as given by Morrison (1972) shows

the expected rapidity distribution to be as in Fig. 7.2c. The
previously mentioned 'spill-over' of particles from one
hemisphere to another may be the result of some pionization
type of mechanism. At infinite incident energy the spill over
is expected to be zero i.e. all of the target fragments are
contained in one hemisphere and all of the projectile fragments
in the other. This means that at increasingly high energies
the probability of charge exchange between the particles tends

to zero.

In summary, the HLF can be sald to provide a reasonable
framework on which can be based some speculations on the
behaviour of very high = higher than presently available with
particle accelerators - energy collisions. The HLF has many

features in common with the scaling hypothesis of Feynman.



The meaning of scaling in the context of the hypothesis
is that when the differential cross-section for particle -
(e.g. pion) production is expressed in terms of appropriate
parameters then the resulting function has the same form,
independent (at high values of Js) of the available energy
of the colliding system ( J's). This function is known as
the scaling function. The appropriate parameters, suggested
by Feynman, were the CM transverse momentum (Pt) and the
CM reduced longltudinal momentum (x)}. If the invariant
cross section EdBJ/d3p (where E i3 the CM energy of the

secondary particle) is written ac

3 2
a3¢ E a2
S R (= S%PBt apL ape | = fo (X0 Py 8)

then according to the scaling hypothesis fo depends (at high

values of Js' ) only upon P, and x, that is

f, (x; Pt, 8) ~— £, (x, Pt)

-3 o0
(In fact this is not expected to hold for very small values
of x (x£ 2/ Js' ) as will be mentioned later). The
above representation is that used by, for example, Damgaard
and Hansen (1972) and by Gellert (1972). A slightly different
representation is used by, for example, Michejda (1971) :-

a2

E SPL abt

= £ (x, Pt, s)

and, according to scaling

The difference between these two formulations ls the factor
2T Pt. If particle ratios at fixed Pt are considered than

it is unimportant but when particle muitiplicities asre



concerned it must be taken into account.

The scaling concept arose from Feynman's introduction
of the parton model to describe high energy collisions. It
has been found from the results of deep inelastic e-p
scattering experiments that a nucleon interacts with Z-quanta
as an aggregate of point-like charged particles. In the
Feynman approach, nucleons are taken to be composed of a
cluster of such particles and 1t is these particles which have
been named partons. A possible interpretation of partons is
that they are quarks; this subject is discussed by, for example,

Lipkin (1973).

Using a heuristic argument based upon a quantum field
theory Feynman has indicated that the wave function describing
the parton distributions in, say, a colliding proton-proton
system could be expected to be, at 'high' incident energies,

a function only of x and Pt'

To describe the interaction between the two nucleons
by parton exchange Feynman considers that the interaction is
mediated only by partons of very low momentum (in the CM system)
- those of 'wee' momentum -~ defined as those with momentum less
than 1 GeV/c i.e. those with x £ 1/ Js/2. This is thought
reasonable since the probability of interaction is closely
related to the probability that a parton in the right-moving
cluster of the initial state can be 'mistakenly' considered as
a parton belonging to the left-moving cluster. Such an
amplitude 1s a maximum for the lowest momentum partons. Other
features of particle interaction were obtained using an

analagy with bremsstrahlung -~ this is described later.



Concerning the momentum distribution of the partons,
Feynman, assuming a constant interaction cross section showed
that partons of momenta other than wee should be distributed
as dx/x whlle the wee parton distiribution should be constant.
This latter distribution applies from x ~ 2/ Js' down to
X = 0 - hence there 1s a dependence upon the available energy.
Thus the statement that the wave function is dependent only

upon x and Pt 1is not strictly tiue - it applies only to

As mentioned above, Feynman attempted to obtain some
details of particle production by 1ikening such production
to bremsstrahlung. In the study of electro-dynamics a sudden
reversal of electric current is considered to induce
bremsstrahlung; in a particle collision the revarsal of some
other current (such as that carried by the third component
of isotopic spin) is assumed to induce bremsstrahlung
preduction not of photons but of partons or other fundamental

particles., Clusters of partons ars identified as the produced

particles observed in such a collision. The momentum
distribution of these particles is shown to be dx/x for x
not wee ~ this is the same as the distribution of the partons
which formed the initial state of two nucleons and as an
extension of this fact the more general rule, that the momentum
distribution of the produced particles is qualitatively the
same as that of the partons for all x valﬁes, is derived.
Thus the distribution of produced particles (mainly pions) of
non-wee momentum is expected to be of the form dx/x and
independent of primary energy whereas in the wee recion the
distribution is constant. The width of the wee region is
primary energy dependent and 1t is this feature which allows

for the observed increase in multiplicity with increasing
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primary energy.

The total number of particles of a particular kind is
the sum over the wee and non-wee regions. The former is,
by the definition of wee momenta, independent of primary
energy; the latter contribution is given by c¢ de/x where
c is some constant. The upper limit to the integral is
unity and the lower limit is the wee-x value at which the
dx/x formula falls i.e. x = 2/ \YE“. Hence the number of
produced particles varies with primary'energy according to
an expression of the form (constant + ¢ 1n ( J s)). Using
Regge theory, Feynman was able to obtain a rough estimate of
C and the resulting expression fits the observations quite
well. Taking the upper limit of the integral to be unity may
however be incorrect since in the large x region (x % 0.5,
say) the dx/x parameterization could be expected to fail
because if such a large amount of energy is taken from the
primary particle by radiation of one particle then subsequent
emissions would be affected. A more rapid decrease of the
distribution at large x values is thus indicated but this is
not expected to seriously alter the form of the multiplicity

variation with primary energy.

The distribution whose shape is predicted by the
Feynman approach is that of particles of a particular kind,
independent of the emission of other particles. Such a
distribution has been named an inclusive distribution. An
exclusive distribution is one obtained in an experiment in
which it 1s demanded that only certain specified particles of
fixed Pt and x be found in the final state and no others.
The former type of distribution.(the inclusive) is

experimentally the easiest and hence the most often measured.



co

The distribution of produced particles as a function
of x and yc as predicted by Feynman are shown in Fig.
7.3 a,b. From the rapidity distributions it can be seen that |
the Feynman approach and Morrison's (1972) interpretation of

the HLF are in agreemenﬁ.

Experimental evidence supporting scaling of some particle
distributions from about 20 GeV up to I.5.R. energies has
accumulated rapidly. Scaling of pion distributions for Pt =
0.8 GeV/c and x 2 0.2 is generally accepted, for positive
kaons a rather lower limit on Py (about 0.4 GeV/c) is
required while for negative kaons scaling does not work well.
Anti-proton distributions are generally found to scale cver the
energy range covered by the I.S.R. but do not agree with the

distributions obtained at lower energies. Proton distributions

are thought to scale over I.S.R. energies.

More details of the distributions of the various

particles are given in the next section.

7.3 Particle Spectra

In this section the experimentally observed high energy
production spectra of varlous particles are summarized. Some
low energy spectra are shown in Fig. 7.3c. Results on some

other features of particle production are also described.

7.3.1 Charaed Pions

To determine whether scaling may be applied to pion
spectra the regions x = o and xyo will be considered

separately.

At x = 0 the results of two I

S.Re. experiments and a
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low energy experiment are plotted in Fig. 7.4. The lowest
energy results are consistently below those of the higher
energies and hence scaling cannot be applied to the low energy

data.

Considering the two I.S.R. experiments separately the
diagrams show, within the errors of about 10%, no obvious
energy dependence of the cross section over the range of s
of 30-53 GeV. This, however, is not the conclusion of
Lilleéhun (1973) who, in desc;ibing the results of a later and

more accurate experiment at P, = 0.4 GeV/c shows that some

t
energy dependence is present in the form Ed%f/d3p “-S'%.

The absolute values of the cross sections obtained in this
latter experiment and in the two I.S.R. experiments plotted
in Fig. 7.4 are all in disagreement. This is probably due to
errors in the luminosity measurement. It can be seen from

the diagram that, within the errors, the numbers of positive

and negative pions, at each I.S.R. energy, are equal.

To explore a wider range of Pt the results of Lillethun
et al (1972) have been used. These authors found that within
their rather large errors of I 15% scaling could be applied
to the 30-50 GeV range and also to data at Js = 23 GeV. This
latter contrasts with the results of Fig. 7.4 where a distinct

rise in cross section over the range 23-30 GeV is seen.
+
Lillethun et al (1972) also found the 1t~ cross sections to be

equal for the range P, = 0.2 to 1.3 GeV/c; their data are

t
given in Fig. 7.5 where the points plotted are alternately

ft° and @. Lillethun (1973) however shows that the results of

a later, more preccise experiment indicate a &/ v ratio

increasing from about 1.00 at Pt = 0.1 GeV/c to about 1.15

~
A

at Pt = 1.0 GeV/C.
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Summarizing for x = o. The situation is rather
unclear; early experiments indicated satisfactory scaling at
least over the range 500~1500 GeV/c laboratory mcmentum and
Pt = 0,3 to 0.9 GeV/c but a later experiment has shown some
energy dependence. The comparison of several sets of
independent data of precision at least equal to that reported
by Lillethun (1973) should resolve the problem. Scaling of
low enerqy results (~ 20 GeV laboratory momentum) is not

valid.

To conhsider the applicability of scaling to x>0 the
results of Antinucci et al (1973), for x w 0.15, may be
considered (Fig. 7.6). These are the most accurate data
available (as of May 1973). The errors are around ~+ 10% and
according to the authors there is no systematic trend as a
function of I.S.R. energy. (This presumably applies to the

energy range 500-1500 GeV since there are very few data at

210 GeV). A similar conclusion is reached by Lillethun (1973)
for a similar range of Pt values and x values between 0,15

and 0.8,

A comparison of I.S5.R. data and lower energy data is
given in Fig. 7.7. It can be seen that scaling is quite well
satisfied for positive pions but less so for negative pions.
This is also seen in Fig. 7.6 More recent and precise data
reported by Lillethun indicates that scaling between low
energies ( ~ 20 GeV) and the I.S.R. results occurs for Py £ 0.8
GeV/c and 0415 £ x £ 0.8. This behaviour contrasts with that

at x = o,

By combining the results of a number of I.SeR.
experiments the longitudinal momentum distribution of pions may

be found; those due to Sens (1872) are shown in Fig. 7.8a,b.
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Damgaard and Hansen (1972) have found equations giving a
best fit to each set of data; the equations, for ‘ﬁf and .n7

respectively are :-

.
E a3d/d%p = 137 exp(-2.25 pt) exp<_6.93jx2 + (0.57 PE)° )

and

E a33/d%p = 162 exp(-6.2 Pt) exp(-17,)x2 + 0.0001 ) exp(14.5xpt?)

Typicél transverse momentum distfibutions for a variety of
X values are shown in Figs. 7.9 and 7.10. These data show an
exponential dependence on Pt‘ A pure exponential of the

form

E d3d/d3p = A, exp (- Blpt)’ where A, and B, are

constants, has been fitted by Antincci et al (1973). This fit

was made over a range of incident energies and Pt values;
details are given below.
| Energy P
Particle Range X Ranctj'e (Ge\BI}c)"l < Pt I
(GeV) (GeV/c) (GeV/c)
. |110 - 1500 | 0.075| 0.2 - 0.6 | 6.3 T 0.3 | 0,32
- |1100 - 1500 | 0,075 | 0.2 - 0.6 | 6.0 T 0.3 | 0.33

The values of the slope parameter B, are plotted in Fig. 7.11;
since B, is a decreasing function of x then the mean
transverse momentum, < Pt> ( = 2/81) is an increasing function.

The values of B, seem to be the same for ot and .




a: Banner et al {(1972)
b:  Antinucci et al (1973)
c: Albrow et al (1972}
100" (a)
° 0, X=0
o_
10 00
- @Q
%
%
N9
1F %
e~ @00
O
> %
() 0
5 041 $ 3
e
- {b)
moje T %015
ol §.
w -"'\m%
10r X
%,
S B
9
2 é‘«"ﬁ
1"' Q“g
i A9}
] J
0 0.5 1.0
R (GeV/c)
FIGURE.?7.9. TRANSVERSE

o 210 GeV
[m] 500 GeV
o) 1MG0 GeV
A 1500 GeV
1
° |19 6oV
100
(c)
N A\AA
&~ 10F ~
?‘5 24
~ AA
2 7 %
- A AA
Ay a o X=018
Y N
aSla A8, ha
A At
47’ Z\% %
. A
\
1[0] S EX
A % X=02
AA\1
RA
kW
W X=0:25
0 05 1.0
Pt (G(‘.‘V/C)
MOMENTUM OF 1T




a: Banner et
b: Antinucci
¢: Albrow et

al

et al (1973)
al (1972)

100/ (a) - ¢ 210 eV
o 500 GeV
0 o 1100 GeV
o 00 X=0 A 1500 GeV
- 91 19 GeV
o °% 1 le== }
)
{c)
00
1L &0 i
ooo . 10 A\A\
nu oo “o %
i % = ‘8
o 0 @ M4
O 01 ! 1 L) \&,
£ € 10~ A\\ A
— (b) - AA\‘\ \\AA
M \\A X=018
X=015 vf,[.;" AQ \
le] no_ \‘g é e
Il R s w AA\A \
w 0 H’M or N o
E:A N \
N AN \
3;:1% AA\“I\Q AQ
w8 A N X=0.21
1- \“ A _1_ &%A A\\ -
\\‘ -\\
% s A\\ X=0.25
A
[ 1 [ [}
0 05 1.0 0 0.5 1.0
P, (GeV/c) P, (GeV/c)
FIGURE7-10. TRANSVERSE MOMENTUM OF TT




o Antinucci et al (1573)

7r o Banner et al (1372)
% x Lillethun et al (1972)

T }

| i

(GeV/e)

~J
]

B1
- 2
f———

e

(¥3 ]

FIGURE.711. VARIATION OF Bl




'8?

An experiment by Banner et al (1972) has ylelded values

of B1 at x = o and these are also shown in Fig. 7.11. These
authors found the numbers of positive and negative ions to be
equal - agreeing with the results of Lellethun (1972) also at
X = 0. The slope parameter of the latter experiment is plotted
in Fig. 7.11 and is the slope derived by fitting an exponential

curve to half the sum of the positive and negative pion data.

The two sets of results at x = ¢ are lnconsistent.

This is unfortunate since it pecones-impossible to say whether
the spectrum is flattening at small x values. There is no
clear cause of the discrepancy; both sets of dats are averages

over the 210 - 1500 GeV energy range and cvaer the P range

L

0.2 - 1.2 GeV/c. Because 1t is the slope of a distributicn no
normalisation (i.e. luminosity) problems arise. The situation

is unresolved.

So far only the slope parameter has been dlscussed;
values of A1 are rarely glven because of the difficulty of
luminosity measurement. At x = o values of A1 are given
by Banner (1972) and for the sake of completeness they are
tabulated below.

The given values of A should be used with

1
caution although the quoted errors do include estimates of
systematic effects; the mean of the 81 values given correspond

to those plotted in Fig. 7.11.

ELAB (GeV) 210

-

A (mb/GevZ/cd) | 135 % 7 132 % 8 144 ¥ 9 149

+ =

B, (Gev/c)™ ! 5.86 ¥ 0.34 |5.97 % 0.35 | 5.80 % 0.35| 5.92

1

ooy

contd

vy - N AR ST TR TR B emes

t
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ELAB (GeV) 1100 1500
at - at i
Ay (mb/Gev2/c3) 139 t 9 145 * 9 128 8 137 * 9
B, (Gev/c)~1 5.72  0.36 5.91 % 0.37] s5.65 % 0.38| 5.75 £ 0.36

An alternative to a pure exponential dependence has been proposed
by Albrow et al (1972) whose data are plotted in Figs. 7.9c_and __

T.10c. A fit of the form

E dBd/d3p = A, exp (- B, Ptz) has been used. The
data were collected at a single incident energy of 1500 GeV and
“the motivation for the type of fit used was the curvature
exhibited by the data. The values of A2 and 52 are tabulated

below and as before the results for A2 should be used with care.

