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Chapter 1

General Introduction




1.1 The Origin of the Cosmic Radiation

at Sea Level

The primary component of the cosmic radiation,
which consists mainly of protons, interacts in
approximately the first 100 gm./cm2 of the atmosphere
to produce N -mesons and a small fraction of heavy
mesons and hyperons. The T -mesons are removed
from the beam by the competing processes of decay into
muons and interaction to produce further'7f -mesons
which subsequentl& decay into muons. The heavy
mesons and hfperons are removed by simiiar competing
processes; the decay of X% ana K/L+ mesons contribu-
ting a few muons at very high eﬂergies. The mesons
travelling in tenuous regions of the atmosphere have
a higher probability of decay than those of the same
energy moving in denser regions; which may offset
the overall relativistic effect of incfeasing proba-
bility of interaction with energy. As muons have
the relatively long life time of 2.25Ax 10-6 sec.

( ~ lOO»times that of the T -meson), and are

weakly interacting, they have a high probability of



~survival to sea level. The neutral T -mesons decay
rapidly into two photons, which may give rise to a
photon-electron cascade. Unless the initiating
photons are of very high energ& this cascade 1is un-
likely to reach sea level, Another contribution to
the electronic component at sea level is made by
electrons produced in muon decay, and knock-on eiec-
trons in eqﬁilibrium with the muons.' ’The "hard"
componént (p > 500 Mev/c ) ét sea ie#él thus con-
sists predominantly of muons with a small admixture
of protons ahd T -mesons, and the "soft" component

of electrons, photons and low energy muons.

The momentum spectrum of muons at sea level

provides information on the production spectrum of

¥ -mesons in high energy nuclear collisons.
Measurements made in directions iﬁclined to the verti-
cal contribute information concerning_?f-mesons
produced in collisions of progressivel& higher energy
as the zenith angie is increased (Stern, 1960). In
the horizontal direction the‘mean afrivai energy of
muons is‘250 Ge#., and tﬁeir minimum initial energy
70 Gev. Further, ‘W -mesons tra?elling iﬁ directions
inclined‘to the vertical are tra§elling Just after

production in a tenuous region of the atmosphere, and



have therefore a relatively high probability of decay

rather than interaction. . -

1.2 . Outline of Previous Spectrographs

In'order to compare the accufacy of measuremént
of various instruments it is conventional to define
a "maximum detectable momentum" (m.d.m.) as the
momentum at which the probable error in deflection
measurement . equals the magnetic deflection of a
prarticle. Some workers have used the r.m.s. error
in angular deflection in this definition, giving an

m.d.m. lower by a factor 0,675,

Most of the momentum spéctrum measﬁreméhts have
utilised the deflection of a charged particlé in a
magnetic field. Others have used scattering in
multi-plate cloud chambers or nuclear emulsions.
However, scattering methods are not reliable above

~ 8 Gev/c due to unavoidable spurious track distor-
tion. The early magnetic field methods used a cloud
chamber between the poles of an electromagnet to
measure the track curvature. ' Again, the m.d.m. is

set by track distortion, and in addition inefficient



use is made of the field. Hyams et al. (1950)
estimated that only 5% of the available field

volume is utilised by a magnet cloud chamber, whereas
50% is useful when advantage is takén of the line
integral of the field by using geiger counter trays

as detectors some metres above and below the magnet.

An instrument.having thisfadvantage was described
by Owen and“wilson (1951);-fig; 1.2;(1). It had two
electromagnets, with hodoscoped geiger counters as
detectors, andtgn ﬁ.d.m? of)Bl Gev/g was achieved,
Rodgers (1956) iﬂdfeasgd the m.d.m. fo 240 Gev/c by
pPlacing flat cloud chambers at the measuring levels,

a total of fhree being employed, Only fast particles
triggered fhe chambers, and the point of intersection
of the tracks on grids ruled oﬁ the top of the chambers

was measured.

The reliability of spectrographs has been
improved bj fepiacingvthe cléud chahb;rs by‘neon flash
tube trays, which give comparable accuracy of location
and a larger édllecting éréa of pértiélés. This has
been done by Ashton et al. (1959) who describe a
pPrototype spectrograph wifh an m.d.m. of 8 Gev/g,

Ashton et al. (1960) who built a spectrograph of
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expected m.d.m. 1,000 Gev/p*,'and‘Greisen et al.
(private communication) who have operated a flash
tube spectrograph of m.d.m. 130 Gev/é at 68° to fhe’
vertical. The advantages of neon flash tubes when
used in momentum speétrographsbwill be further

discussed in chapter 2.1.

-Coﬁsiderable advances have been made in thé
developmént of spark dischérge counters és détéctors.
Alikéfér (1959,1960)‘descfibesrtheir development-and
successful use in a spéctfograph of m.d.m. 60 GéV/q.

+oo
A permanent magnet of .[ﬁdl = 4000 x 20 gauss-cm.

—co
was used, and the overall heigﬁt of the instrument

" was bhly 70 cms., compared with ~ 140 cms. for the
.iniZ:ument of m.d.m. 8 Gev/c using a magnét with
J[“Fdl = 5000 x 16 gauss-cm. described by Ashton et
al. (1959). It thus seems likely that the use of
spark discharge counters offers good possibilities
of extending the range of measﬁfement éo very high
momenfa, particularly if detécfofs‘of large area can

be made to work reliably over long periods.

An instrument described by Apostalakis (1957)

utilises fourteen layers of nuclear emulsion,



separated by air gaps of 1.5 cms., accurately

located between the poles of a magnet giving a field
of 7,000 gauss. Trajectories may be traced through
the layers with high precision, but the main dis-

advantage is the tedium of analysis. The m.d.m. of

the instrument was 300 Gev/c;

A disadvantage of detectors such as flash tubes
and spark counters is the labourrof,analysis, which
has largely been performed manually. The time taken
in analysis tends to offset the advantage gained by a
high rate of collection of particles.llyIn chapter 3
this problem is discussed further, and details
presented of a fast and accurate compater method of

analysis of flash tube data.