A, B,y
Particle x (mb/Gev2/c3) (GeV/c)™2
. 0.18 16.1 } 1.1 4,27 } 0.16
0.25 9.2 - O.8 3.80 b 0031
_ 0.18 9.8 = 0.3 3.92 T 0.07
ﬂ 0.21 7.6 : 0.5 4.05 : 0015
0025 5.0 - 0.4 3.74 hand 0028

7.3.2 - Charged Kaons

The kaon production cross-section 1s about a factor of

ten smaller than that for pions and consequently the available

data is less precise.
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At » = o and Pt = 0.4 GeV/c the results of Alper et al

(1973) give the following values of the kaon invariant cross

section

1100 GeV 1500 GeV
C/Sect (inb/Geva/c3)

0.3

i+ 1+

]
1+ 1+
=
°
w un

This is the best avallable data for x = o. The indication is
that scaling is occurring over the given incident energy range;

the mean k+/k- ratio assuming this to be true is 1.25 0.1,

No low energy data at x = o are avallable for comparison

with the I.Sc:R. results.

Considering x > o the results of Antinucci et al (1973)
and Albrow et al (1972) are plotted in Filgs. 7.22a, b and give sone
idea of the validity of scaling over the range 500-1500 GeV.

There is a suggestion in the data that the cross sections at the
highest energy are somewhat larger than those at lower energies;
this is most marked for k'. However, the report of Lillethun
(1973) indicates that more accurate data show scaling to be

occurring over the range 500-1500 GeV,

Figure 7.12 also shows some low energy results and
scaling for k' can be seen to be fairly good but for k™
there is a great difference between the two sets of data. For
both k™ and .k~ the approach to scaling decreases with
increasing Pyo Thiszs is better exhibited in Fig. 7.13 where

the longitudinal momentum distribution of charged kaons is
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plotted with P as a running parameter.

t

Considering transverse momentum distributions these
are illustrated in Fig. 7.12. As in the case of charged pions,
two representations of the distribution have been proposed. The
data of Fig. 7.12a have been fitted with an exponential in P

t
and the values of the slope parameter B for k¥ and x~

1
respectively are 4.0 ¥ o.2 (GeV/c)-1 and 4.4 ¥ 0.2 (GeV/c)“i.
The results apply over the energy range 1100-1500 GeV, at
x = 0.16 and for 0.2 €P_£0.9. The data of Fig. 7.12b were
obtained at 1500 GeV only, at x = 0.19 and over a similar Pt
range to the above. The values of A2 and B2 the amplitude
and slope parameters for k¥ are 1.11 £ 0.05 mb/GeVz/c3 and
2.75 * 0,13 (GeV/c)™? respectively and for k- are
0.56 * 0.03 mb/GevZ/c® and 3.09 * 0.15 (Gev/c)~2 respectively.

The quoted errors include estimates of systematic effects.

7.3.3 Protons

From low energy accelerator (Fig. 7.3c) results it is
seen that the proton spectrum is different in shape from that of
the other particles; this feature is also present at I.S.R.

energies.

For fixed values of P, (0.4, 0.8 GeV/c) a survey of the

t
available I.S.R. data on the longitudinal momentum spectrum of
protons has ylelded Fig. 7.14. The results of several different
experiments are shown and there are significant differences in
the absolute values of the cross sections. This is due to the

difficulty in measuring the luminosity and makes intercomparisons

difficult., However, the results of Albrow et al (1973),
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Antinucci et al (1973) and the report of Lillethun (1973)

indicate

(i) that for x between 0.0 and 0.3 and P, between
0.1 and 1.0 GeV/c the low energy cross sections
(laboratory encrgy -~ 20 GeV) are greater than those
at I.S.R. energles. The discrepancy is a factory of
two at x ~ 0.1 and Pt ~ 0.4 GeV/c and decreases
with increasing x.

(ii) that for x 2 0.2 scaling occurs over the I.S.R.

energy range (210-1500 GeV laboratory energy).

The main features of the proﬁﬁn spectrum are its
minimum at x = o followed by a broad hump finishing in a
valley at around x = 0.9 after which it rises steeply. This
rise is due to a mixture of elastic and inelastic events. In
Fige. 7.14 the elastic contribution has hzen subtracted and what
remains is the effect of one of the incident protons bacoming

excited into an isobar and subsequently decaying.

Considering the distribution in transverse momentum, the
I.S.R. results show that at fixed values of x the cross-secticn

decreases exponentially with increasing P Experimental data

tll
is usually fitted to one of two equations

k} 2
E d3d/d“p o exp(—Bipt) or E d”57d3p oL exp/-B?Ptz)n

The first representation has been used by Antinucci et al (1973)
to fit the data shown in Fig. 7.15a. It is found that 81 is
a function of x and this is shown in Fig. 7.15b. The mean
transverse momentum is thus a decreasing tunction of x as

shown below,
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Energy Pt 81 Pt
Range p Range -1 -1
(GeV) (GeV/c) (Gev/c) (Gev/c)
1100-1500 0.08 | 0.2 - 0.6 3.3 } 0.5 610
500—1500 0015 002 - 099 3.9 ; 002 510

The second representation has been used by Albrow et al

(1972, 1973) and Rather et al (1971a). Figures 7.16a,b show the

results of these experiments plotted against Ptz. In this case
B, 1s constant over most of the x range (0.2 £ x<£ 0.9). For

X > 0.9 B2 starts to rise as shown in Fig. 7.16c. The mean

value-of P, is thus indepdent of x for 0.2 < x< 0.9.

Data for x € 0.2 is sparse but the preliminary results of
Lillethun et al (1972) are shown as open triangles in Fig. 7.1€b
X = Ooon

and refer to The results obviously suffer from a

normalisation problem but the general trend is similar to that at
other values of x. No errors are given in the original source

but are > 15%.

The variatlion of the cross section over the whole I.S.R.
energy range is best seen from Fig. 7.15a (the inset reproduces

the data for x = 0.15 on an expanded scale). Within the errors

of 10-15% the distributions for energies 2 500 GeV coincide.
There is some indication that the data at 270 GeV (at x = 0.15)

are systematically higher than for other energies plotted.

Comparison of the I.S.R. P distributions with those at

t

lower energy can be made in Fig. 7.15a. For the range of x

values given, the lower energy results indicate the higher cross
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T

sections. The difference between high and low energy results
decreases with increasing x and should reach zero around

X = OuSG

Turning now to anti-protons the longitudinal momentum
distribution at Pt = 0.4 GeV/c is shown in Fig. 7.17a. The
rather large error hars (which represent both statistical and
systematic errors) make comment about scaling over the I.S.R.
energy range difficult. More recent data from the szame
experiment Antinuccl et al (1973a) does however give evidence
of a cross section which is increasing with primary energy.

Some of these results are shown, as a funcllon of transverse
momentum, in Fig. 7.17b where an increase by a factor of 2.3
over the energy range 500-1500 GeV can be seen. Considering
Fig. 7:17a the low energy data (24 GeV) shows lower cross
sections, the discrepancy is a factor of about ten at the lowest
x values. Longitudinal spectra for values of Pt oxiner than
0.4 GeV/c are given by Lillethun (1973) anid show that ths
deviations from scaling between high and low energy increase
as Pt and x are increased and reduced respectively. From
Fig. 7.17a the low energy results are seen to flatten as x

decreases; this contrasts with the I.S.R. data which maintain

their exponential shape.

Transverse momentum distributions of the p have been

fitted to an exponential in P, Dby Antinucci et al (1973a) whose

data is reproduced in Fig. 7.18a. The slope parameter, Bl

(of the fit E dad/d3p«* exp (-B, P )) is found to be a
function of x (Fig. 7.18Db). 51 rises with increasing x

and the mean transverse momentum (<LP£> = 2/B1) conseguently
decreases, in contrast with the hehaviour of pilons. The valuers

of B, and <P, 7 are listed below :-



SNOILNBIYLSIa

[omeo] *4

Ol 8- Oa. 178 4
% /// ._ ”
‘m, nm /// _ ]
- :

{

ﬁ s
_ I n:.m 0 1
910 = X ‘ ﬁmw m@ ]
(oeLBl) - “ -

D R AQDIV  APO P2

(EL6BL)
|B 12 125nUljuy

AD 00GL <7
A9 00G O

(9)

WN1IN3NOW

NCLOdd =} LNV

LUL38NO13

IT[II]II [}
-

i T

AP0 = 'd

i
'

IATE NS

S AN S

(eL6l)

A9 QL2

(©EL6L) | AS9 005

‘e 3@ uipag YA®S 00LL
APO 0O0G!

€L6L)UNU3I3IIIT  ASD QOLL
|

e 1@ AQEBllY A2O p2 TSN%

Q

a3
°
v

O

Re]
cdp 3

0
€

ms

[e2/2919w]




1
1 Gy -
RLEE T %3008 - }
S e {a)
. b
! b
¢ 23 GEV
- 31 .,
01k~ ° 45
E N a 53
: . - 66 .
r .
A Y
\
» Ay
Z kY . .
1 1t
N 7. ¢ X 016
‘: N &.;‘Lf-'-."{__‘
NE - < l"ii-' @ ANTIRUCCI 0 BANMNER
2 ot qr,rfl.
g E“‘.‘ N g' :qg "6
g X .
I ~ )
ola | “\
MU!J /L:* ‘\ /
w 0L A _: -
E p r~ Sr
[ ] (8]
S 3
- a, 2 X 032 J v
}r/& © |
00l VL _ — 4 (
: I 3 PR T
; % ] o
L \% i
r \\‘ 4}§ J
0-00!... kY 1 - 3t
\ E
\ 1
02 04 06 08 10 12 14 2
o 1 2
P (GevrC) X
FIGURE"7.18. ANTI=FROTON TRANSVERSE MOMENTUM

b)



96

Energy Pt B, < Pt >

Range b Interval -1

(GeV) (GeV/c) (GeV/c) (Gev/e)
1100-1500 0,08 0.2 ~ 0.6 3.6 } 0.6 0.56
1100-1500 0016 003 band 009 400 I O.2 0050
1100_1500 0032 0.6 - 154 4.8 - 005 0042

At x = 0.0 the distribution is similar to that at other
x values as shown in Fig. 7.19 where the results of Lillethun
et al (1972) (preliminary data) and Banner et al (1972) are
plotted. The results of the latter are at either extreme of
the normal I.S.R. operating range and clearly show the lack

of scaling over the 210-1500 GeV range.

7.3.4 Particle Ratios

The pion charge ratio as a function of x has been
derived using the equations of Damgaard and Hansen (1972) which
fitted the experimental I.S.R. data shown in Fig. 7.8. The

multiplicity of pions is given by

® 1
+ 3
<n{t™7 = 3—2 2T Pt S o ol - d x dp
toel [-xz + Pt2 + Mm 2.}% d3p t
N p & T
o max

where dinel is the inelastic pp cross section (taken to be

32 mb) and Pm is the centre of mass energy of the incident

ax
proton (taken to be 25 GeV, but the expression is insensitive

to the value of pmax)'

After integrating over Pt the results

for different regions of x are as below :=-
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X 0.0"’Ool 05'1"00 d OI 2"‘01: 3 Ow 3"0:4 'IIOT/‘\L
<nax=7 3.5 0.41 0.12 0.05 4,2
Lnfvtz 3.8 0.65 0,23 0.09 4.8
(4t 1.07 1.60 1.90 2.3 1.16

It 1s interesting to plot the integrand of the above expression

on a linear scale as in Fig. 7.20. The majority of particles

are in the region close to x = o3 in fact at P, = 0.4 GeV/c

t

about 70% of the pions are containead in the region 0 =% x & 0.05,

For transverse momenta of 0.2, 0.4 and 0.3 CaV/c Llhe
charge ratio over a number of regions of the x variable have

been calculated and are given bhelow :-

Transverse Momentum
X (Gev/c)
Range ™~

0.2 Ocd 0.8
0000 - 0.05 1.03 1001 ('3;96
0n05 - 0510 1.036 1.024 '1006
0,10 - 0,15 1.66 1.49 1.17
0,15 - 0.20 1.94 1.69 1.26
0.20 - 0,25 2.20 1.85 1.31
0.25 -~ 0.30 2.46 1.96 1.32
0,30 - 0.35 2.72 2.04 1.30
0.35 -~ 0.40 3.00 2.10 |« 26

Turning now to experimentally measured particle ratios
some of these obtained by Bertin et al (1972b) and a number of
other exﬁeriments are shown in Figs. 7.21 and 7.22; these refer
to Pt =

0.4 GeV/c. These experiments were specifically

designed to measure partlcle ratios and it is best to use these

results rather than those obtained by fitting aquations to

The @

experlmental data.

fect of uncertalinties in th

6]

lumninn=licy
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measurement is minimized by taking data for the particles during
the same experimental run. Figure 7.21 shows the ratios of

the invariant cross sections of particles to anti-particles

( '/, k¥*/k~, p/P) as a function of x. Figure 7.22 shows

the ratios of particles to pions of the same sign (p/q , kK /747 ,

p/11+, k+/.ﬁ+). The main features of the results are :

(i) Within the experimental errors there is no obvious
varlation of the ratios with I.S5.R. energy. This is
true for all except the k'/k~ ratio which exhibits a
step function at x = 0.2; for smaller x values the
data are from the 1100-1500 GeV incident energy range

- while for x >» 0.2 most of the data refer to the
200~-500 GeV energy range. There 1s no obvious cause
of this and the effect is not found in the ratio when
deduced from a different set of data (the dashed line

in the figure).

(1i) All of the particle to anti-particle ratios decrease
with decreasing x. The decrease is slowest for at/ .
The ratios decrease to a value between 1 and 3 at

X = O.

(1ii) The particle to pion ratios tend to a value between 0.1

and 0.2 at x = o.

(iv) Those ratios involving protons display a strong

x - dependence, reflecting the leading particle nature

of the proton.

(v) The ratios 1r+/'w-, p/P, p/'n'+ and k+/1r+ level

off to and essentially constant value for x £ 0.07.

(vi) The separation between I.S.R. results and those at
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24 GeV generally decreases with increasing x.

From the longitudinal momentum spectra of Antinucci
et al (1973) (Fig. 7.23) particle ratios have been obtained
simply by drawing a best line (by eye) through the data. These
ratios are plotted as the dashed lines of Figs. 7.21 and 7.22.
The agreement is surprisingly good; the indications are that the
high data points in the region x = 0.2 - 0.3 of the k¥/k”

ratic are in error.

Having now considered the spectra of those particles
preduced most profusely in an interaction the absolute numbers

cf these particles will be considered.

7.3.5 Multiplicity

The true multiplicity (n, the numbeir of particles in the
final state) of a reaction is a difficult quantity to measurc
since, in particular, it requires the deteoiion o nautral
particles (mainly 1T° and n). The charge¢ multiplicity, Ny s
is the number of charged particles in the final state and it is this
guantity which is most often meassured. Theoretical models tend
to give predictions in terms of the true multlplicity arnd if
comparisons are made with the experimsntally measured charged
multiplicity a considerable smoothing effect takes place (zee,

for example Morrison (1972)).

As mentioned above Nh ié the more commonly measured
quantity and a brief 1list of some of the available data for
p~-p interactions, those of particular importances to the muon
measuremants, is glven in Table 7.7 and plotted in f'ig. 7.24
(where no errcor bars ave shown, then the error is about the saie

size as the symbol). The quantity (;nch'} +2 the mean cpharged
-4
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multiplicity and includes any leading baryons.