1.3 Review of Previous Measurements of

Inclined Spectra

The only previously published work on inclined
spectra is that of Moroney and Parry (1954) who made
measureﬁénts at zenith angies of OO, 500 and 60° 15
the E - W plane, (fig. 1.3.(41i) ). Tﬁese spectra

show the expected hardening with increased zenith
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angle due to increased energy loss in the atmosphere.
The spectrograph, which had an m.d.m. of 60 Gev/c,
used hodoscoped geiger counters and a large electro-
magnet. Other work has been carried out by Greisen,
Ozaki and Rose (private communication), who measured
the spectrum at a zenith angle of 680, using neon
flash tubes in association with a geiger céunter

.spectrograph.

Moroney and Parry carried out calculations of
the form described by Janossy and Wilson (1946), and
concluded that spectra at zenith angles of Oo, 30o
and 60° could not be explained simultaneously in
terms of a process involving production of the muons
at a single level close to the top of the atmosphere.
They“foﬁnd that their results at 0° and 30° were
consistent with extended production of muons (Sands,

1950), assuming a momentum spectrum of the muons at

production of the form
o1 4’7 C‘O)- 3'0,046/‘0 C" */’25)'

where p is in units of f&c, r is the range in
gm/cm2 of the production level from the top of the
-atmosphere, and the intensity is in units of the

number of muons (108 ev/c)-1 cm™2, sec™l. At 60°



the sea level spectrum calculated in this way falls
below the experimental results by ,V,5o% over a
considerable range at low momentum. The authors
indicate that calculations taking into account
coulomb scattering in the atmosphere show that this
effect i1is of the right order to account for fhe
discrepancy. The results of Greisen et gl.’gt‘68°

(fig. 1.3.(ii) ), although not directly comparable. .

with those of Moroney and Parry, appear to show faif  '

agreement with them.
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Chapter 2

Description of the Spectrograph



2.1 Introduction

The spectrograph to be described utilises trays
of neon flash tubes as detectors above and below the
field of a permanent magnet. ~ The trays (fig.2.6.(1) )
consist of horizontal layers of tubes separated by
sheet electrodes. A few micro-seconds after the
passage of a particle, a pulse of ~7 K.V.cm"l is
applied across each layer, and the tubes through which
the particle passed may flash, These flashes are
photographed, and the particle trajeqter may be

accurately determined.

Flash tube arrays have several advantages over

cloud chambers when used in a momentum spectrographi

(1) They may be easily constructed to cover a

large solid angle of acceptance of particles.

(1i) They are stable and reliable in operation,
having no moving parts.

(1ii) The error of angular measurement, g may
be determingd objectively and accurately (chapter 3),

and does not vary with temperature or humidity.

(iv) When used in the way to be described, no

contribution to 03 is made by optical distortion in

the recording system.



Throughout, the notétion used by Gardener et al.
(1957) will be used. That is, the characteristics
of the Pulse applied across the layers will be
dgscribed in tefﬁs‘of the deiay, TD befween the
Passage of the particievand the application of the
pulse; 4its rise-time, TR; length, T ; ’and height,
E Also the absolute efficiency, ﬂ7' , of a tubé

max.,
is defined as the ratio of the number of times it

flashes to the number of particles passing through it}

and the layer efficiency of a set of tubes as fhe
ratio of the number of flasheé in a layer to the

number of particles passing through it.

lo,



2,2 'beecription of the Spectrograph

The instrument is shown diagrammatically in
fig. 2.2.(1), and consists of neon flash tube trays
(0. P, Q and R), two above and two below the field of

a permanent magnet (M). The flash tubes are

triggered by a fourfold coincidence of the geiger
counter trays (A, B, C and D) which define the solid
angle of acceptance of the spectrograph. This was
chosen to give a statistically high flux of parttcles
witﬁ momeﬁtum‘in,the‘range to be investigateo,‘an;‘to
permit use only of a sensibly uniform region’of‘the
magnetic fieldi "A layer of lead (z:), 47.3‘c£:

thick between the lowest flash tube tray and tre'counter

tray D imposes a cut-off of 0.7 Gev/c in the momentum of
the particles accepted,

The flashes are recorded photographically through
a mirror system which permits of two trays being
photographed by one camera, making analysis easier and
reducing considerably the required dimensions of the
camera subports. A mechanical counter is photographed
by each camera to correlate the data, The inclination

of each ‘trajectory to a chosen axis is determined, and

the momentum of the'particle estimated using the

I
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relation

(2.2.1)

kc‘ = eH 'al'e)

where p is the momentum of the &elativistic) particle

of single electronic charge e e, s.u, moving in a plane

perpendicular to a magnetic field H oersteds. (;ng) 15

the radius of curvature of the path (em.) at the point
considered, ds being the afc length along the path, and
© the angle between the path and the y;axis; defined
as a line passing through the centres of the tube arrays
and the magnet gap. Further

‘ : Cos© :

. +00 | i ,
Hence, if JC‘>de is constant over 'the whole of the
region occupied by the trajectory of the particle,

equation (2.2.1) may be written

B il S
p = (2.2.3)
- fprcosoa e

where &, , O, are the angles of the track of the
; +00

particle above and below the field, and J(;o Hdy is

the vertical line integral of the field intensity

measured right through the magnetic field, including
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the fringing field. An accurate knowledge of the
variation of the magnetic field is therefore

required,

2.3 The Magnet

This is: a double—yoke'permanent magnet, origihally‘

designed by Cousins and Nash (1959), and illustrated in

fig. 2. 3‘(1) It was designed to give a. maximum value

+c0
of J/ Hdy for a given quantity of magnetic alloy, !

and a given gap size. The basic data are:- (L - M),

iron cirouit = 49 in., G— 1. 27 in,, (chosen as a

compromise between a high value of ~ fgo de and a

large flux of high ‘momentum particles, the solid angle

z .
subtended by the gap being & G; ) , M:= 16.8 in.;

volume of aloomax 687 cu.in,, . a 6 6 in. The pole

faces are % in. thick, and of cross section 2.2 in, x

2.2 in.
- bolts which screw into them to a depth of % in., air

, They are fixed to the pole pieces by brass

gaps being eliminated by griding the faces ofthe pole
w\pieces which contact the yoke and pole tips, The yoke
consists of four main arms and two short sections, one
in each of the arms of the yoﬁe parallel_to the pole
pieces, of such a size thatvthe gap may be made a
minimum of % in. Bolts passing through these short

sections are used to clamp the yoke at the corners,
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The magnet was energised by placing coils on the
poles, and packing the air gap tightly with soft iron

bars. = 128,000 ampere turns were employed, and a small

demagnetizing field applied after magnetizafion.