A number of comments on the quality of some of the data
points must be made., The experiment of Smith et al (1969)
collected results only for interactions producing 4 or more
prongs and corrections have been made to include inelastic
2-prong events. These corrections have been made, independently,
by at least three different authors. The points plotted are
those due to Jacob (1972) and to Czyzewski and Ribicki (1972).
Below.each of Jacob's estimates in Table 7.1 are given two
other estimates -~ those of Czyzewski and Ribicki (1972) and of

Malholtra and Ganguli (1972) respectively.

A number of estimates of <:nchj7 from the I.S.R. have
been made. The latest results are those of Antinucci et al
(1973) and these have smaller statistical errors than any
previous estimates. The results of the authors are based upon
emplrical fits made to the variation of the invarlant cross
section as a function of secondary particle energy. This method
has been adopted because there are no results available which
cover the complete solid angle around an intersection. The
technique used has been to express the invariant cross section
(f) as a factorizable function of P, and y. The variation
with Pt has been taken as a pure exponential function. The
distribution in y has been taken as that applying to
P, = 0.4 GeV/c (which is about the mean value of P, for all
particles). After integration over y and P, and then
summing over the particles 1Ti, k: and p: the results given
in the table were obtained. The errors include an allowance
. for the fact that the Pt dependence is unknown for Py < 0.1

GeV/c and a continuation of the pure exponential has been

assumed. The effect of higher-~than-expected cross sections at
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large transverse momenta ( ;5 i GeV/c) is unimportant since
the absclute value of the cross section is small compared to

that at lower momenta.

Above the highest I.S5.R. energy multiplicities derived
from cosmic ray experiments must he used. Most of these
experiments use the emulsion technique and, since it is p-p
interactions that are under consideration, the problem is to
select such collisions from the raw data. From the chemical
composition of emulsions it follows that the majority of
interactions are with heavy nucleii (Ag, Br). Intersctions with
light nucleii (C, N, O) or Hydrogen nucleii amount to about 25%
and 5% of all interactions respectively. It is possikle to
enrich the sample of p-nucleon collisions by considering those
interactions involving only a peripheral nucleon of a heavy
nucleus. Exactly how to detect such a collizion is uncertaing
for example Malholtra (1963) suggests that to censure such o
collision the number of heavily lonising (Nh) itrachs emitted
from the struck nucleus should be < 2. This means that
excitation of the struck nucleus is small and the contribution
by the products of any intra-nuclear cascading to the
multiplicity should alsc be small. A more severe criterion
(Nh = 0) 1is used by Lohrman and Teucher (1262); a less severe
test (Nh &£ 5) is recommended by Miesowicz (1971). A
qualitative measure of the effect of constraining Nh has been
given by Malhol&ra and Gangull (1972); they give 4<Nch7’=
15.1 = 2,9, 15.8 + 3.8, 17.3 L 4.2 ana 27.9 ¥ 4.2 for
Nh = 0, 1, 2 and 3 to 5 respectively. These authors restricting
their data survey to Nh £ 2 and combining the results with
those of Nozaki and Koshiba (1971) give the multiplicity at
10 TeV as 16.3 % 1.4, Besigﬁu%gﬁgifdlng Ry £ ? they also made

st o .

1240y 1975
5
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an attempt to eliminate scanning bias by only considering
experiments in which one of two scanning methods were used.
The first method was 'along the track scanning' in which the
singly charged fragments resulting from the break-up of an
encrgetic multiply charged nucleus are followed through the
emulsion until an interaction occurs. The second method was
to look for the large dark spots in the emulsion associated
with an electromagnetic cascade. The cascade was followed
back to the original interaction and which was then examined.
Other methods of scanning depend upon the detection of shower
particles produced in the interaction and are hence biased
against low multiplicity events. Neither of the akove two
methods is subject to this type of bias. The authors point
out that although a fairly severe criterion was demanded there
may still be a contribution from intranuclear cascading which
leads to an overestimate of Nch>’° However since some of
the data were collected by the electromagnetic cascade method
those fluctuations in the cascades resulting;: high value of
n*ﬁo (and hence low n{r+) would be preferentially detected
and hence compensate to some extent the effect of the nuclear

cascade. An indication that the resulting bias is small is

obtained by calculating the quantity <nch> /D where D 1is

2
ch

decreases from about 2.3 at 10 GeV to about 2.1 in the

the dispersion, given by D = (n - <nch> 2)%. This ratio

region 50-200 GeV. The value of D obtained by the authors for
their results was 2.0 which is in reasonable agreement with.
the trend. A further bias, not considered by the authors is
that collisions with peripheral nucleons of heavy nucleii may

be either p-p or p-n with roughly equal probability. The



presence of p~-n collisions reduces the value of <inch:7 . It
has been estimated (Malholtra (1963)) that about two~thirds of
the data involve collisions with peripheral nucleons and assuming
that half of these are with neutrons then the calculated
multiplicity is low by about 0.3. This is much smaller than

the statistical error already present and can' be ignored. The
value <:nch‘> = 16.3 = 1,1 represents the best estimate cf the

multiplicity that can be made with the available data.
The solid line shown in Fig. 7.24 is ~~~
- -1
< nc:h> = 2 ELab

and is a good empirical fit to the results in the range 20~100G
GeV. At higher energies the trend seems to be to lower

multiplicities than predicted bv thils line.

Having thus dealt with the average charged multiplicity
the distribution of this quantity will now ba described. The
distributions in prong number from three experiments are sketched
in Fig. 7.25(A) where the broadening of the distribution with
increasing energy is apparent. The cross section for the
production of a given number (n) of prongs, (the topolcgic cross
section, dh) as a functlon of incident proton energy is shown
in Fig. 7.26. With increasing energy the final state of the
interaction increeses in complexity as the cross sections for
the production cf large numbers of charged particles rises. At
the same time the low multiplicity cross sections are starting
to fall. Whether this fall continues 1is unknown; no data at
I.5.R. energies has so far bzen produced. The rising high
multiplicity cross sections and falling low multiplicity cross
section tegether result in 3 slow increase of the total inzlastic

cross section and a broadening of the multiplicity distribution,
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In the 10-30 GeV region a Poisson distribution has been
found to give an approximate fit to the multiplicity variation
but at higher energies this no longer applies (see for example
Chapman et al (1972) at 102 GeV and Charlton et al (1972) at
205 GeV). At higher energies the multiplicity distribution
becomes broader than the Poissonianj; this effect is usually
described by the use of the correlation coefficient f2

defined by
.fz = Zn(n=-1)> - <nY?2.

For a Poisson distribution f2 = 0. Rather than consider the
total charge distribution which would not be expected to be a
perfe;tly Polssonian function because of constraints due to
charge conservation it is usual to consider negative particles
alone. The observed variation of f2 computed for negative
tracks only (and hence denoted f2_) is shown in Fig. 7.27. At
about 80 GeV a Poisson distribution is a good fit, at lower
energies the real distribution is narrower and at higher
energles it is broader. The broadening is particularly
interesting in view of the fact that if the pions were
uncorrelated then the multiplicity distribution would be closely
Poissonian (allowing for charge conservation restraints). The
rise of f2' indicates important correlations among the

secondaries.

A number of interesting trends have been observed in
the charged multiplicity distributions of p-p collisions; two

trends are briefly described below.

It has been found that the ratio <nch> /D as a function
of energy approaches the value 2.0. This 1s shown in Fig. 7.28

where the values plotted are those of Ammosov et al (1973).
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The fact that Malholtra and Ganguli (1972) obtained, from
emulsion data, a value of <;nch77/D of 2.0 1is a good

indicator of the freedom from blas of thelr data.

It has been suggested by Koba, Nielsen and Oleson (1972)
that the topological cross sections expressed as fractions of
the total inelastic cross section should reach an energy

independent 1imit

AU, RPN P X o [ — SIS . -(’V—(——n——)—-— e e e e e e e e
C'5.7.rel S -3 o0 <Pch 7 <nch7

where ‘5PE1 is the total inelastic cross section; s is the
=
centre of mass energy and Q is an energy indepcndeni Tunction.

i e o ~, £
Figure 7.29 is a plot of <nch7 dn/dinel vs n/ <n v for
incident proton energies ) 50 GeV. The solid line is a fit of

Slattery (1972) and is given by

2 7

Dz = n/¢nyvy) = (3.792 + 33.72° ~ 6.642° 4 c.3227)

exp(=3.042)

The fact that the low energy data (inset) is quite well fitted
by the curve is surprising since the prediction wss based on

asymptotic arguments.

This concludes the description of the multiplicities of
proton induced reactions; a brief description of rcactions

induced by particles other than protons will now be given,

A summary of some of the available data on pion induced
interactions is given in Table 7.2. The result at 60 GeV is
from an emulsion experiment and is included because a strict
1imit (Nh 4 1) was imposed on the dark tracks.

These data and

some of Table 7.1 are plotted in Flgue 7.30 {where no error bar
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is shown then the error is about the same size as the symbol).

It can be seen that the multiplicities of pion induced
interactions are higher than those induced by protons. As
already mentioned the p-p data in the range 13 - 28.5 GeV are
two independent estimates based upon the same initial data.
The difference between the fTp and pp results seems to be
increasing with increasing energy. The X" data of Fig. 7.30

is rather more scattered than that for 1~ but the indications
are tﬁat the values of <nch’7 -—associated with the former are
higher than those with the latter. Concerning the topological cross
-sections, the distributions are sketched in Fig. 7.25(B) for

three -primary energies. At the lower energies a Poisson distri-
bution has been found to be a reasonable fit (Honecker et al (1969))
but at higher energies the fit is poor (Ammosov et al (1973)).
The tendency for the deviation from a Poisson-like curve to pass
through zero and to then increase with energy is displayed in

T "p interactions as shown in Fig. 7.31 where the parameter

f2 has been calculated including both positive and negative
particles. Results on ﬂ*p collisions at higher energies than
shown are not yet available. The quantity ‘(nch7'/D for 1r:p
reactions is shown in Figs. 7.32a,b. The qy data up to about

25 GeV seem fairly constant at around 2,25 but the last two
points may indicate a falling value. The 1r+ data are also

fairly constant but the range of momenta is rather limited.

Turning now to kaon induced reactions a summary of the
avallable multiplicity data has been given by Ammosov et al
(1973) and is reproduced in Table 7.3. These results, along
with some for pp collisions, are plotted in Fig. 7.33. Kaon

induced reactions give slightly higher multiplicities.
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Typical topeological cross section distributions are
shown in Fig. 7.25(c). A Poisson distribution has been fitted
to the lower energies but as before the fit is poor at higher
energies. The values of f2 for kaon induced reactions are
shown in Fig. 7.31. The results are similar to those of pion
induced reactions. The quantity <:nch7 /D is plotted in
Fig. 7.32a,b. The k p data are fairly constant at about 2.15.
The k+p data show a fall with increasing momentum and, where
comparison is possible the k+p and~—ﬂT+p data seem to be-in
agreement. In Fig. 7.32b the pp results are plotted for

comparison.

7.3.6 Cross Sections

The p~p total cross section is, at conventional
accelerator energies a well measured quantitye A brief survey
of total (dt) and elastic (dé) cross sections has yilelded the
data of Tables 7.4; 7.5 and the graphs of Figs. 7.34 and 7.25.
The results at the lowest energy are only a fraction of the
available data but seem to be representative of the whole.

The data gathered at NesA.L. are preliminary and their accuracy
should soon be improved. Such an improvement is important
since the cross section seems to reach a shallow minimum in the
region between the finish of the J.I.N.R. results and the start

of the I.5.R. results.

Considering CE’ there is a lack of data in the
30100 GeV region. The general trend of the data including
the I.S.R. results which will be described later suggests a

minimum in the 100-200 GeV range follewed by a slow rise.

For both dt and dé the highest momentum conventional

accelerator at 303 CeV/c agrees woll with results at the lowest



A9 €0E - (TL6l) 1B 13 oeQg
A?9 S0Z - (ZL6L) 12 33 - UO}IBYD (1VN) A“v

(L6l) 1o 32 1plRwY b A2 201 - (zL6L) 18 1 uewdeys
(eL61) 1B 10 1PlRWY ¥ (€961) - 1e 13 Aajo4 ¢
(961) 1@ 1@ uowaylaig (8961) 12 12 EPIOWIY @

GE'L JUNOI4 Ol A3IA

(tL6l) 1@ 1@ Japloy %
"A®9 €0¢ - (2L61) 1B 13 Oe(
& >mmvaNIANN.m—y 18 19 uollieyn (IVYN) 0

(ELBL) 1B 33 Iplewy A2DZ0L - (2L61) e 3@ uewdey)

A (MNIF)(1L6L) 1B 32 Aosjuag mv

(EL6L) 1B 19 ®Ellopudwy X
" (9961) 1& 32 unANPg @
(eg/61) 1B 12 Iplewy + (S961) 18 1 uyteiqieg &

7€L 340914 Ol A3

e



0001

NOI L1J3S SSCH¥3  dd IvioL

{3/AR0 )] wnawsy Alojeioge]
00!

"welL 33N9ld

Ot

)

}

(¥

.

[E—— -/
- ¥ -

._.__.a.(._..s - |

-y

-

LS

' !

9t




NOILJ3S SSO¥2 dd J11SVv13 'SE-L34N9OId

(3/A29) wnjuawop  Ai0jeloqeT :
000l . oot . Ol

_ . ' | i ) 7




108

I.S.R. momentum (~ 290 GeV/c).

Recent measurements of d£ and ¢5e based upon work
at the I.S«R. are those of Amendolia et al (1973) and Amaldi et
al (1973a). After correcting for contributions from inelastic
events and from Coulomb scattering the latter workers expressed
the differential cross sections as functions of t, the
4-momentum transfer. Extrapolating back to t=o and using the
relation d = [16ﬁ(dd/dt)t=o] * Jed to the cross sections

shown in Table 7.5. The quoted errors include estimates of

systematic effects,

The experiment of Amendolia et al (1973) was based upon
the ééuation Ry = d; L where R, is the total number of
interactions and L 1is the luminosity and the results obtained
by these workers are given in Table 7.5; the errors include

estimates of systematic effects.

A further experiment has been reported by Amaldi et al
(1973). This experiment was similar to that of Amaldi et al
(1973a). The number of detected events as a function of the
4-momentum transfer is N(t)ok |fc + fnl2 where fc and fn
are the Coulomb and nuclear scattering amplitudes respectively.

Substituting for these parameters leads to

N(E) = k[(20(/t)2 Gh) - (p+xd 2 S GEL) exp (bt

g iti 2
. B 2) (bt)]
(2m) + ¢ exp
where &« 3is the fine structure constant

G 1is the proton electromagnetic form factor

< § is given by o(‘i = & loge (0.08/ {t | - 0.577)
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? is the ratio of the real and imaginary parts of the

forward scattering amplitude.

b is the slope paramcter of the exponential dependence

of the nuclear scattering cross section on t.
| k is a normalization constant.

The above expression was fitted to the experimental data with

dt’ ? and k as free parameters. The value of Db was taken
from other I.S.R. experiments. The resultingmaalues of dt

are given in Table 7.5 where as usual the errors include
estimates of systematic effects. Ushg the obtained normalization
constant k and the assumed value of b the «lastic cross
section was also found. No resuits from this experiment are
available at higher energies since particles must then bhe

detected at angles too near to the beams.

From the table it can be seen that the resultis of this
experiment are in good agreement with the other results
described. This is a good indicator of the reliability of the

results,

One other I.S.R. experiment has measured d£ and d% -

that of Holder et al (1971), this was at only one energy.

The I.S.R. results plotted in Fig. 7.34 and 7.35 show
that in the laboratory erergy range 290--1500 GeV the cross
sections increase by about 10%, If a smooth line 1is drawn
through the data points a shallow minimum is seen in the

100-2C0 GeV regiona.

Finally, censidering neutrons the compilation of Benary

et al (1970) shows that in the range 8 to about 30 GeV
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6, (pp) = dt (pn) = ét (np). At higher energies there

is no neutron data.

This completes the survey of experimental accelerator
results on (mainly) p-p interactions. The energy range covered
has inciuded a significant part of that relevant to the charge
ratio data reported in this work. Since the majority of
particles produced in primary cosmic ray - atmospheric nucleii
collisions are pions which then go on to interact with other
nucleii the 1 -p cross sections are of interest. A short
survey of the experimental data on total cross sections for
interactions induced by particles other than protons is given

below.

Tables 7.6 and 7.7 contain data for such interactions;

they are plotted in Figs. 7.36 a-e.

The ﬁT+ -p and k- -p total cross sections show a
monotonic decrease with momentum up to about 30 GeV/c and at
higher momenta seem fairly constant. Denisov et al (1971) have
fitted straight lines to their results for the {i° -p and
k™ -p cross sections at energies greater than 30 GeV and find
slopes of -0,004 ¥ 0.002 and -0.007 I 0.003 respectively.
The k* -p data exhibits a totally different behaviour; the
cross section in the region 20-30 GeV seems rather constant
but at higher momenta rises and shows no sign of flattening. At
lower energies than those plotted the x* -p remains constant
down to ~ 3.5 GeV/c and then begins to exhibit structure due
to resonance production. The cross sections {rt -p and k™ -p

at momenta less than 10 GeV/c carry on rising and at about

5 GeV/c start to display structure.

The Pp cross section decreases with energy and seems
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to be flattening. At lower energies than those shown it

rises rapidly.

Finally in Fig. 7.36€ all of the cross sections are
plotted on a single graph. The curves have been obtained

simply by drawing smooth lines through the data points.

At energies higher than those attainable by accelerators
cross section measurements made in cosmic ray experiments
must ba vsed. These measurements have been made using two
basic methods - one direct, the other indirect. The latter

has provided the highest energy data and wiil be considered

first.

The most recent attempts to derive cross sections hy
the indirect method have used data obtained by the B.A.S.J.E.
group at Mt. Chacaltaya in Bolivia. This experiment, performed
at an atmospheric depth of ~ 550 gms/cm2 has been designed to
detect surviving primary protons. The main detector is a

calorimeter consisting of 60m2

of scintillator shielded by

~ 400 gms/cm2 of concrete. Above this are a number of

smaller scintillators to act as shower detectors. Whenever

a burst is detected in the calorimeter the pulse heights in

the shower detectors are recorded. The most important events
are those in which a burst,; but no shower, is detected. These
events are due to surviving primary protons; those protons
having interacted in the atmosphere befcre penetrating the
detector would be accompanied by a shower (as would any incident

pions). From the burst size spectrum the energy spectrum of

surviving protons has been calculated and integral spectra have
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been published for 1012 = 10 ev  (Murakami et al (1970),
Kaneko et al (1971)). The relation between the primary
integral spectrum and that observed at depth x 1is
I(E, x) = I(7E, x=0) exp(- x/L) where L 1s the interaction
mean free path of protons in air and is inversely proportional

to the inelastic cross section.

Two independent attempts to determine this last quantity

have been made. Wdowczyk and Zujewska (1973) have corrected

the data for inefficient shower detection. This is an
important factor since it is energy dependent; the efficiency
of detecting an accompanying shower is an increasing function
of the proton energy. Consequently at low energies the
surviving proton spectrum is overestimated but at higher
energies the true spectrum is approached. The observed
spectrum 1s thus too steep and the corrections reduce the
slope. After applying their correction the authors find that
the resulting spectrum is parallel to their best estimate of
the primary spectrum. This latter was obtained by simply
extrapolating the results of Ryan et al (1972) (which measured

the spectrum up to 2.1012

eV). The fact that the spectra have
the same shape is taken as evidence that L (and hence the
inelastic cross section, di) does not change over the energy

12 13

range 2,10 - 5,107,

The other interpretation of the data is that of Yodh,
Yash Pal and Trefil (1972). These authors fit each point of
the measured spectrum to an expression of the form given above
and thus obtain values of d;, these are shown in Fig. 7.37.
Despite the large errors there is some indication of an
upward trend. 1In an attempt to obtain more information on

this possible increase the authors have considered lower energy
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data and have applied their technique to results of Jones et
al (1970) and Grigorov (1965). These results, alggg with the
previous set are shown in Fig. 7.38. Also plotted/the results
of Belletini et al (19G66) who measured di for a variety of
elements from H to Pbj; the plotted point is a value
interpolated at A = 14, The I.S.Ra. data is that of Amuldi

et al (1973) and Amendolia et al (3273). From this diagram
there is evidence of a rise in di in going from low energy

( §§1000 GeV) results to those of Chacaltaya. The cenclusden ---—-- -

of Yodh, Yash Pal and Trefil (1972) is that C& is rising

rapidly.

The two interpretations are in a conflict which has
yet to be resolved. Unfortunately the second technique of
deriving cross sections - the direct method - is, as will

be seen below, confined to energies < 1000 GeV.

" Some of the most recent measurements of the direct kind

have been made by Jones et al (1971) and Akimov et al (1969).
The data of the former are thought to be subject to severe

bias (as indicated by the multiplicity results of the experiment)
and will not be considered further. The experiment of Akimov
et al (1969) was performed on an orbitting satellite. Results
were obtained for the inelastic cross sections of p-c and

p~-p Interactions; they are plotted iﬁ Fig. 7.39. To compare
the p-c results with the previously described p-Alr data
they have both been plotted in Fig. 7.40 where the p-cC

results have been scaled up by a factor (14/12)%; At the
Jowest energy the satellite results are significantly below the
accelerator result of Belletini et al (1966). At higher
energies there is evidznce of an increcasing cross section.

In Fig. 7.3%b the sclid line is a line drawn by eye thrcugh the
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available accelerator dataj it can be seen that the experimental

points of the satellite data are in reasonable agreement.

7.3.7 Inelasticity

It is known that in a collision with a nucleon or
nucleus an incident particle usually gives up only a fraction
(typically 0.3-0.5) although i1t may change its charge. This
fraction is known as the inelasticity (k). The energies
concerned here are laboratory energies; there are other
definitions of inelasticity involving centre of mass energies

but these will not be considered.

- For N-=N collisions k 1is often taken to be 0.5.
This is a reasonable estimate as shown in Table 7.8 where the
results of a few experiments have been listed. Some of these
results quoted only the charged inelasticity; in these cases
the value given was multiplied by 1.5 as suggested by
Hayakawa (1969),

Of N-nucleus collisions, Feinberg (1972) states that
k is not significantly different and this is indicated by
the results in the table. However, some rather high values of
k have been found by Nam et al (1971). In a cosmic ray
experiment on N-nucleus collisions they measured ky = the
fraction of incident laboratory energy given to ¥ production
(taken to be equivalent to 1t © production) - to be
0.25 X 0.02. This suggests k = 0.75 X 0.06 - rather high.
This experiment involved mainly Pb nucleii but a similar
value of ky has been found by Abdullaev et al (1971) for

collisions with light nucleii.

Considering pion induced reactions a survey has ylelded
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the rather meagre data of Table 7.8. That k # 1 for this
type of collision is indicated by the momentum distribution
of secondary particles produced in AYp collisions. For
example, in the data of Honecker et al (1969) ( QXU p
collisions at 16 GeV/c) a leading particle effect can be seen

in the 1A ° momentum distribution.

The distribution of k values in both N=N and N-
nucleus experiments have been given by Felnberg (1972) and
Hayakawa (1969). The statistics involved are poor because of
the paucity of the data. An equation to fit the results of one

experiment may be found in Lal et al (196%).




TABLE 7.1

p=p Multiplicity

g:gg;;t?égv) < nch 7 Source Comments
4 2.54 - 0.03 Bodinl et al -
(1968)
5.5 2.71 0.01 Alexander et al -
(1967)
10.0 3.22 0.06 Ameida et al Quoted by
_ _(1968) Czyzowskl and
Ribicki (1972)
13 3.66 ©.03 Un-bracketed
(3.54 0.03) values are
(3.53 0.04) those of
18 4.05 0.03 Jacob (1972).
- (3.85 0.C4)
(3.91 0.04) for other
21 4,30 0.04 Smith et al values see
(4.05 0.04) (1969) text.
(4.17 0.05)
24 4,45 0,04
(4.17 0.04)
(4,30 0.04)
28.5 4,60 0.04
(4,34 0.05)
(4.56 0.04)
19.0 4,02 0.02 Boggild et al -
(1971a)
35,0 5.01 0.07 - Quoted by
Jacob (1972)
50 5.47 0.17 - Quoted by
69 5.81 0.13 - Morrison (1972)
102 6.34 0.14 Chapman et al -
(1972)
205 7.65 0.17 Charlton et al -
(1972)
303 8.86 0.16 Dao et al -
(1972)
220 8,47 0,49
500 9.62 0.55 ?QS%S?CCi et al see text.
1000 11.03 0.63
1500 11,71 0.68

continued



JIABLE 7.1  continued
Laboratory <n b a ) N '
Energy (GeV) ch Source Comments
250 11.6 *£ 3 Lohrman and Emulsion
3000 15.2 2 Teucher (1962) Nh = 0
300 9.0 1.0 Guzeva et al LI H target,
(1962) [ Ne
corrections.
10000 16.3 1.1 falholtra and Emulsion
Ganguli (7872) N le




TABLE 7,2

+
T "p Multiplicity

Laboratory

gg?tfi?; Momentum < r‘ch 7 < nch 7/D
(GeV/c)
4.0 2.63 £ 0.07 2.18 ¥ 0.13
6.8 3,15 0.09 2.29 0,12
10.0 3,61 0.03 2.19 0.03
11 3.81 0.06 2.34 0.08
13 3,99 0.10 2.24 0.09
4"' 16 4,19 0.05 2.18 0.C5
20 4,60 0,05 2.40 0,05
25 4.86 0.04 2.30 0,03
40 5,62 0,04 2.02 0,03
50 5.71 0.13 2.10 0.06
60 6.46 0.16 2,11 0.10
g 4 3.08 ¥ 0,01 2.76 X 0.03
7 3,29 0,03 2.33 0.04
+ 8 3,74 0.01 2.59 0,02
N 11 4.18 0,08 2.57 0.11
11.5 4,00 0.11 2.47 0,09
16 4,33 0,12 2.54 0.12
TABLE 7.3
k 1p Multiplicity
Incident Laborator
Particle Momentum Y < nch ? < nch 7 /D
(GeV/c)
10.0 3.44 X 0.03 2.13 £ 0.03
k-‘ 14-3 3.88 0-01 2.15 0001
16.0 4,06 0,04 2,21 0.03
33.8 5.16 0.08 2.14 0.04
3.0 2.57 ¥ 0.03 2.81 ¥ 0.05
3.5 2.62 0.02 2.71 0,04
Kt 5.0 2.94 0,02 2.65 0,02
8.2 3.38 0.03 2.56 0.03
12.7 4.03 0,12 2.61 0.12
16.0 4,17 0,09 2.40 0.09




TABLE 7.4
Cross Sections
Laboratory Cross(Sggtion
Momentum m Source
(GeV/c)
dt dé
10 39,9 % 0.6
12 39,4 0.6 Gelibralth
14 3.1 0.6 et al
16 38.7 0.6 (1965)
18 38.7 0.6 e
TTTOUTT20T T 1 3B, 0.6 T -
22 38.3 0.6
10.1 40.0 + 0.3 B=1latinj
19.3 38.9 0.3 ¢t al
26.4 38.8 0.3 {1965)
15 39.3 + 0.1
20 39,1 T 0.1
25 38.8 0.1
38.6 0.1 Denisov
38.5 0.1
38.5 0.1 (1971, 19718)
38,5 0.1 y 17718
38.5 0.1
38.4 0.1
38.4 0.1
+ + Chapman et al
3907 - 105 6.9 w—— 1.0 (1972)
+ + Charlton et al
+ + Dao et al
3900 - 150 7.2 wa 004 (1972)
41.1 £ 1.7 [10.2 % o.6 Almeida et al
(1968)
11.0 t 007
10.9 0.7 Foley
10.5 0.7 et al
9,7 0.7 (1963)
9.6 0.7
+ + Breitenloh
3903 - 008 8.8 hinkd 093 et al (1963)




TABLE 7,

Cross Sections

5

Equiv. l
Momentum Egéﬁ. Lab. dt de Source
(Gev/c) (Gev?y Enerqgy (mb) (mb)
(GeV)
11.8 x 11.8 | 23.5 290 [39.10 * 0.72| 6.8 ¥ 0.36 Amaldi
15.4 x 15.4 | 30.6 500 |40.50 0.78 | 7.0 0.36 | J¥° 7
22.6 x 22.6 | 44.9 1070 [42.50  0.78 | 7.5  0.42 | (o35,
26.6 x 26.6 | 52.8 1480 |43.20 0.85] 7.6 0.42
11.8 x 11.8 | 23.5 [|-=290 |39.30 % 0.79 .
15.4 x 15.4 | 30.6 500 |40.85 0.82 gﬁegf°1la
22.6 x 22.6 | 44.9 1070 |42.57 0.86 (1573)
26,6 X 26.6| 52.8 1480 |42.98 0.84
11.8 x 11.8 | 23.5 290 |38.9 X 0.7 |6.7% 0.3 |Amaldi et
15.4 x 15.4 | 30.6 500 |40.2 0.8 | 6.9 0.4 |al (1973)
+ + Hodder et
15a4 X 15.4 30.6 500 40(:3 — 2.0 6-8 [od 006 al (1971)
TABLE 7.6
Cross Sections
Laboratory Cross Sections iﬁ mb Source
Momentum - - = -
(GeV/c) rp k' p PP
33.8 . 20.5 ¥ 0.1 Ammosov et
50 24.3 ¥ 0.1 al (1973)
21 25.2 ¥ 0.1[21.1 ¥ 0.1 .
23 . 47.4 % 0.4
25 24.8 - 001 20.8 001
27.5 46.3 0.4
30 24,8 0.1
31 46.1 0.4
32 20.5 0.1 Denisov
34 24.4 0.1 et al
38 20.4 0.1 {44.7. 0.4 | (1971)
40 24,4 0.1/20.5 0.1 |44.0 0.4
45 24,4 0.1/20.5 0.1
47.5 44.1 0.4
50 24,3 0.1/20.4 o©.1
55 24.3 0.1/20.2 0.3
60 24.2 0.1
65 24.3 0.1
10 22.5 ¥ 0.2
12 21.6 0.2 |51.7 * 0.8 gilgiaith
16 21.3 0.2 {49.2 0.8
18 21.0 0.2




TABLE 7.7

Cross Sections

Laboratory Cross Sections
Momentum in mb, "
(GeV/c) - n Source
np k' p
15 24.1 L 0.2 17.3 % 0.2
20 23.5 0.1 17.4 0.2
25 23.4 0.1 17.7 0.2
30 23.3 0.1 17.7 0.2 Gorin
35 23.1 0.1 17.8 0.2 ct al
40 23.1 0.1 1851 0.2 (1972)
45 23.1 0.1 17.9 0.2
50 23.1 0.1 18.4 0.2
55 23.1 0.1 18.2 02
6O 23.3 0.3
10 17.3 £ 0.1
12 17.3 0.1 Galhraith
14 17.4 0.1 et al
16 17.0 0.1 (1965)
18 17.1 0.1
20 17.5 0.1
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CHAPTER B

INTERPRETATION OF THE MUON CHARGE RATIO

8.0 Introduction

In this chapter a rough estimation of the expected muon
charge ratlo, based upon high energy accelerator data, is made.