. Measurements of the variafion of the field in a

plane throughﬂthe centre of the gap and parallel to the

pele faces‘were made by Cousins and Nash usihg a search

coil of small cross sectional area, and a Pye fluxmeter;

the results are shown in basic form in fig. 2.3.(11) which

is a plot of the equipotential surfaces. Fig.. 2, 3 (iii)

shows the variation of the field along the central

vertical path, which is typical of that for other

vertical paths. Over a strip 12 cm. wide, the cenére

ef the regien being the vertical which passesAthrough

the centre of the magnet gap, graphical integration gives

('

+©0
J/;O' de = 109.0 kilo-oersted cm.  These measurements
. have been checked, and no changes of greater than-l%
" detected, indicating the high stability of the magnet

against time variations in field.

2.4 Manufacture of Flash Tube Arravs

The specifications of the tubes used in this

experiment are based on the design considerations of

!
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Gardener et al, (1957), Ashton et al. (1958), and
Coxell and Wolfendale (1960). The chief requirement
was a high probability of flashing for a pulse applied
some 5 fb sec, after the passage of the particle, since
this was the delay expected in the experiment. Tubes
of internal diameter 0.6 cm. and wall thickness 0.07 cm.
are the smallest which can conveniently be manipulated

during manufacture, and the final flash tube specifications

ares -

Mean intérnal diameter 5.9 mm,
Mean external diameter 7.3 mﬁ.
Residual air pressure e~ ID-;M, Hs.
Presgure of neon (commercial) 2.3 «w,
The constitution of commercial neon isz-
GAS - CONCENTRATION
l<fNe (98 + 0.2) 4
" He (2 £ o0.2) %
‘ o 10 vol. pef million
N 100-200 vol. per million

The tubes were constructed of X8 soda glass, and
their characteristiCS are given in figs. 2.4.(1i) and
2,4,(11). The former shows the variation of absolute

efficiency, 11 , with the field in XV cm._l, under
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16,

conditions expected to be fulfilled in the running of
the spectrograph, and the latter the variation of M
with Tp ; E max. = 8.5 KV cm.-;, TR = 0.5 /L Sec.,
and T = 3;0# sec'.'. S

In the manufacture of the tubes, lengths of
sédé glass were selected so that they were straight
to.wﬂhin 0;5 mm., and had external diameter‘in the
rénge 7.0 - 7.5 mm. After cutting to‘the appropriate
iength, the gl;ss was washed with tap water, chromic
acid, and distilled water, and allowed to dry completely,
A constriction of uniform wall thickness equal to that

of the tube was made close to one end, and the other end

séaled and“carefully flattened.

The tubes were sealed 6n to a ménifbld, evacﬁated
to a final pfessure of ~ 10 7mm. of hercury, and
filled with commercial neon to avpressure maintained
at 65 cm, of mercury. After ailowing one hour for:
complete diffusion of gas throughout the system, each
tube in turn was immersed to approximately two-~thirds of
its length in liquid nitrqgen, and temperature equilibrium
established. While still in’' the nitrogen, it was
sealed off at the constriction and allowed to return to

room temperature.



7.

The relation giving the final pressure attained

is:?
O CU R 29| (RPN 7 SN WY
273-195-9 - 273 -1-.20 273420

0, 1is the length of tube (from flattened to constricted
end); L., 1is the length immersed in liquid nitrogen;
PL is the pressure of gas in the tube while immersed;
and P} is the final pressure when the tubes attailn

room temperature.

As the tubes are photo-senSitive, and likely to be
triggéred by photons from adjacent tubes, they were
bcleaned and painted bléck, alldwing them to dry while
'hanging veftically,VSO’fhat the paint‘was ﬁﬂiformiy N
distributed gn their sﬁrface. '“fhis ﬁas fo prevent
efrors of location when they were’subsequently rested

on supports in the spectrograph.;

2.5 Testing of the Tubes

'Each‘batch of tubes was tested in the following
wa&. A geiger counter telescope traced particle
trajectories through a tray of tubes consisting of
5 layers, with 12 tubes in each. The characteristics

of the pulse applied across the tubes were those



8.

expected in the running of the spectrograph,

Emax = 8.5 KV em.”t, TR = 0.5 /M- sec.,
T = 3.0 jesec., and TD = 3.5 & sec.  The flashes
were recorded photographically, approximately 100
particles being observed for each batch. Typical:
events are shown in fig. 2.5.(i). To find the mean
- efficiency, the results of events involving single
particles only were analysed, neglecting obvious
knock-on and shower particles. The results are shown
in table 2;5.(a), and a typicél histogram of the

number of events involving O, 1, 2, fléshes 1s shown

in fig. 2.5.(4i1i). -

Table 2.5.(a)

Batch 1 2 3 L 5 6 7 8 1 9 10

Mean (%)
+

laver  ho¥ala7t2|69t2|66t2| 6822 |65%2| 682 [6822 [65t2|66t2

ciency

Mean
absolute + ,
effi~ | 92 = 2%
ciency

For each batch, with the filmiin the same position,
the tﬁbes were triggered until all were expected to have
flashed at least 20 times. Any "dead" tubes were
rejected, as were any which fléshed spuriously, i.e. had
continuaiiy produced a flash inconsistent with the

trajectory indicated.
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TYPICAL TEST EVENTS



NUMBER OF TIMES N FLASHES OCCURRED

40

35

30

25

20

15

10

)

A [ 1 1 A

12 3 4 5
NUMBER N OF FLASHES PER EVENT.