The results of the calculations of other workers are discussed.
The main ingredients for the calculations are :-

(1) the relative fluxes of protons and neutrons in the

primary cosmic ray beam,

(i1) details of particle production in high energy collisions

and

(i11) the probability of these particles (mainly pilons)

decaying to muons.

8.1 The Primary Composition

The most significant part of the primary spectrum for
011 13

the purposes of this work is the region 1 - 10 eV/nucleon,
All components of the primary flux have been taken to have
differential spectra of the same slope. This point is discussed

further in 8.6.

Some detail as to the composition of the primary
radiation 1s required since the usual approach to the treatment
of primary cosmic ray (z > 1) = t'air' nucleus collisions has
been adopted i.e. that of treating the interaction as if it
were between free nucleons. Thus the ratic of protons to
neutrons iﬁ the primary flux must be known. Over the energy
range of interest there 1ls a reasonable amount of experimental

data avallable.
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The results of four surveys of the primary
composition are shown in Part I of Table 8.1l. The survey
of Weber (1967) contains data only up to 1964; similarly
the survey of Hayakawa (1969) extends only to 1962. From
the table it can be seen that nucleii of Z72 contribute less
than 1% to the total primary flux. However, the contribution
of the overall proton : neutron ratio is not negligible

because their average atomic weight is quite high ( 17).

. The results of a recent survey on nucleii of 272 by
Shapiro and Silberberg (1970) are given in Part II of Table 8.1.
The majority of more recent experimental data (for example,
Buffington et al (1971), Garcia Munoz et al (1971) and Weber
et al (1971) show no serious deviations from the given figures.
A rather high H : M ratio (of~0.8) has been reported by Chol
and Kim (1971) for energies 7 1 GeV/nucleon. The results of
several workers (Ryan et al (1971), Saito et al (19271) and
Smith et al (1972)) indicate that for the energy range
20 - 1000 GeV/nucleon the relative proportions of L, M and H
nucleil do not change significantly and that all three groups
have differential spectra of slope 2.6 f 0.1. More recent
measurements, summarized by Ramaty et al (1973) indicate
that the iron spectrum may be flatter than that of the other

primary elements. This 1s considered further in Section 8.6.

Considering now the data on hydrogen and helium nucleii
the result of Part I of the table givesp/He = 17.1 Z 1.0,
More recent experiments (Table 8.1, Part III) give a wide
range of values for this ratio., The two sets of results of
Ryan et al (1971, 1972) are inconsistent and in all that

follows both have been.ignored. Using the remaining data
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gives p/He = 13.1 %< 1.2. This figure is heavily weighted

by the experiment of Anand et al (1967) whose measurements
cover the lowest energy range but should still be free of

any solar modulation effects (Part III of the table has been
constructed only from data with energies » 5 GeV/nucleon to
attempt tec minimise any biases due to these effects). If

the result of Anand et al (1967) were ignored a higher ratio
of 15.0 £ 2.7 is obtained. Using all of the data of Table

8:1 (excepting that of Ryan et al ¢1%71, 1972)) yields a ratio
p/He = 14,37 % 1.0 which leads to a proton to neutron ratio

of (89,1 % 7.2) : ( 10.9 % 7.2).

To také into account the effect of nuclell of 272 the
ratlo G = abundance of nucleii of Z7)2/abundance of He
nucleii, has been calculated from Table 7.1. The numerator
was taken from Part II of the table while the denominator is
the mean found from Part I of the table. In the numerator the
resulls of Shapiro and Silberberg (1$70) alone wvere used
rather than including the survey data. Thils was because
the latter may be, as suggested by Waddington (1960) and
Shapiro and Silberberg (1970), subject to poor charge
resolution., This would bhe particularly important for the L
nucleil because of their much lower abundance than their
neighbours (He and C). There is some indication of an effect
in the fact Lhat the survey data on L nucleii {(Table 7.1,
Part I) are all higher than that of Part II of the table
(Shapiro ;nd Silberberg (1970) have attempted to correct for
poor charge resolution). The calculated value of G is

0.11 ¥ 0.04.

To estimate the mean atomic weight of nucleii of 2 72
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the relative abundances of the various elements as

tabulated by Meyer (1969) and Cartwright et al (1971) have
been used. Both yleld similar results, the mean being

{A7 = 16.8. Assuming this nucleus to be charge symmetric
(i.e. to contain, on average, equal numbers of protons and
neutrons) the contribution relative to the He flux and thence
to the total primary flux has been calculated and the

resulting proton to neutron ratio becomes (85.7 7.2) 2

(14.3 ¥ 7.2), T

So far, the isotopic component of the H and He

fluxes has not been considered but it is known that primary
deuterium (d) and tritium (He3) are present. Experimental
data on these components is scarce, has large errors and is
confined to the low energy reglons. The results of Meyer (1969)
and Tamai et al (1971) give consistent values of the quantity

JﬂHe ( = He3/(He3 + He4)) of ~(0.1 % 0.04) in the energy
range O,1 = 0.2 GeV/nucleon. Measurements on d by Fan et al
(1971), Meyer et al (1967) and Biswas et al (1971) indicate the
value of ')_;I ( = d/p) to be £ 5% at energies of ~ 0.1 GeV/nucleon;
the ratio is thought to fall with increasing energy. Using the
above figures the proton to neutron ratio was modified to
~ (84 : 16) - the change is small compared to the errors which
already exist in the quantity and since the result applles only

to low energles it has been decided to neglect the modification.

The presence of anti-nucleons in the primary flux has
also been neglected. Indeed it is not certain whether there
are any such particles present and experiments have only been
able to give upper limits to their flux. These limits are ~~
0.25% of the flux of the true particles.
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Thus the final proton to neutron ratio is

(85.7 £ 7.2) : (14.3 % 7.2).

This is in quite gecod agreement with the commonly
accepted value of 89 : 11 and in order to facllitate
comparisons with other workers this latter has been adopted

throughout unless otherwise stated.

3.2 Hich Enerqy Collisicons

The avallable experimental results have been
summarised in o previcus chapter. Any additional detalls
required specificaily for the estimation of the charge ratio

are descriped in section 8.4.

8.3 Pion Decay Probabilities

In order to calculate the muen flux arising from the
decay of plons produced in ccllisions at various atmospheric
depths the probhabilities of the pions decaying before reathing

sea level must be kiown,
The prebabllity of decay 1s given by :=-

X = S.{J . Lo B;lE:
D, = J‘ (__mjgr \_ (fu:_fg\ (exp (=x)) dx vorn
x ' d

Ro |
where @

in the first term which represents the probability of

dezay ir an element oi depth dx,. x_ is the depth of the

o)

pion-producing colilsion {measured in terms of ithe pion

Y oy "'2\ — .
interaction length :Ai (taken as 80 gms ems “)); Eq is the
2

a
pilon energy; B, = Mo CF h/c Ty  where Mg CTis Lhe plon rest
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mass, Z%is the pion lifetime and h, 1is the scale height of
the atmosphere (which 15 a function of atmospheric depth but
is usually considered a constant and in this case is initially
assumed to be 6.5 km); the second term is the survival

probability of the pion (Rossi (1952));

the third term represents the loss of plons due to

interactions with air nucleil.

The above expression has been evaluated numerically
for various pion energies and production depths (xo); the
result for Eg = 10 GeV is shown as the dash-dot line in

Fig., 8.1.

~

To avolid the assumption of a constant hp the reglons
of the atmosphere below and above the tropopause have been
considered separately. These regions are x)vxt and
x(xt respectively, where X, is the height of the
tropopause. Over most of the second region the temperature may
be assumed constant and the relation between density and depth
is Q(x;) =R . x;/x  where §  is the air density at the
tropopause (taken to be 3.7.1074 gms cm"3). For x7¥x, the
temperature increases with increasing depth and the relation
between density and depth is ¢ (x)) = ﬁo (xl/xs).l"'‘[‘Ra/g
where Qo is the air density at sea level (xs) (taken to be
1.235 1074 gms em™3 at depth 1033.6 gms cm'z);_f is the
atmospheric lapse rate (taken to be 6.5°C/km); Ra and g
are the gas constant and gravitational acceleration
respectively. The mean height of the tropopause was obtained
from Meteorological Office data for the period 1951-55
(the latest available). The data were for the upper air

stations at Lerwick (60°N) and Crawley (51°N); the interpclated
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value for Durham (55°N) was 248 gms em™2. This value is the

mean over a whole year; seasonal effects are small - the
change 1in Xy between the Winter and Summer months 1is
~2%, the tropopause being deepest during Winter. From the

above, the density of air is

e (%) = 1.492 x 1076 X, gms cm

Q(xl)

3
’

2

%, <. 248 gms cm

- - -2
4.477 x 1078 x (x10°821) gas cm ? Xy %248 gms cm

These expressions were inserted into eqgne. 8.1 and Dy

'evaluated, again numerically. The results are shown in Fig, 8.1.
Since the exzpression for Q(xl) has a discontinudty at the
tropopause some effect on the resulting values of Dy could he
expected and is shown by the dotted line for Eg = 5 CeV,

The solid lines show the result of smoothing out (by evye)

this feature; the discrepancy between the smoothed and unsmoothed
values is a maximum of ~23% at Eg = 5 GeV and decreases with

increasing energy.

8.4 Interpretation of the Muon Charge Ratlo

To obtain the basic detalls of the muon charge ratios
'predicted by the various lngredlents so far discussed a
simplified treatment has been used. The method adopted has
been to consider primary cosmic ray initiated interactions at
a number of depths in the atmosphere and to sum up the
contributions of these interactlons to the positive and
negative muon beams observed at sea level. The main
characteristics of nuclecn interactions involved in these
calculaticns are those of the charge ratios of the produced

pions and kaons and the inelasticity of the .interactlon.
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8.4(a) Estimation of the Pion Charge Ratio

The charge ratlo of pilons (the ratio of positive to
negative particles) has been derived from ISR data as
follows. The scaling hypothesis (in this case for pilons)

may be expressed as :

dzd = f(x, Pt)
pJ e
dp, dPy Ew where the symbols have their

usual meaning. The number of pions with energy in the range
dE g produced by incident primaries with energy in _the range

dEp is given by

. (78]
N(Ep). dEp . [ -f-%—‘f-t—)- dPt |. dE,

o

where’ N(Ep) represents the primary differential spectrum.
The total number of such pions generated by all possible

primaries is

o o
dng = JN(Bp) : ]ﬂ—’-‘ﬁ-—p-ﬂ dPt |.dE . dEp
Ep = Eq
Hence
L o
dng = N J- Ep-k X ii%;gil dEp,
dEg A
Eq

by taking the differential spectrum N(Ep) = N Ep;x. In

terms of x this becomes

[

1
dng = N_E -\‘Jx)’_z Sf(X,Pt)dPt dx
o T
dE¢ A

X=0

Since ratios rather than absolute values of numbers are to be

considered N° is put equal to unity and only pions with Pt =

0.4 GeV/c are considered; the above expression then becomes




1zl
.
Oggﬁﬂ)o .- Eq ~¥ j.¥3_2 f(x,0.4) dx.
o

Using the expressions for f£f(x,Pt) given by Damgaard and
Hansen (1972 and chapter 7) the expression inside the integral
has been plotted in Fig. 8.2 for W' and 4 . Using Y= 2.6 the
medlan values of the positive and negative particle
distributions are 0,245 and 0.215 respectively. The ratio of
the areas under the curves is 1.72 and this is the plon charge
rativc. Also shown in the figure are the distribulions for
B=12.8; in this case the respective median x values are
0.275 and 0,235 and the charge ratio 1s 1.79. For §= 2.7 the

cherge ratlo is 1.755.

The median values glven above are interesting.
Because of the rapid fall of the function (f(x Pt) with
increasing x (as shown in Chapter 7) the above medians are
large i.e. they are well outside the region of x in vhich the
majority of particles lie. A useful physical interpretation
of this effect has been given by Fraser et al (1972). The
majority of pions produced in an interaction are low energy
(*pionization') particles (with x £0.05) and it might be
expected that the dominant source of pions with enerqy Eq would
be in this region. This small value of x (x~E« /Ep)
suggests that the primary energies making the greatest‘
centributicns tb the pion production would be given by
Ep 2 20E« . However, because of the steeply falling primary
spactrum the contribution from these high energy primaries is
somewhat suppressed. lLower energy primaries become of
importance and as a éonsequence the effective vaiue of x

moves out to larger values.
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It is important to note that pions with x 2 0.2
are produced with a multiplicity that is essentially
independent of energy. This is illustrated in Fig. 8.3 where
the production spectra for primary energies of 102 and :lO4
GeV are given. It can be seen that the increase in multiplicity

associated with the increase in primary energy is mainly

(in this case 90% of it) in the region x < 0.05.

8.4(b) Estimation of the Kaon Chajrae Ratio

Turning now to the kaon contribution to the muon charge
ratio the results of Osborne (1966) have been modified. This
author gives, in graphical form, the relative contributions
of piéns and the various decay modes of kaons to the vertical
muon sea-~level spectrum. These results, shown as dashed lines
in Fig. 8.5 were calculated using the ratio (k/4r) all = 0.4
where the subscript means that all three charge states of
both particles have been considered. To 'update' this
estimate the results from an ISR experiment (Bertin et al (1972a,b))
have been used. From the results of this experiqﬁgﬁf which
apply to laboratory energies in the range 200 to /fGeV, the

following ratios (at x = 0.2) may be obtained
k*/k” = 2,02 0.6 /" = 1.63 X 0.3 and k*/4xt = 0.11 £ 0.02

Assuming that for neutral particle production

n° = (&Y «+ 7)/2 and k° + k® = k* 4+ k7, then the

new ratio is : (k/{ )all = 0.14 ¥ 0.03. The kaon contribution
is thus much smaller and the original curves have been corrected
simply by scaling them down. The solid lines of Fig. 8.5

show the results,

To determine the kaon contribution to the positive and
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negative muon fluxes each kaon decay mode has been considered

+ +
separately. The modes kij and kiPB were taken to give a

k*/k” ratio of 2,0; the modes k%tz and k?u3 vere considered

to give k¥/k™ ratios of 1.0. The two stage decay modes, other
than k%rz were taken to give a kaon charge ratic of 2.0 since
they are dominated by the k;ﬁz mode. For a given muon energy
the increases in the numbers of positive and negative muons
relative to the pion contribution were obtained by summing

the centributions orf the various kaon decay modes. These
results are shown in Fig. 8.4. The steeply rising curves
indicate the increesing contribution of the (diraoctly
producing) k%uz mode; the contribution of the other directly

producing mode alsc increases but is negiigible in absolute

value,

8.4(c) The Inelasticity

The inelastlicity usually assumed for nucleon-nurlecn
collisions is around 0.5; calculations by Wdowezyk and
Wolfendale (A.W. Wolfendale, private communication) indicate
that 0.45 may be a better estimate and this is the value which
has been adopted. The relation between muon sea level eneraqy
(Ep) and the energies of the primary particles producing the
muons (Ep) has been taken to have a median value of Ep/Ep = O.1
(Gaisser (1973)). This effective x value of O.,1 for the
muons is closer to the central region'of particle production
than found for pions as described above (where the median
values were around 0.25). At this lower x value the
assumption of constant multiplicity is not seriously affected.
(Much more recent results - those of Erlykin et &1 (1974) -

indicate that Epn/Ep = 0.14 is a rather better estimate;
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however, this result was not available for inclusion in this

work on the muon charge ratio).

B.4(d) Calculation of the Muon Charge Ratio

The collision between primary cosmic ray particles
and 'air' nucleil has been treated as one between independent
nucleons. This is a conventional assumption and will be
mentioned later. All collisions are considered to produce a
constant number (ns) of pions each of energy (0.1/0.76) x Ep
where Ep 1s the energy of the incident primary nucleon.

The pion charge ratio is taken to be 1.755 (assuming for the
moment that ¥ = 2.7).

-

Consider plions with energy in the range dE produced
in collisions with primary particles of energy in the range
dEp then the differential number of pions (i.e. the number of
plons per unit energy) produced in the collision is :
ns (Ep/Ex ), where the bracketed term is a cell width
correction factor. Pilons of the required energy are also
produced in the second collision of a primary particle with

energy

Ep/
P
reaction and is given by B = 1 - n where n 1is the

Ep2 = where B 1is the elasticity of the
inelasticity. In a similar way pions of the required energy
are produced in the third collision of a primary of energy
(Ep/PZ) and so on. By weighting the numbers of plons produced
with the incident differential primary spectrum (of slope'-x )

the total number of pions produced (Nqr ) is

ns/B [ =Y +1 ¥+l

- 42
N Ep + (Ep/p) + (Ep/B) + .....]

‘“,=

l.e. Nﬁ d[l + P -1 + pz( ~1) + ooo.]



The assumed value of n is 0.45, hence B = 0.55 and

the above expression becomes :

-

N,“oil“l + 0.384 + 0,148 + 0,057 ] for 3= 2.6

+

N o [1 + 0,362 + 0.131 + 0,047 ] for Y= 2.7

N«¢[1 + 0.341 + 0.116 + 0.040 + ] for b= 2.8

The terms inside the brackets are weighting terms and
represent the contributions of the 1lst, 2nd, 3rd etc,
interactions of primery particles. These terms must bha
modified to allow for the fact that the decay probabilities of
the pions and the survival probabilitlies of thair daughter
muons have been necglected. These correctlons were calculated
for & particular pion energy initially by considering tha lst,
2nd, 3rd etc. interactions to occur at fixed atmospheric depths
of 80O, 160, 240 etc. gms cm'z. The pion decay probability was
obtained from the results described previously; the pion was
then assumed to move its characteristic decay distance before
mucn production occurred and the relevant muon survival
probability was taken from the results of Osborne (1966).

The product of the two probabilities was used as a correcting
factor to be applied to the weightings given above. 1n an
attempt to refine the calculations the assumption of
interactions at fixed atmospheric depths was discarded and

the distributicn of depths considered. For a given order
interaction the atmosphere was divided into a number of steps
and the resultling correcting factors at each step were weighted
using the relevant (Poisscn) distribution. Modifying the
weiéhting terms previously obtained with these new correcting
factors gave curves as shown in Flg. 8.6 which applles for

¥= 2,7. For almost all pion energies considered the muon
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survival probabilities are all close to unity and the pion
decay effects predominate. Since the probability of this
decay decreases with increasing depth the effect of the
correcting factors 1s to emphasise the importance of the
first interaction. This is illustrated in Fig. 8.6 where the
contributions of interactions other than the first are shown.
For all energiles the values are normalized such that the
contribution of the first interaction is 1.0. The energiles
plotted are muon energies which arz assumed to be given by the
unique relation of (G.76 x pion energy). The enhancement of
the first interaction is clearly shown; for example at a muon
energy of 100 GeV the contribution of the second interaction
is some 25% of the first whereas by ignoring decay effects

(the dashed line) the figure was 36,2%.

Having thus derived the relative welghts of the lst,
2nd, 3rd etc. interactions the muon charge ratio at ecnergy

Ep has been obtained by summing separately the numbers cf

positive and negative muons from these interactions. As
already mentioned n, muons are assumed to be produced in
each collision; ng is an arbitrary, but constant, number.
Muons of the required energy are produced in the first

collision of a primary particle of energy E, (= Eu/0.1). For

1
a primary proton striking a target proton the number n is

s
divided up between positive and negative particles in such a
way as to give a charge ratio of 1.755 (again taking?lto be
2.7). This is also taken to be true when the target is a
neutron., This assumption is in agreement with the scaling
hypothesis since the considered x value (0.1) 1s large and

the particles in this region of x are malnly projectile

fragments and hence have a predominance of positive charge.




130

A theoretical basis for this assumption of the
equivalence of pp and pn collisions has been provided by
Cahn and Einhorn (1971). These authors, using the concepts
of charge conjugation invariance and isospin invariance
along with the work of Mueller (1970), have shown that pion
spectra produced by incident protons may be expected teo be
independent of the target particle. The same authors alcso
show that in the case of an incident neutron the produced
pion speclra are the inverses of those for an incident proton.
By inverse is meant that the spectra of positive and negative
pions produced by a primary neutron are the ssme as the
spectra of negative and positive particles respectively which
are produced in a proton initiated reaction. Accordingiy, in
the present calculations the ns-particles produced in neutron

initlated reactions have been split in such a way as to give a

charge ratio of €¢.570 (= 1/1,.755).

To determine the nature of the fast nucleon emergling
from a collision an approximate result quoted by Morrison (1972)
has been used. This author gives the measured proton spectrum
emerging frem & 24 GeV pp collision and an approximate neutron
spectrum. At an x value of 0,45 the proton to neutron
ratio is 1.35 with the probability (P) of the emergent particle
being a proton of Pe‘ = 0,575; this is related to the probability
of charge exchange (Px) by Py = 1 = P, = 0.425. Thils value of

Px has been used for all types of collisien -~ pp, pn, np, nNn.

Thus for a given mixture of protons and neutrons in
the primary cosmic ray beam the nhumbers of positive and

negative pions prodvced in collisions may be. determined.
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If a second order collision is considered (involving
a primary particle of energy BZ = Ei/p) then the nature of
this incident particle 1s determined not only by the
relative numbers of protons and neutrons in the primary beam
but also by the probablility of charge exchange in its first
collision. By considering these two variables along with
the above described rules for finding the pion charge ratio

the numbers of positive and negative pions may be determined.

In a similar fashion the pion numbers produced in third

and fourth order collisions have been found.

The positive and negative pions from each order of
interaction are weighted as previously described and then
summed. Because of the weighting the resulting values are
the effective (not the absolute) numbers of positive and
negative muons and their ratio is the muon charge ratio due to

pion production alone.

To include the effect of kaons the numbers of
positive and negative particles generated above have been
increased by the factor appropriate to the muon energy as
shown in Fig. 8.4. 1Implicit in this procedure is the
assumption that the k*/k~ and (k/qv )a11 ratios are independent
of the nature (neutron or proton) of the incident particle.
Since the predominance of k* production is due to associated
production this seems a reasonable assumption. A further

brief discussion is given later.

8.4(e) Results of Calculations and Discussion
The results of the above procedures are shown as the

solid lines in Fig. 8.7 for three values of ¥ . The lack of
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agreement wlth the experimental data is rather obviocus.

As mentioned previously, four interactions have been
considered. If only 2 or only 23 interactions had been used
then the calculated ratios would have been higher by about
0.05 and 0,01 respectively., If more than four interactions
are used the charge ratio is depressed by about 0.004; in
view of the large discrepancy between observation and
calculation this amount is negliglble. A more important
source of error is the neglect of pion induced collisions.
These have the effect of diluting the charge excess. Only a
rough estimate of these effects has been made. Assumirng
plon interactions to be responsible for about 10% of the
observed sea level muon flux (Turver, private communication)
the consequent reduction in the charge ratio has been
estimated at ~2% which is rather small compared to the
existing discrepancy but does go some way towards reducing

that discrepancy.

Also shown in Fig. 8.7 are the results obtained by
considering pion production alone (the dashed line for
¥= 2,7). The contribution from pions can be seen to flatten
out for Ep # 100 GeV but still rises slowly. The results
when kaons are included show slmost no change of slope over

the entire energy range.

Since a number of the ingredients of the calculations
are not well known the effect of varying these parameters will
be demonstrated. From Fig. 8.7 it can be seen that changing

the slope of the primary differential spectrum is fairly small

compared to the existing discrepancy.
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The figure also shows the effect of changing the
neutron to proton (n : p) ratio in the primary beam. The one
standard deviation limits of this variable were derived in a
previous section which gave n : p = (14.3 X 7.2) : (85.7 ¥ 7.2).
At Ep = 10 GeV the dependence of the muon charge ratio (Rp) and
charge excess (§ p) on the primary proton excess ((n - p)/(n + p))
is illustrated in Fig. 8.8; it 1s seen that §u is directly
proportional to the primary excess. It is also seen that to
obtain agreement- with the observed ratio an n : p ratio of

around 20 : 80 is required.

The result of varying Pe is shown in Fig. 8.9.

Ve

Using ¥ = 2.7 and varying the pion charge ratio for
Ep = 10 GeV gives the curves of Fig. B.10. It is seen that
the calculated muon excess 1s linearly related to the input
pion charge excess. To obtain a value of Ru of 1.285 at
Eu = 10 GeV the required input pion charge ratio (R4 ) is 1.535.
The muon charge ratio (including the effect of kaons) as a
function of energy for several input values of Rg (including
Ry = 1.535) is given in Fig. 8.11. It is significant that even
using Ry = 1.535 the calculated values of Ru seem to increase

with energy rather more rapidly than indicated by experiment.

Considering the kaon contribution, the result of _
varying the k*/k~ ratio is shown in Fig. 8.12. At Ep = 10 GeV
the input kaon charge excess and gp are linearly related.
These curves refer to (k/% )all = 0.14., Varying the latter
while keeping k*/k~ = 2.0 gives the results of Fig. 8.13
where the 'kaon excess' is defined by ((k =N )/(k +1T)). The

value of Rpy as a function of Epu for a number of values

of (k/w )a11 is shown in Figure 8.14.
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So for both the k*/k™ and (k/% Y411 Fatios have been
considered energy independent. A brief survey of k+/k" data
has indicated that it falls from ~2 at primary energies of
about 20 GeV to arcund 1.3 ~ 1.4 at primary energies 2 100 GeV.
These ratios however are those obtained by integration over
all x and Pt values and &s such are inappreprizate to this
work where specific values cof these varlables (0,2 and 0.4
GeV/c¢ respectively) are considered. Some calculations with
the falling k¥ /k™ ratio have however been- performed (Hume
et al (1973)). Compared with a constant k'/k™ ratio of 2.0
the value of Ry is reduced by 0.02 and 0.C3 at Ep = 100 and
1000 GeV respectively. The same falling rstio was used in
the results of Ayre et al (1973) (where unfortunately, it is
incorrectly stated that the constant value of 2.0 was used).
The published data from the ISR do not as yet give
comprehansive and accurate kaon data and as a consequence in
the present work no energy varlations of k*/x or ()c/‘n’)al1
have been considered.

As mentioned previously the predominance of k*
production over that of k- has been assumed to be due to
associated production. An alternative possibility is that kaon
production is analagous to pion production in that the charge
ratio produced in nn and np collisions are the inverses
of those produced in pp and pn collisions. Using this
last possibility values of Ru have been calculated. Using
¥=2.7, n:p=11i: 89, Pe = 0.574 and Ry = 1.755 the
results are that at Eun = 10,100 and 1000 GeV the values of
Ry, comparad to thuse obtained assuming associated production,

are reduced by 0,007, 0,008 and 0.017 respectively. These

figures are small compared tc the existing discrepancy.




The possibility that a collision between a primary
nucleon and an air nucleus is not even approximately
equivalent to that between completely free nucleons is
well recognised. Since the physics of the intra-nuclear
cascade is not at all well known all theoretical attempts
to calculate the effects of such a phenomenon are subject
to a large degree of uncertainty. This situation 1is made
even more difficult by the lack of experimental data on
nucleon-nucleus interactions. What evidence that there is
available is conflicting. The conclusion of Subramanian, Lal
and Vyas (1972) and of Subramanian (1972) is that in the
forward directicn the pion spectrum produced in nucleon-nucleus
colliéions is independent of the target. This conclusion is
not consistent with the experimental results of Allaby (1970)
who find a significant difference between the pion charge
ratios produced in p - p and p - Al interactions. Resolution
of this conflict will probably have to await the results of a
high energy p - nucleus experiment at, for example, Batavia.
An attempt has recently been made by Morrison and Elbert
(1973) to calculate the expected muon charge ratio using the

meagre amount of p - nucleus data that is available.

These authors obtained the inclusive distributions of
particles produced in p - ailr nucleus collisions by
interpolating between the 19 GeV p ~ Be and p - Al data of
Allaby et al (1970). These data were taken for a large number
of x and Pt values but only for x) 0.3. The interpolated
data was fitted with the functional representation used by
Boggild et al (1971) to describe their 19 GeV p = p results.

Although the use of a p - p equation to represent p - nucleus
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data may introduce some error into the 'unexplored' regicn

of x < 0,3, this technique could be expecited tc give some
idea of the consequence of the intra-nuclear cascade.
Morrison and Elbert found the effective pion charge ratio
(for ¥ = 2.7) to be 1.461. This is markedly below the
equivalent value used in thils work (1.755 for the same value
of ¥ )., Other parameters which were found by similar methods

were k'/k = 2,818, (k/% ) ;; = 11.7% and P = 0,42,

In calculating the muon charge ratio the—authors used
a neutron to proton ratio of 9.5 : 90,5 in tha primary
radiation and a value of 0.565 for Pe; they also assumed
the kaon contribution in n = nucleus collisions to be the
inverse of that in p - nucleus collisions. Thes resulits of
Morrison and Elbert are shown as the curves marked ME in
Fig. 8.15. For momenta > 1000 GeV/c the solid line is in quilte
good agreement with the results of Ashley 11 et al (1973) although
the errors of the latter are rather large. Ii <chould he
mentioned that the results of Ashley II et al (1973) come
from the underground experiment of the Utah group in which
inclined muons are measured; the energles at which the ratios
are plotted are those at production. A comparison with the
mainly vertical results of McA.R«S. 1s valid since the
production energies here are only ~ 2 GeV higher than the
energy at which the points are plotted. 1In the range 90 - 300
GeV/c the solid line (ME) passes through the M.A.R.S. data.
Between 90 and 50 GeV/c the M.A.R.S. results are higher than
the calculation. The trend of the dsta below 50 GeV/c
disagrees with the data. Extrapolating the prediction to
10 GeV/c indicates & charge ratio of ~ 1.18 whereas the M.A.R.S.

result and the result of a survey of cther cxperiments in the
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near vertical direction are 1.285 and 1.264 respectively.
Thus the calculation agrees quite well with observation at
high energy ( 2 100 GeV) but at low energies ( £ 90 GeV) the

discrepancy increases.

To facilitate comparison between the present work and
that of Morrison and Elbert (1973) the method of the present
work has been used utilising the same parameters as those of
Morrison and Elbert. The results of this process are shovn
by the curves marked TW(U) - the dashed curve represents
the pions only contribution. The curves marked TW are the
original results ( ¥ = 2.7, Fig. 8.7). At energles £ 90 GeV
the solid line TW(U) 1is closer to the data that the
calculations of Morrison and Elbert (ME). At energies between
90 and 200 GeV the solid line Tw(U) contradicts the observed
fall of the M.A.R.S. data. Because the present calculstion
refer only to muons of energy < 1000 GeV direct comparison
with the results of Ashley II et al (1973) 1s not possible

but simply extrapolating the line indicates too high a value,

Considering the contribution of pions the dashed lines
TWw, TW(U) and ME all show the contribution flattening with
increasing muon energy. Physically this is due to the
increasing contribution to the muon charge ratio of the
particles produced in the first interaction; this is
illustrated in Fig. 8.6. The charge ratio due to plons only
thus approaches a limit which is determined mainly by the
first interaction. The rate at which this limit is approached
is rather different for the two curves TW(U) and ME.
The latter reach the limit at ~ 1000 GeV whereas the former
curve indicates a contribution that is still rising, albeit

slowly. Over the range 50 « 1000 GeV the contributions




shown by ME and TW(U) rise by 2.8% and 1.4% respectively.
The relatively slow rise obtained in the present work is partly
due to the previously described method used to adjust the
weighting factors for pion and muon decay. Initially,
interactions were considered to occur at fixed depths of

80, 160 etc gms cms-2; the result of this was to produce a
change in the plons—-only charge ratio of 0.7% of the muon
enerqgy range 50 - 1000 GeV. Correcting the welidghts by
dividing the atwmosphore into steps, as already described,

has yielded the above result of 1.4%. Further calculations
using smaller atmospheric steps have given a figure of 1.7%.
Consideration of smaller steps; though unlikely to account

for all of the remaining discrepancy of 1.7% shculd 9o sone

way towards it. A better method of adjusting the weights would

be to treat the problem analytically.