FIG. 2.5.(11) DATA FROM TYPICAL BATCH TEST




I9

2.6 The Tube Trays

The requirements were éhat the tubes shoﬁld be
mounted rigidly parallel to‘one ahother with their
centres accurately located., They are mounted on
slotted strips in trays consisting of angie énd sheet
dural, 3/16 in. and % in. thick respectively, ;ee‘
fig. 2.6(1). Wherever possible, the sides were
machined togethér, and the completed trays are square
to £ 1/500 in. The slots were cut 0:800 ¥.0025 cm.
apart in dural of cross-section % in, x % in., which
is sufficiently rigid to prevent'sag when under load.
The strips were.mounted 1.470 cm. épart in slots cut
in % in. brass’strip, so that they could easily be
moved laterally, and clamped in any desired position.
The tubes were held in position by foam rubber strip,

which served this purpose without distorting the

supports.

The electrodes consisted of aluminium foil of
thickness 1/1000 in. stretched on a tufnol "picture=-
frame",. In this way, écattering in the spectrograph
is reduced to’a minimum, and the uniformity of the
field applied.to the tubes is éomparable with that

attainable using thicker and more rigid plates.



7.

The relation giving the final pressure attained

iss =

__t"'_f_‘:'_- + (Lo -2.)F0 - ._E.f_g:’_ . (2.4.1)
273-195-¢ 273+ 20 273+20
jL is the length of tube (from flattened to constricted
end); L. 1is the length immersed in liquid nitrogen;
pi 1is the pressure of gas in the tube while immersed;
and P{ is the final pressure when the tubes attain

room temperature.

As the tubes are photo-sensitive, and likely to be
triggered by photons from adjacent tubes, they were
cleaned and painted bléck, allowiﬁg them to dry while
'hanging Qeffidally,Aso fhat the‘paint;waéluhifofmiy
diétributed on their Surface. ‘This Qas to prevent
errors of 1oéation when thef were subsequeﬁtly~résted

on supports in the spectrograph. .

2.5 Testing of the Tubes

' Each‘batch of tubes was tested in the. following -
way. A geiger counter telescope traced particle
trajectories through a tray of tubes consisting of
5 layers, with 12 tubes in each. The characteristics

of the pulse applied across the tubes were those -



fig 2 ,6.Ci)

TUBE TRAY



Electrical contact with the electrodes is made through

copper foil held firmly in contact with them.,

It is important that the tubes at each of the
recording levels in the‘spectrograph be accurately
parallel to one another. A rectangle, tto of the sides
of which were accurately parallel to the tubes, was
scribed on the top of the trays (fig. 2.6.(ii) ).

The co-ordinatee of the cornere:of the rectangle were
accurately known with respect,to the centre of each
tube. Circles of known radius ‘were drawn with these
corners as centre, the points of intersection of these
circles being Gl and G2, whose co—ordinates are again
accurately known with respect to the tube centres and
the grids gl~éﬁd 8, which consist of lines scribed
1/100 in. apert. Holes of diameter 2 mm. were drilled
with Gl and Gz_as centre, Two plumb lines, forming

a vertical plane with respect to the defining counters,

could be hung through the holes, and by moving each

framework until the plumb lines had the same co-ordinates

with respect to 8, and 8, at each level, the tubes could
be made parallel to one another to ¥ 4/1000 in.  The
trays could also be moved'ih a vertical plane to any
desired position: and thus the tube centres form an

accurately known co-ordinate system within the spectro-

20,
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graph. This is important, since the speétrograph
was to be operated at various zenith angles, and the

use of plumb lines for reference in analysis would -

have been impracticable.

2.7 The Electronic Circuits

The electronic circuits associated with the
spectrograph are shown in bléck diagram férm in
fig. 2 7 (i) The'coincidence circuit is of‘the
Rossi type, and the coincidence pulse: is fed to the
high voifége pulse generator shown in detail in
fig. 2.7.(11); In this a positive pulse of height
7 K.V, , r:l.se'-:time O.hIU- sec. and length 3v//.sec.- is
produced by discharging a capacitance of 0,0lgfLF\
through a hydrogeﬁ filled thyratron and the primary
of a pulse‘transformer, and fed to the triggef ‘
.electrodes df three‘trigatrons (CV 85)..- The lOO!KJL
resistér serpes to prevent_Quenching of the‘#riggef
voltage across the trigger gaps. A capacitance of
0. 08/( F is discharged through each trigatron and the
primary of a.-pulse transformer, the resulting pulse
of height 1l1 X.V., rise-time O, 5 f(sec. and length
Q-f;sec. being fed to the electrodes of the tube A”

trays from a tapping point on a resistor chain, R.
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The tube efficiency does not depend critically on the
value of this load. A further stage after the XH8 is
required to charge as rapidly as is practicable the
capacity (1000 pf) of the large tube trays. These
are fed by two separate trigatrons, the two small
trays from a third. The overall time~delay from the
passage of the partiéle through the ééunter telescope
and the application of the high voltége pulse is
3.5’pvsec. '

A cycling unit (fig. 2.7.(1i1) ), whose operation
is iniﬁiated by the coincidence pulse,’pérforms the

following operationss -~

1. The ﬂeéative input pulse'momentarily buts off

the anode current of the valve. »
2:uTﬁé reiay Rl flies open, closihg.contacts R1A
and R1B, Because R1A is closed, R1 is held off,
3;‘Closure of R1B starts’the cycling unit motor
(c.U.); :Micro—switch (M.s.) (b) is closed.

b The starting of C.U. shuts relay R2 (normally
open). iThiéfcloses contact R2A, shorting to earth
further céincidencé pulses, thus paralysing the |
apparatus.;_g” ,_ ; |

\

5. ATéam on C,U. opens M,S.(a), resetting R1,

22,
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opening R1A and R1B. C.U. continues to run, the cam

reclosing M.S.(a).
6. M.S.(e) is closed for 9 secs. by the cam on
C.U., illupinating the reference counters.

7. The cam on C.U. closes M.S.(c), starting the

camera motor (C.M.).

8. A cam on C.M. closes M.S.(d) and the cam on

C.U. opens M.S.(c).
9. The cam on C.M. opens M.S.(d), and it stops.

10, The cam on C.U., re-opens M.S.(b), stopping

itself and re-sensitising the apparatus by opening

R2A.

a1l



Chapter 3

A Computer Method for the Analysis of Flash

Tube Data



24

3.1 " Introduction

The analysis cf data from flash tube spectrographs
15 difficult and laborious when maximum resolﬁtion is
required. In this chapter is described a method of
analysis using a digital computer, which is faster,

more accurate, and more reliable than previous methods,

The computer has been programmed primarily to
analyse the results obtained with the flash tube
momentum spectrograph at Nottingham, but the principle
is probably applicable to other proJects employing
fiash tubes, in particular those investigating extensive

showers.

The speed of the computer analysis has facilitated

a close study of the design_considerations of flash

tube arrays. These considerations are found in the
Appendix.
3.2 Previous Methods

/ Methods of analysis previously contemplated have
invol#ed either the computation of the best line
through the centres of tubes which flashed, or the

adjustment of a thread over a scale diagram or
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reprojection of the array to give the best estimate
of track direction. Whilst the former method is
objective it has not found practical use since the
accuracy is impaired by the inability to utilise
knowledge of the tube dimensions and those layers in
which a tube did not flash., The latter method is
potentialiy more accurate sihce it is capable of

using this information, but it is subjJective, slow,

and laborious.

In order_té use a knowledge of the tube dimensions
it is necessary to assume a distribution function P(0)
for the probability of flashing, when a particle
fraverses a tube a distance © from its centre. A
method which assumes that P(6) is unity for all ©
within the tube and zero outside was described by
Ashton et al. (1958), but difficulties are encountered
because events frequently occur which are inconsistent
with this assumption. Ashton (1959) described a
method for which the criterion of the best line is
that it should have maximum path length in the flashed
tubes. ° This effeétively assumes a P(G)‘for the flashed
tubes which is consistent Qith‘that measured by

Ashton et al. (1958) for low pressure tubes. However
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the treatment of layers in which a tube did not flash

is not clear, nor is it apparént how this criterion

was applied in practice.

A recent method mentioned by Ashton et al. (1960)
assumes that for high pressure tubes P(O) is unity for
O<$ & & ™ where A\ is smaller than the tube
i radius, and that it falls in an undefined manner to

: zero at the tube edge.

The analysis to be described'extends these methods
%by using, ipan objective way, the measured P(O) for
jbothvflashed and unflashed tubes. The measured P(0)
éautomatically accounts for the effeqts,of random

fvariations in tube diameter.

3.3 Q Computer method of analysis

“”The tyée éfvérray cons%dered iP typical of those
'ﬁéeavin'ﬁomeﬁ;um épectrographs and is illustrated in
zfig. 3.3.(1). It consists of t&§ trays sepéfatediﬁy :
a distaﬁce D, each consisting of N layers of tubes
separated by a distance S. The interna; diameter of
the tubes is A and the horizoﬁtal separation between

their centres r1 .
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Cartesian coordinate axes are constructed, the
x-axis horizontal and perpendicular to the length of
the tubes. The layers and tubes are numbered as in
fig. 3.3.(1), the edge of the itn layer being a
distance Ei from the y-axis. The number of the tube
which flashed in the ith layer is designated Hi
Fallure of a tube to flash in the ith layer is

indicated by setting H, = 0.

If kK is the number of the highest layer in ﬁhich_
a tube flashed (i.e. H, # 0; and H = 0 for all
layers for which r » k), and similarly J is the
number of the lowest layer in which a’tubevflashed
(1.e. HJ # 0 and H =0 for r< J), the gradient
(Ao)'and intercept on the y-axis (Ar) of the trajgcfory
may be represented by the equatioﬁsz
’%\a'- (Hk-Hj) + (B-Ej) + (- )

Yk~ Y

and

Ar = Y - [(HJ -0 + & +,3JA0.'

where &{ and ﬁ are unknown fractional distances
th ,

]

across the Hk

and HJ th tube respectively.
The probability of a tube flashing in the ith
layer is a function of the intercept S?don that

layer, If . 9;& is measured in units of r’ ,
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the integral part determines the unit which the

" trajectory crossed, and the fractional part the
probability of the tube flashing. The variation of
probability of flashing across the tube diameter can
be determinéd experimentally (section 3); and for an
assumed . o and fg ’ ﬁ?t is éalculated:

o7 Le-Bx
A,

and the probability of obtaining the observed value

of H computed. This can be repeated at each of

i
the 2N levels, the product of such probabilities
being an estimate of the merit of the assumed line

as a representation of the-actual trajectory. A
number of éuch trial lines may be tested in this way,
and the values of & and {3 selected which corres-
pond to the line which gives the greatest probability
of flashing the observed group of tubes. This line

is referred to as the"most probable trajectory! or

I3

m.p.t. A

Each cbmbinatiop of o and p defineé a line
with an associated probability P of producing
the observed group of Hi.values.‘ This isAillustra-
ted by an o ," £ diagram (fig. 3.3.(i1) ), the
contours”of'whidh are the 1dcirof:11nes having an

equal probability of representing the actual tréjectory.
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Figure 3.3.(iii) is a cross-section of this diagram
showing the variation of the probability as a
function of e , maintaining ﬁ constant, Several
of these diagrams have been constructed and it is
apparent that all are uni-modal, smooth, and approxi-
mately symmetrical curves. A direct result of this
behaviour is that it has enabled a quicker and

equally accurate 'jump! method to be developed.

Initially a small number of lines (°9f3) are
tried, and that with the greatest probability of
occurrence selected, say 0", P' . Keeping
ﬁ = /3’ (Constant), two new lines are tried, for
which & = X'+ 8 , and X = ¢’'— & . The
probability of éabh line is computed, and the value

of o adjusted such that

A" 2x'+ S According to which -

-3 " c(l : gives rise to the

’ ’
o(” = X -~ S greatest probability

This is repeated keeping o = o ” (constant), so as"
to arrive at a new value of fB”'. The cycle is
now repeated several times with decreasing values of

«6. . In fig. 3.3.(ii) the crosses represent the

initial trial lines, the circles the various lines

tried during the !'jump stages'!, and the dotted lines

-




indicate the path followed during these stages.
The necessary number of trial lines, jump stages
and their magnitude will be discussed in section 3.4

where specific consideration is given to errors.