The curves TW(U) and ME are the results of
calculations based upon the same input date. There are
dif ferences in the results based upon pions alone (a
difference of ~0.02 at Ep = 500 GeV) and in the results
including kaons (a difference of ~ 0,04 at Ep = 500 GeV).

The basic causes of these differences remain unknown.

8,5 The Results of Previous Workers

The results of Morrison and Elbert (1973) are those
with which the present work may be compared in greatest detall
and this has been dcne at the end of the previous section.
Some compariscn is also possible with other works, -the

earliest of which is that of Mackeown and Wolfendale (1966).

These authors identlfy the major factors influencing
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the muon charge excess as ¢
(i) the properties of the primary radiation

(ii) the parameters which characterise the propagation
(in the atmosphere) of the primary and secondary

components and

(iii) the nuclear physics involved in primary nucleon-air

nucleus collisions.

They then derive an expression for the charge excess (f )
in which the dependence upon the above three factors is

written as the product of three separable variables
. S(E}J) = So. S‘l (BEp). D (Ep) where

So is the charge excess in the primary nucleon beam,
D (Ep) is the so called dilution factor representing
the contribution to the flux of muons from the

first collision relative to the total flux at the

energy Eu,

Si(Ey) is the charge excess of muons produced in a

collision between a primary proton and an air nucleus.

The variation of D with Ep 1is shown as the curve marked MW
in Fig. 8.,16. A useful feature of the above representation is
the possibility of varying the details of one of the factors
wﬁile keeping the remaining two constant; the sensitivity of

to such variations is thus conveniently obtained. 1In deriving
their representation the authors made a number of simplifying
assumptions the most important of which are, firstly, that the
charge excess produced in a neutron-nucleus collision is the
inverse of that produced in a proton-nucleus collision and

secondly, that the probability of charge exchange in such
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interaction is 0.5 (i.e. Pe = 0.5). It is important to
note that up to this stage of their calculations the

authors have not considered kaons.

From the results of the present work the effective
values of D have heen found and are plotted as the curve
TW in Fig., 8.16. This curve has the following input
parameters : ¥'= 2.7, Ry = 1.755; n : p =11 : 892 and
Pe = 0,575, It can be seen that the curve TW has &
similar shape to that calculated by the original authcrs
(and re-calculated by the present autiior) but is somewhat
flatter. Utilising the same values of Pe and the neutron
to proton ratio as the original authors the caiculations
desciribed in previcus sections have been repested and have
vielded the values of D shown by the curve TW (MW) in
Fig. 8.16. This again 1s rather flatter than the original
curve (MW). The line ME represents the effective values

of D derived from the results of Morrison and Elbert {(1973)

who used n ¢ p = 5.5 ¢ 80.5 and Pe = 0,565. This is almost
parallel to the original curve and this may be an indication
of some deficiency in the present method of calculation which

yields the curves TW and Tw(MW).

Using the value of Pe = 0,5 and then by considering
the conservation of isotopic spin Mackeown and Wolfendale (1966)
were able to predict values of Sl and taking So = 0.74
they were then able to derive g(Ep). The result was a low
charge ratio veryling from 1.07 at Eu = 10 GeV tc 1.02 at
En = 1000 GeV., This lack of agreement was assumed to be
due to errors in the estimation of S 1 and the authors went
on to consider more complex nuclear interaction models based

parly on low energy accelerator data. Any further




141

comparisons with the present work vhich utilises high energy

data 1s thus rather unprofitable.

The remaining works with which comparison may be made
give less specific predictions than any so far considered.
These works all have the common feature that they are based
upon nucleon-nucleon collisions and they all predict charge
ratios higher than observed. The main detalls of these works
along with the present work and that of Morrison and Elbert

(1973) are listed in Table 8.2.

Frazer et al (1972) describe the atmospheric
propagation of primary nucleons, pions, muons and kacns by
diffuéion equations. They give solutions for the sea level
muon flux and charge ratio for Eu 7”100 GeV. The expression
for the latter involves the effective pion charge ratio (R4 )
which the authors find, from low energy accelerator data, to be
in the range 1.8 -~ 2.25; they use 2.02 as a mean value to
obtain a muon charge ratio (neglecting kaons) of 1.56. The
above quoted range of values of R4gq was for p-p interactions
and because the main contribution to Rqr comes from the
projectile fragmentation region the fact that the true target
is a nucleus, rather than a nucleon, is believed to be

unimportant.

Replacing the original value of R4 (2.02) with that
of the present work (1.755) reduces the predicted ratio to
1.43 which is still significantly higher than most of the data
at high energy. Using Rg = 1.461 (the value of Morrison and
Elbert (1973)) results in a predicted ratio of 1.275 which is

in good agreement with the most accurate data at Ep 7 1000 GeV.

In the calculations the effects of kaons and charge
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exchange in pion induced interactions were both ignored

but the authors state that the contributions tend to cancel
each other, Thus thalr value of 1.56 can be only slightly
modified when those factors are considered. The authors
suggest that a possible contribution to the discrepancy with

ocbservation moy he the nen-scaling of the low energy data.

[y

The calculaticns of Garrafo. Pignotitl and Zgrablich

{

(1973) are based upon the solution of diffusion eguaticns

for the fluxes of nucleons, pions end muons. Using ISR

dota they fina Ragq to be 1,702 and thence predict an almost
enczrgy independont muon charge ratlio of 1.%3. This figure is
hased upon nuclewi-nuclieon collislons and the authors savy
they expect sone medification to be expected becaussa of
multiple inelastic scattering inside the nucleus. An attempt

Is mada to calculate the required correction by solving

diffusion equations for particles passing through a nucleus.
The charge ratio becomes 1.38 after this correction. This

figure is rather high since kaons have not been considered.

The final work with which comparisoi may be made is
that of Yekutielli (1272). This author also derives analytic
solutions to the diffusion equations. He considers two
slightly different primary spectra and derives his values of
Re from low eneirgy experimental results on p-p collisions.
The cal<ulated vaslues of the muoir charge ratio are high at
~ 1.6, An attempit is made, using the observed muon charge
ratio (taken to be 1.25) to detemmine the required values of
the input parameters. 7The resultiag values of Ry and Pe are
chown in the tabic. The value of Rg has had to be severely

reduced; the *host-fit' value of Pe is high,




8,6 Discussion

The results of the work detailed in thils chapter
have, in common with the majority of other works described,
predicted charge ratios higher than observed. The exception
is the work of Morrison and Elbert (1973) who obtain good
agreement at energles of about 100 GeV but with an increasing
discrepancy at lower energies. Between these two classes of
results the most significant difference is in the adopted
values of Rqr , the input pion charge ratio. In the first
group the value of Rq ranges from 1.755 to 2.06 (for ¥ = 2.7)
while in the second, the value is 1.461. By normalizing
his calculations to the observed data Yekutielli (1972)
found he needed a value of 1.5; in the present work a value
of Rqr = 1,54 is required to agree with data at 10 GeV.
The reasons for the discordant values of R4 are largely
unknown. Among the more obvious of the simpler possibllities

are

(a) the lack of correction for the effects of the

intra-nuclear cascade,

(b) the possibility that nuclear cascading effects are
unimportant but that p-p and p-n collisions are

not equivalent,

(c) changes in the primary composition such that the
neutron component increases with increasing enerqy

(as in Daniel et al (1973)), and finally,

(d) an overestimate of the value of R due to inadequate

experimental data.

The first two possibllities are similar in that the
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presence of the nucleus does have an effect whereas in (c)

and (d) no effect is allowed. As already mentioned, data on
N=nucleus collisions is sparse but the results of Allaby et al
(1970) at 19 GeV do suggest that the nucleus has some effect.
The authors show the pioﬁ charge ratio for p=nucleus
collisions to be significantly lower than for p-p collisions.
At x = 0.31 (the smallest value used in the expsriment) and
for a transverse momentum of 420 MeV/c their results show

R = 2,34, 1.71 and 1.71 for p-~p,; p-Be and p-ii__interactions
respectively. Experimental errors in the ratios are typically
¥ 0.08. The results of Eichten et al (1572) ai 24 CeV extend
to lower x values but do not include p~p irieracticns;

their result for p-Al collisions at P, = 0.4 GeV/c is

t
R = 1.46 % 0.06.

Some attempt at allowing for (b) above has been made
in the present work by assuming that in a fractizn £ of p-n
c¢ollislons the pion charge ratio is determine:sl by the proton
and in (l-f) by the neutron. This is & violation orf the ideas
of limlting fragmentation. The value of Rg for p-p and p-n
collisions remains unchanged at 1.755 and 1/1.755 respectively.
The value of 8§ has been taken as 2.7 and the value of f
has been determined which, using the methods of section 8.4,
gives rise to the mean observed muon charge ratio. The result
is shown in Fig. 8.17 as the solid line and shows a much
better agreement with the data particularly below 50 GeV
than the original calculations (shown by the dashed line B),
The appropriate f value was 0.77. The value of Rqg of the
first proton induced collicsion, derived from thesc calculations
is 1.54; this agrees with the velue found simply by messuring

the dependence of "y on Rg as described in section £.4{a)
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This is not surprising since the two methods are largely
equivalent. The value of 1.54 compares not too badly with
the result of Eichten et al (1972). 1In view of the
approximate nature of the calculations and the fact that the
fit is not good for energies 7 50 GeV some discrepancy is
reasonable. Thus the indication is that the behaviour
exhibited in p - light nucleus collisions continues up to
energies of at least 100 GeV (since the mean value of the
muon charge ratio is heavily biased by the large amount of
data at muon energies around 10 GeV). As already mentioned,
an alternative explanation for the disparity between
observation and calculation lies not in a simple difference
between p-n and p=-p interactions but in a more complex
mechanism for p - light nucleus collisions than has been

assumed,

Turning now to the third possibility, there is some
experimental evidence favouring a flatter energy spectrum
for primary iron nucleii than for the other components of the

primary beam, at least up to energles of around 1012

eV/nucleon.
Recent measurements with balloon borne detectors (Julinssson et

al (1972), Ormes and Balasubrahmanyan (1973), Smith et al
(1973), Balasubrahmanyan and Ormes (1973), Ormes and Weber
(1965)) have indicated that the iron spectrum is significantly
less steep than that of the other primary elements. From

the summary of Ramaty et al (1973) the slope of the iron
spectrum appears to be about -2.1. Figure 8.18 shows the

data; the full lines cover regions over which measurements

have been made and the dashed lines are extrapolations.

Using these spectra the effect on the muon charge ratio - due

to the increasing neutron to proton ratio with increasing
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primary energy - has been calculated. The variation of

the neutron to proton ratio is shown in Filg. 8.192, the dashed
line shows the ratio previously used. The resultant charge
ratio is shown as the line ¢ in Fig. 8.17. This has been
calculated in the manner described above i.e. by using the
factor f and normalizing to the mean obliserved charge

ratio. The appropriate f value 1s not significantly

dif ferent from that found previously since at a primary

energy of 1011

eV (taken to correspond to Ep « 10 GeV)

the new value of the neutron to proton ratlo is barely
different from the old. The agreement with the data is

be tter than any other curve but is stiil not goed above about
50 GeV where prediction generally exceeds observaticn. Akove
200 GeV the measured ratios are clearly higher than those
predicted for the flatter iron spectrum. Taken at 1lts face
value this would indicate that the iron Intensity starts to

12

fall more rapidly above a primary energy of 2 x 10 eV/nucleon,

Considering finally the overestimation of the input
plon charge ratio, such a possibllity is suggested by the
very recent work of Erlykin et al (1974). These authors,
using more precise ISR data than was available for the present
vork find Rqg to be 1.54 % 0.15 and predict a muon charge
ratio of 1.40 at Ey = 500 GeV (compared to 1.47 from the
present work). A detailed study of the work of these authors
has not been madz but thelr predictions seem to be in good
agreement with data below 100 GeV while at higher energies
the charge ratio is rathcr overestimated. 1In comparing
thelr results with oiher workers, these authors attribute

the lack of agreement to

(i) differences in the input data anc/or




(ii) different models for propagation in the atmosphere

having unequal degrees of accuracye.

The effect of differences in the input values of n and Pe
and the effect of (ii) have been estimated by studying the
dilution factors D obtained by the various workers. It

1s concluded that D is known to about ¥ 5%. Since

dR/R ™~ 0,3 x d$/8 then dR/R ~ 1.7% i.e. an error of
about 0,02 in R. This figure is small compared to the
existing discrepancies and the major cause lies in the high

values of Ry which have generally been used.

8,7 Conclusion

4

The results reported in this chapter have been
disappointing in that the estimated muon charge ratio is
much higher than is observed experimentally (a result found

by several other workers). The crudest simplification made

17

in the method of the calculation - the neglect of pion induced

interactions - is unlikely to account for the discrepancy

and the basic reason for the failure remains unknown,

Amongst the possible causes of the fallure, as
discussed in the previous section, that of a breakdown of
limiting fragmentation is doubtful. Scaling is, according
to ISR experiments, valid (at least for pions) up to energie
of around 2000 GeV. The possibilities of intra-nuclear

cascading effects and of the overestimation of R4qr seem to

s

be the most reascnable. The former derives some support from

the low energy (~ 20 GeV) results described previously while
the work of Erlykin et al (1974) gives support to the latter
(They argue that more recent results on f(x) for4f-productio

give higher values than had been hitherto adopted and thus

n
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their R4 1is lower). Consideration of changes in the
primary spectrum seems rather premature and these should
await the resolution of the nuclear-physical aspects of the

problem.

It has been seen that even when a value of Reo  is
used which glves agreement with the measured muon charge
ratio at 10 GaV the resulting variation of the ratic with
energy is still unacceptable beveond about 50 GeV. The

authors view is that this is probably due fo errors in the

estimation of the contributicn of kaons; data from the ISR

©

on kaon production are less comprehensive than for plons,
However, some argue (e.g. Erlykin et al 1974) that the
reasonh for the discrepancy is probably an increase in the

contribution of heavy nucleili at higher primary energies.

Thus the situation is rather unsatisfactory.
Extended data from the ISR on pion and kaon producticn may
go some way to solving the problem. Even more desirable is
data on the preduction of these particles in high energy
p - light nucleus collisions. Such data may be foithcoming

shortly from the Batavia machine.
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APPENDIX 1

ESTIMATIONS OF CHARGE RATIOS, CHARGE EXCESSES
AND THEIR ERRORS

If N+ and N~ are the numbers of positive and negative
muons respectively, cach with an error £+ and «-
respectively, then the resultant error in the charge ratio

( X R) has been calculated from the relation

5
= (-a—-l-\j—:) A+ + (5-5‘—_'-) (o eos (A1)

The usual method of determining KR is to assume the values of
AL to pe (Ni)% and to insert these values into the above

equation to obtain R = R (1/N+ + 1/N-)%.

Consider a sample of N events of which r are in
and S are out, of a certain class. Let the probability of

an event being in the class be t. Now consider the

variable (Y/N).

The mean value of this variable (which is given by
mean value = E (¥/N) where E denotes expectation) can be

shown to be
mean = to

The variance of the variable (given by E [(r/N - (E(r/N))Z] )

can be shown to be

variance = t(1-t)/N)

Thus, the best estimate of t, avallable from the data
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=5/ % (t(1-t)/m)? eoe (A2}

An identical expression has been derived by Coxell (1959)

In relation to measuring flash tube efficiencies.