The methbd has been applied in partiéular to
data from the Nottingham spectfograph; In this
apparatus there are two idehtical arrays of the type
discussed, symmetrically situated about the common
x-axis at the centre of an air gap magnet.  The

dimensions of the apparatus are summarised in

Table 3.3.(4i).

Number of layers per tray, N = 5
Separation of trays, D = 95.38 cm.
Internal tube diameter; A = 0.59 cm,
Horizontal separation of tube

centres, r‘ = 0.800 cm.
Vertical separation of tube .

centres, S = 1.47 cm,
Vertical length over which ,

field may be assumed constant, 1 = 16.5 cm,

TABLE  3.3.(1)

30.



Each particle trajectory is independently analysed
above and below the fleld and the angular deflection
assumed to occur at the x-axis may be deduced. The
integral part of 9?5 may be used as a check on

the initial data. If the m.p.t. does not intersect
the tube indicated, the computer prints the number of
the la&er at which the discrepancy occurred. This is
useful because errors in interpreting the photographic
records occur occasionally and knock-on electrons are
not infrequent. The computer aleo detects occurren-
ces when the m.p.t. does not satisfy the acceptanpe
conditions imposed upon it. Again a characteristic

fault number is recorded.

In this way the computer has successfully
analysed résults from.the Nottingham spectrogfaph.
The accuracy achieved surpasses that for any previous
method of analysis and will be discussed fully in
section 3.4, Approximately loolcbmplete events may

be analysed in 12 minutes.

Wolfendale (private communication) has pointed
out that a further restriction may be applied to a
traJectbfy in the particular case of a momentum
spectrograph; as a consequence of the association of

the initial and final trajectories.

3)
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If this condition is enforceq, an increase in
accuracy of the analysis might be expected. For
high momentum particles it is reasonable to assume
that multiple scattering is negligib;e and that the
angular deflection is small. For low momentum
particles, neither of these assumptions is Jjustified
and the treatment is more complicated. However,
since these particles are analysed with sufficient
aécurac& without using this further critérion, we may
consider only those particles showing small angular
deflections in the preliminary analysis. It may be

shown that the initial and final trajectories will

éoincide at : o
Ye = %72;\, Yo tans (i - V2),

where 1 is the vertical length éver which the field
may>be éssuméd constant, and fo“is the angular
deflection. Ihe angle of incidence, 1 , is restric~
ted by,thevaéceptance conditioﬁs imposed on'the_
apparatus and 1is psually small (e.g. ~ 0.1 radians
in the Noftingham spectrograph). Qc 1is very small
and will be approximately zero for high momehtum

particles.



If the preliminary 'jump analysis' indicates
a small angular deflection, the particle is subjected
to further analysis treating its two trajectories as
dependent and intersecting at the x-axis. If the

most probable initial and final trajectories are

given by
Y= a;x +bi and Y = agx +bg.

then points are defined on two arbitrary levels
(2 yh) at | S
e e (- By - M + PE,
Cand me = (o - - kE . (Fa.3.3.(i
and. 23" = (Y bf%f /~+A.,_,_'_.(W‘5v3‘__3 CV'V‘))._
Similarly poihts are defined at y = O, X3 =
'/z(b%;* “’f/af)—f“--(-.QE} in which p, k, and 1
: take integral values from O to n, E 1is a constant
;‘gpd f* ; 1:1?. ‘A’cpmp;etg triai trajectory is now
defined by‘f¥s p,k, 1 values, and the associated
probability kal.- If the angular deflection
measured in the preliminary analysis is fYﬁy then

the angular deflection of any trial 1line is'given by

Yrere = Fr o+ Ly lhpe «prk-22),



A /
"—f)""/
E- i
+Y H—— 4
p=012/g455
/
/
/
/
/
/
/
l/l -
0] +—+—t —+—+
\ X AXIS
£=012§4‘56
\
\
\
\
\
\
\
) .ll'.ln
.Y llll\l'5'
k=012 31456
\

- - -PRELIMINARY ESTIMATE

OF TRAJECTORY.

Fic. 3.3.(1V)

ILLUSTRATING

ENFORCEMENT OF
ASSOCIATION OF TWO
HALVES OF A _

TRAJECTORY




and the mean angular deflection may be defined as

o7 2 Ve Wprl
S Wpke

where the summation is over all values of p, k and

1. This may be regarded as the best estimate of the

angular deflection of the trajectory.

-The magnitude of "E 1is such that the limiting
values of ngj,éonsidered have negligible
probability of occurrencé (fig. 3.3..{v) ).

Since (~»+l)3 trajectories are tested fpr any

particle, the size of n is solely determined by the

time taken in analysis.

J.4 Errors in Analysis of Flash
Tube Data

The errdrs arising in the analysis of flash
tube data may be considered in four categories:

(1) that in obtaining the best estimate of the
actqal trajectorys ' | ‘

(2) thgf introduced as a result of the best
eétimatg not coinciding with the aetual
trajectory; ‘ |

(3) that introduced by‘ﬁﬁévdidabie défects of

the apparatus.
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(4) that introduced by errors in Peo) .
(3) and (4) will be considered in the Appendix.

Before considering the first two categories,
it is necessary to establish a reasonable criterion
for the 'best estimate;. It is assured that the
‘salient parameter is the angle ¢ which artra:jectory
makes‘with some referénée diféction.x”‘dn the

L, /5 ':bdiagram a straight line inclined at 45° to
the axes and passing through : a point (O( ,3 ) | |
(fig. 3 4, (i) ) is the locus of points representing
trajectories each with the same angle as the
particular trajectory' (a(,ﬂ). The error in‘énglef[
Sﬁamaae if the point (&, ;) with an associated
probability .Pi represgnts the actual trajectory is
5¢,, = e“/(v"_ :’J) = (otg “ﬁi)“‘. CFD"%)
Jk =9y

where (&Xo, )80) represents any estimate of the

%wtfajéétory.' The prébabilitymof occurrence df>su¢h
an errér is proportional to Pi’ and we defiﬁe the
quantity _ , o

f/.?( = Z Pi 5?;
M = Pc.

for many points (d[l )Bi). The 'best estimate! of

the direction of the trajectdry is defined such that
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/,4?{5 O ; that is, it is assumed to be the weighted
mean of all possible directions. The computér is
used to derive /K¢ based on an assumed direction

( o(o/ /50 ), and the 'best estimate' computed ast

Fo= Go+ pg

(1) Errors in deriving ¢b

it is time\conSuming and ﬁnneceésary to derive the
actual 'best ;stimate', and in practice the m.p.t. is
used as an approximation to it. Errors are introduced
in this way, and also because the true m.p.t. may.not
be found. Th%iatter is dependent on the number and
sizés of jump steps and.the number of initial trial
lines used in the analysis. This was investigated by
énalysing several trajectories using various values of
these parameters. By comparing the probability of
occurrence of,eaphAof the m.p.t.'s it was found that,
for a five~layer array, a reasonable compromise between
time of analysis and accuracy was obtained when 16 trial
lines and 3 Jjump stageé were used. The magnitude of
the successive jump steps was approximately in the

ratio 2 : 1 with the first,équal to half the distance

between two trial lines (fig. 3.3.(11) ).
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(2) Errors as a Result of the Non-coincidence of the

Actual and the 'Best Estimate of the Trajectory

These errors are inherent in all flash tube arrays,
independent of the method of analysis. From the
preceding discussion, a reasonable measure of this

error is the mean square value of 5¢ s thus

e BEEE - (ray

When the m.p.t. is used as the estimate of the
trajectory the errors due to (1) and (2) may be"
combined to give . C

2 = FPLSHT

CT}: = ¢ /.

Z P

Using information from a ten 1ayer array (table 3.3.(1) ),

about'30 particles were analysed, and mean values of
0’%:(7'6 '—tO'Z)X’O w q-eg (33 ‘_f_os)x o .

were deduced. The small différence indicates the
effect introduced by the mode of analysis as discussed
in (1).

A more direct measurement of the total error
involved in analysis was obtained by simulating the

passége through an array of a particle of.known
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trajectory, and comparing directly the known and the

measured angle. Whilst being more direct, it cannot
distinguish between inherent and analysis error, and
furthermofe is less précise. It provides, neverthe-
1ess; a reasonable cheék on the résults of the previous
method. Using 100 particles, a mean value of

0"'(-:‘= (o3 ‘10'9)X o—4 < wa§ deduced for the

same ten layer array.

In the particular case of momentum spectrographs,
the intercept method described in section 3.3 is of
some interest. The inhereht error of this method is
determined By the spreadvbf such probability versus
angular deflection curves as shown in fig. 3.3.{(v).

This may be measured in terms of an r.m.s. error

such that

oyt = Z (¥pea) Wpee — ()
:Z V\’kl=£.~ o

aﬁd haﬁ been computed fbr 12 particleé fraﬁeising the

Nottingham spectrograph giving = 0. This may

be compared with the inherent error

for the same p;rticies when analyéed not using this

refinement. These figures are obtained using an

effective PGG) for the spectrograph (section 3.5).



3.5 The Efficiency Distribution

The method of analysis described utilises the
experimentally derived function ﬂaﬂ. The nature
of the distributiph hés been investigated by Ashton
et al, (1958) in the case of tubes filled with neon
at a pressurefof O.SfAfmospheres. Using a similar
procedure the distpibutioﬁ has been determined for
the high presgpfe (2:A>atmosbheres) tubes used in

the Nottingham spectrograph.

The magnet was removed from the“épectrograph,
apd the trajectories were definéd by ten layers of
tubes, viz. two or threeflayers in each of the four
arrayse. The inte;déptsbon the remaining group of
ten layers were oﬁf;ined, and since it was known
whether the'apprﬁpriate tube flashed, the function

P(G) could bg dérived. To increase the statistical
precision, the ;vents were re-analysed using the
second grou§t§f ten layers to define the tféjectory.
In order to‘feduce errors due to scattering, trajec-
tories were-seiected which had previously .shown an
angular deflection of less than 0.0005°. The
experimental points obtained from 580 layer traversals

are shown in fig. 3.5(1).

39,
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The measured distribution is broadened by
several factors, the most important being:

(1) Variatiohs in tube diameters and random

errors in locating the tubes.

(2) Knock-on electrons.
(3) Errors in locating the trays.
(4) Errors in determining ©.

However, for the plurpose of analysis of spectrograph
data, only the effective probability distribution is
required and this is obtained from the measured
distribution corrected only for errors introduced by
(h) By a series of successive approximations, using a
knowledge of the r.m.8. error (0:032 % 0003 )
in measurementslof (24 y the small correction for (14)
was computed, and P[G)determined (fig. 3.5.(4i) ).
It is not necessary to correct for (1), (2), and (3)
becéuse these will inevitablyvbe present in any‘
measurements made by the array, and aqtuailf poﬁgribute

to the effective distribution.
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3.6 Conclusion

The computer method has several advantages,
the most important of which are the following:-
(1) The trajectory (m.p.t.) of a particle may be
computed in 0,06 minute. In a spectrograph very
high momentum particles may be automatically
reanalyséd using the intercept method with a

consequent 20% gain in accuracy.

(1i) The method objectively uses all the information
available, and its accuracy surpasses that of previous
mgthods even i1f the m.p.t. is used as an estimate.

At the expense of a further 0,25 minute a trajectory
can be analysed with negligibly small errors due to
the mode of analysis. Furthermore 1t is possible to

determine the angular error with considerable accuracy.

(i11) The method is extremely flexible, enabling any
stage of the calculation to be recorded (e.g. the
intercept of a trajectory at each level as in the

measurement of P(é}) and minor amendments and

additions to the programme may be made with ease.