Consider now the case where N represents a sample
of muons, t 1is the probability of the muon carrying a
positive charge, N+ and N- are the observed numbers of
pesitive and negative muons (M+ + "N= = N) and correspond

to r and 35 respectively. Then from (A2) t is given by

4
t o= N+/N S (Ne N=/ND)

The total number of positive muons is Nt, 1.2,

total number = N+ & (N+ N—/N)%

Thus theerror in N+ is (N+ N—/N)% and not (N+)% as previously
used. A similar procedure yields an identical value for the

error in Ne,

The charge ratio is given by

~ N+ N~/N)%
(N+ N=/N)* ‘ eeo (A3)

N+
N-

R =

1+j1+

The errors on the numbers of charged particle¢s are equal and
symmetrical. This arlses because N+ and N- arerszlated via
the sample size N. This relation prohibits the direct use of
(A1) on (A3). Re-writing egn (A3) as R = N/N- = 1.0 and

applying (A1) yields

\

AR = R,)1/N+ + I/n-

which is identical to the previously assumed value.

Considering now the charge excess
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g = (N+ - N—)/(N+ + N"‘) ocee (A4)
. o ?
The usual procedure of taking K= = (NI) and applying
(A1) gives
0(3 = (Z/Nz) (N- N+2 + N-2 N+)

Following the same procedure as for R vyields an

expression for 0(8 which is ildentical to the above.
To summarise

R=M/_ 2 R (Ine + o)

> %

2 N+)

§ = (N+ = N=)/(N+ + N=) % (2/N2) (N~ M+ + N

Attention will now be given to the subject of obtaining
the best estimates of the charge ratios and excesses, given data
for positive and negative field directions. Let I+ and I-
be the rates of positive and negative particles (then the
true charge ratic Ry = I+/1=); let t+, t- be the times of data
collection with positive and negative magnetic fields
regpectively; let A+? and A+~ be the acceptances of positive
and negative particles with a positive magnetic field and

A—+, A-" be the analagous quantities for a negative magnetic

field.

If the data for both field directions were summed,

then the estimate of the charge ratio would be

R, = (I+ t+ A+T 4+ I+ t= A=¥)/(I- te A+™ & I- t= A-T)

1
l.e. R, = Ry (t+ AT+ te ALT)/(Er A+ 4+ t= A-T)
or R1 = RT(N++ + N=Y)/(N~Y &+ N-T) say where the

numbers of positive and negative particles collected with

positive and negative magnetic fields are denoted N++#,




N+~, N=¥, N-" respectively. Since data were collected with

unequal values of t+ and t- then R1 is a blased estimate of

RT. In the data reported in this work t+ and t- differed

by 1.8% in the worst case (series 8).

If the charge ratios measured with positive and
negative field directions are denoted R+ and R~ respectively

then

R¢ = Ro A+T/A+™ and R- P Wl

T RT

To a good degree of approximation At = A-T and A+T = AT,

Thus the quantity R2 given by

, . Re)?
R, = (R¢ R=)

is an unbiased estimate of the charge ratio,

Consider ncw the charge excescs; let S’-.L and g-— be
the excesses measured with positive and neqsitive magnetic

fields, then

§-+ = (N+Y — NeT)/(N+T ¢ NeT) ara

$- = (N=Y - NT)Z(N-Y & N-T)

If 51 is the estimate of the true excess ST obtained by

summing the data for both field directlions :-

[

$1 2 (et ¢ Nt o N - MU/t NeT e NS

i.e. $1 = (I+ - I-)/(I+ + I-)

thus gi is an unblased estimate of STc

ne

+ N=7)
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APPENDIX 2

RoUoD.I« BOARD DESCRIPTIONS

As seen from the overall block diagram in Chapter 3,
R.U.D.Ies is composed of 20 sections labelled A-T. These
sections are built on 19 circuit boards, sections I and J

sharing a board.

The order in which the boards are mounted in the
instrument is, facing R.U.D.I. and reading from left to

right
ABCDETF I/IJGHMNKLOPOQRS T T.

Logic diagrams and very brief descriptions of each
section are given in this Appendix. The currents given in
brackets are those taken by the logic circuitry (from the
6v. power supply) when the board is in isolation from all

others and all inputs are floating.

Board A (120 mA)

The functions of this board are :-—

(1) to shape the clock and initial reset pulses.

(i1) to generate the arithmetic pulse, the display pulse,
the PHA store pulse and the DM160 'stored' pulse.
The delay of 750 us. in the arithmetic and display
pulse circuits is arbitrary and can be reduced if

needed to a value 2 40 pus.

Board B (185 mA)

This board determines :-




(1) the arrival order of the discharged cells from

the shift registers A, B, C and

(11) whether or not at least 1 bit has arrived from

each shift register.

The board requires 3 inputs (one from each shift

register) and for (i) there are 9 outpuis, namely

A first, second or last
ditto
C ditto

while for (ii) there are 3 outputs.

(i) There are 9 flip-flops on the board cnd they are

arranged as shown below :

4t o Y| Brd
A -J-C/P e <4
) 1 1 L
¢ 1 1 4

After reset, all flip-flop ouiputs are logical 1 and clock
pulses may enter the left-hand column; A negative going edge
from one or more of the shift registers sets a flip~flop

in this column to logical O and after a delay (TD)

of 0.3 us closes G1 and opens G4 (see logic diagram of
board B) thus steering clock pulses to the centre column.

The next negative edge from the shift registers sets @
flip~flop in the centre column to logical ©, closes G2 and

opens G5. A third negative cdgz sets & flip-flop In the



right hand column to logical ©O and shuts G3. From the
diagram it can be seen that the width of the clock pulse must

be less then the value of TD.

(i1) The outputs of the 3 flip-flops associated with level
A are gated and in the reset state the gate output
is logical O©O. When any one, any two or all 3
this output
flip-flops change state/goes to logical 1 indicating at
least 1 discharged cell in the level. Similarly for

levels B,C.

Board C (100 mA)

- The functions of this board are :-

(1) to determine that either no cells or only 1 cell has

been discharged in each shift register.

(i1) to define a 'satisfactory' event

(1) After reset, each flip-flop output is a logical 1
and the first discharged cell from, say, level A
alters the state of flip-flop no. 1 only; a second
discharged cell alter flip-flops 2 and 3. Further
discharged cells have no effect on flip-flop 3. The
outputs of the third flip-flops associated with
each level A, B, C are fed to a gate. If elther no
cells or only 1 cell has been discharged at each level

then these 3 i1nputs to the gate are all at logical 1.

(i1) If at least one cell has been discharged at each level
then the inputs 1a, 13}, 1k (which come from board B)
are all at logical 1. Under these conditions the

remaining input to the gate, the inverted arithmetic



pulse, is transmitted and becomes the satisfactory
event pulse indicating cne and only one discharged

cell in each level,
Board D (65 mA)
This board determines :-

(1) the add or subtract instruction and
(11) the muon sign, assuming a positive magnetic field,

The 9 inputs are the arrival orders from board B.
(1) The rule derived in Chapter 3 was 2

if B is first or last - add

if B is second -~ subtract.

The logic circuitry required to obey this rule is

quite simple and is shown in the diazgram,

(i) Except for arrival orders A, B, C aiid Cy B, A the
particle sign may be deduced from the rules given in

Chapter 3 and again the logic diagram is straightforward.

For the arrival orders A, B, C, Cy By A the sign

is indeterminate and must be given as (+ or -=).

Two outputs of this type are produced, one associated
with arrival A, B, C and the other with order C, B, A.

This ambiguity of sign is resolved on board E.

Board T (50 mA)

The functions of this board are 2e

(1) to test the add/subtract instruction for ambiguity

and
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(11) to give an unambiguous indication of the muon sign

again assuming a positive magnetic field.

(i) (a) 1In the case of ambiguity of sign the add/subtract
instruction should be subtract. This instruction
is combined with cach of the 2 outputs indicating
the ambiguity. From the loglc diagram it can be
seen that the output of this combination is a
logical 1 only if ¢ the subtract instruction is
present (a logical 1) and one of the ambiguity

inputs is also a logical 1.

(b) If the particle sign is not ambiguous the add/subtract
instruction should be add and combining this with the
nt and p~ outputs from board D, as shown in the
diagram, gives an output of logical 1 only if :
the add instruction is a logical 1 and one of the

muon sign inputs is a logical 1.

(c) Parts (a) and (b) are combined in such a way that
the resulting output is a logical 1 only if their

assoclated outputs are different.

(ii) As explained in chapter 3 the ambiquity of sign may
be resolved by considering the ‘'carry 1' output of the

binary adder. This is achieved as shown in the diagram,

Board F (145 mA)
This board generates the logic levels controlling the

scalers A,B and B,C. 1In the reset condition the 2 outputs of

the board are at logical O.




Board I/J (130 mA)

The functions of section I are :-

(1) to determine the apparent arrival direction. The
required inputs are the arrival orders from only

the upper two shift registers (a total of 6 inputs).

(11) to modify the result of (i) according to whether the
left or right hand side of the spectrograph was

triggered,

(iil) to ensure that the finally indicated arrival direction
is unambiguous i.e. only one of the East or West

outputs is a loglcal 1.

The functions of section J are :-

(1) to incorporate the true magnetic field direction into
the determination of muon zign. Threes inpuis {(from
outside R.U.Del.) are required to dafine the true
fleld direction as ¢+, - or zero. 1In the case of
zero magnetic field the logic generates the same

answer as a positive field.

(i1i) to ensure that the finally indicated imuon sign is
unambiguous i.e. only one of the P+’ y" outputs is a

logical 1,

Board G (245 mA)

This beard contailns the scalers A,B and B;C. The
logic-circuitry of the scalers is standard (it may be found
in the appropriate technical handbook) and only a rather

schematic diagram is shown in this Appendix.
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Board H (335 mA)

This board contains the binary adder which again is
a standard circuit (Mullard Handbook - Integrated Logic
Circult Applications, page 101). The add/subtract decision
made on board D is combined with the system of gates on the
inputs to the adder, as shown in the diagram, to decide
whether the operation performed is (AB + BC) or (AB + BC)
(where + denotes the logical AND operation). The output of

the binary adder is displayed on the front panel of R.U.D.I.

Board M (70 mA)
The purpose of this board is to reduce the output of
board:H to a number between O and 23, inclusive. Any number

from board H which > 23 is converted to 23.

Board N (120 mA)
This board converts the binary output of board M to
binary coded decimal (BCD). The logic circuit is

straightforward.

Board K (45 mA)

The function of this board is to determine which class
of apparent zenith angle, East/West apparent arrival direction
and sign that a triggering event is to be allocated. Since
there are 4 classes of apparent zenith angle this ﬁoard
generates 16 outputs. The class of apparent zenlth angle is
found by considering the output of scaler AB. The circuit

again is straightforward.

Board L (105 mA)

Using the output of board K, this board generates a




code number depending upon the class to which the triggering

event has been assigned., The output is in BCD.

Board O (275 mA)

This board contalns a BCD adder which adds the
reduccd deflection of the particle (from board H via bcard M)
to its code number (from board L). This gives the BCD form
of the requlred address in the PHA. 7The circuitry of the

adder 1lg standard.

Board P (135 mA)
This board converts the BCD output of beoard O to

decimal form. This 1s the decimal form of the PHA address.
Board @ (290 mA)
The functions of this board are 3~

(1) to store the ouktput of hoard F for display (via

boards R,S) and
(1i1) to display the muon sign produced by board E.

The board may be reset using the micro-switch on the front
panel (this results in a blank display in the units position

of the P.H.A. address).

Boards R,S

The circuits on these boards are used to drive the
numerical indicator tube display. The 1Inputs to the boards

arethe decimal form of the P.H.A. address from bhoard Q.

161
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Board T

The purpose of the circuitry on this board is :-

(1) to convert the logical voltage levels of R.U.D.I. to

those used by the P.H.A. These levels are :=-

R.U.D.I. Logic P.H.A. Logic
1 = + bv -6v or more negative
o Ov +0.5v or more positive

The required inputs (10 of them) are the BCD form

of the P.H.A. address from board O.

(ii) A to generate, from the store pulse of board A, a
store pulse acceptable to the P.H.A. The requirements
of the latter are that its amplitude should be

+7 - +10v, rise time < O.5us and width > 15 pus.

Other Information

l. When in operation R.U.D.I. draws 2.35A from the 6v

power supply.

2. The rear panel connections are :-

Label Connection
Cc Level C
B Level B
A Level A
R RHS trigger mode
L LHS trigger mode
BN Negative magnetic field
BP Positive magnetic field
BO Zero magnetic field

Clock Clock input
PHA PHA store pulse output




3. The power supply connectitns are i~
Socket Label Connection
A + 170v
B - 8,2V
Lower c + 6v
(Yellow) D + 15.5v
E Common
F - (15.5v)
A + 40v
B - (40v)
Upper C f + ;
D £ =) lv a.c,.
B + § feedback on
P - 6v supply
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APPENDIX 3

THE ReUeDel. TEST INSTRUMENT

This device was constructed in order that R.U.D.I.
could be tested on a convenient, routine basis. The logic

diagram of the circuit is shown in this Appendix.

The circuit is based upon three 8~bit binary counters
which count ciock pulses. The clock pulses are applied at
one of two inégfé“;n the rear panel of the instrument
depending upon the source -~ the 330 - biasing resistor is
necessary if a pulse generator is used but 1s not necessary
if the pulses are logic pulses. The clock pulses are gated
into the binary counters by triggering monostables with the
TEST push button (which also triggers a pulse which simulates
the C90 pulse). The real and inverse outputs of each counter
element are fed, via 2-way switches, to an 8=fold coincidence
gate. By suitable selection of switch positions & pulse may
be obtained through the gate when a counter has reached some
number between 1 and 255. By using different switch selections
for each of the 3 counters, 3 time-separated pulses are
produced and are used to simulate the arrival of pulses from
the shift registers A, B and C. From the switch positions
the deflection which should be indicated by R.U.D.I. is

calculable and can be compared with that observed,

The facility also exists for simulating the discharge
of 2 cells at a given level. This is done by placing the
SINGLE/DOUBLE switch in the DOUBLE position. The circuitry

involved is shown in the diagram,

The magnetic field direction and triggered side of the




spectrograph are set by the appropriate switches.

3.

4,

The procedure for testing is :=

Remove from the rear panel of R.U.DeI. the real
A; B, C and C90 inputs and replace them with the
simulated inputs of the test instrument. Connect

the clock pulses to the test instrument.

Set up the required switrch positicns, magnetic field

direction and triggered side.

Reset.

Test.
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APPENDIX 4

THE R.U.D.I. CELL MONITOR

This instrument was constructed in order that, for a

given level

a) the distribution of discharged cells could be found
and

b) the distribution of number of discharged cells could
be found.

The logic diagram is given in this Appendix.

7

The circuit is designed to control a digital counter;
it generates pulses to start and stop counting and also the

train of pulses which is to be counted.

a) Counting is started by the three-fold coincidence
pulse of the spectrograph and stopped, with switch 1
in position b by the first discharged cell from the
relevant level or, failing this latter a pulse some
170 ps after the starting pulse. The pulse train
which is counted is the clock (switch 2 in position b).
When stopped by a discharged cell the indicated count

gives a measure of the position of that cell.

b) Counting is started as above but in this case the
pulse train counted is the bursts of 10 Mc/s pulses
gated by each discharged cell coming from the level
which is being monitored. Switches 1 and 2 are in
positions & for this application. Switch 1 ensures

that a stop pulse is transmitted to the counter once
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there is no possibility of any more discharged
cells being indicated (since the time required
to empty the shift register of the monitored level

is ~ 150 FS)°
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