The speed, accuracy, and flexibility of the
method may be used to particular advantage in array

design (Appendix). These advantages are also expected



Chapter L

Results and Conclusions
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4.1 Introduction

In this chapter an investigation will be
described to determine whether the sea level spectra
of muons at zenith angles of 0°, 30°W and 45°W in the
range 0.7 - 30 Gev/c can be explained simultaneously
by processes involving an inverse power law momentum
distribution at production, which is assumed to occur
at a single level in the atmosphere, and the retention

by the muons of the direction of the parent 7V -mesons,

The data were recorded by re-pfojecting the
photographic records on to a scale didgram of the
flash tube arrays, and noting the co-ordinates of the
tubes which had flashed. If ambiguity occurred
because of the flashing of more than one tube‘in a
layer, the event was rejected, However, many of the
events in which two adjacent tubes had flashed could
be interpreted unambiguously, and were accepted., As
the probability‘of knock-on electron or shower
production.is not momentum sensitive in the range
under investigation (Fowler and Wolfendale, (1958) ),

no bias is introduced by this arbitrary acceptance

condition. The results were analysed using the
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method described in chapter 3, trajectories showing
an intercept difference of > 10 mm. at the x-axis
being regarded as unassociated, and in all 1052,

1010 and 1033 particles were accepted at h5°W,

30°W and 0° respectively. The overall evaluation
of the muon production spectrum is thus based on the
observation of 3095 particles, which consist of at
least 99.5% muons, this being ensured by the 47.3 cm,

of lead above the lower tray of geiger counters.



L,2 Measurement of Errors due to Multiple

Scattering

The magnetic deflection, 951 sy of a particle

of momentum #>-traversing the spectrograph is given

-

by

em = 300 [T HAL (1)
5 |

and its r.m.s. projected angle of scattering <€ is

cos> = L > ke (2)
VE £ PP

where K = 22 Mev., and t is the thickness in radiation
lengths of material traversed. . The sum is takén over
the material in the trays P, Q and the geiger counters
B, C, which contributes to <85> . Thus the ratio
<Q_5>/9M is ’ ’ ' ‘ k

<95> = | Z Kt;z ,' “ (3)
Om J'z'_“3oof_bHoL€_p

which for P-)_l , l.e. P > 05 Gw/c, is a constant,

independeht of momentunm,.



The value of € @g> for the spectrograph was

calculated by integrating (2) over the range

o7 "W/c. — pve) for the sea level momentum spectrum

corrected for scattering in and out of the instrument
(see 4.3). The value obtained is <95> =
2.97 x 10"'3 radians. Combining this with the error

in deflection measurement, Cﬂy = 1l.15 x 10-3 radians

(chapter 3) gives a value o 3.18 x’l(}-3 radians

to be expected for the "no field" distribution in
angular deflection, W .  The measured distribution,
based on 214 events, is shown in figure 4.2.(41).

It is seen to be approximately.norﬁal, and has a
étandard deviation, O = (3.21 ¥ 0.27) x 1073 radians.
The good agreement with the valﬁe predicted is taken to

indicate an accurate assessment of the thickness, t, of

scattering material contributing to (95>.

Assuming this value of‘t, a value of <9s>/eM=
0.177 was calculated using equation (3). This value,
and that of Otw y was checked using the method of
Ashton (1959). The "no field" distribution in intercept
differences on the x-axis of the two halves of a
trajectory (figure L,2.(11) ) ¥s again seen to be

approximately normal, Jjustifying the following procedure.

%46,
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At any momentums

2

o,. = 2D%*<6*> + I

where O3 is the r.m.s. value of the intercept
difference, I (figure 4.2.(iii) ) due to errors of
deflection measurement and scattering, <é> is the
r.m.s. projected scattering angle in one-ﬁalf of the
spectrograph, D is the distance between the x-axis
and the centre of gravit& pf the scatteriné‘ﬁaterial
(20 cms.), and Op, 1is the r.m.s. value of I due

only to errors in deflection measurement..

From equation (3)::

€85> = Kk,  where <Os> = A/Z <O
Om oo o

2

i 8 : o
lee. oOp = Ky D"en} + og*

< 2 . ' s
A graph of O% versus Om 1is shown in

figure 4.2.(iv). The gradient gives Ki:; 0.19%0,02,

_ . S
and the intercept 0';1' = (l'34-'= 0'20)"2«;{‘ '
giving S

a-'y - \’2. o = Cl-zs =+ o.(o)x153 IPAA\:W,

H .

The agreement with theoretical calculations is good,

and the valueéww<95>/eé ,=..,_.‘.>.;'77 and O':y,

- 15 x |o"’3 radians have been employed
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throughout. Using the r.m.,s. error in deflection

measurement, therﬁ}d.m. (chapter 1) of the spectro-

graph is 28.5 Gev/c.

4.3 Calculation of the Magnetic and

Scattering Correction Factors

As with all spectrographs of the tybe used,
there is a finite probability of loss of particlgs
from the’solid angle of the instrument due to v
mulfiple’scaftering and magnetic deflection. The
basic geoméfry of the spectrograph is shown in ‘
figure 4.3.(i), the solid angle being defined by the
lengths 1indicated. Any particles falling outside
these limits were rejected in analysis. The problem
is to find the probability of acceptance of a particle
of momentum p, compafed with that for a particle of
P = 0O , Treating the scatte&iﬁg deflections in
the front and back planes as‘independenf, which is
Justified for the small angles considered, four causes

of loss of particles may occur:

by (1) Magnetic deflection in the front piane beyond o

the central 36 cm, of D

(2) Scattering in the front plane beyond the total

At «
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length of D by the lead and tray R,
assumed to be concentrated at a horizontal
line through the centre of gravity of the
lead; resulting in non-registration of

the particle by the coincidence circuit.

(3) Scattering in the front plane beyond the
central 36 cm. of D by all the material
except the lead, (i.e. A, B, C, O, P, Q)

- assumed to be concentrated at the central

line of the magnetic field.

(4) Scattering in the back plane beyond the

limits of D by all the material,

Particles may also be deflected into the solid angle

by processes like (1), (3) and (4).

The probability of acceptance as a function of
momentum was determined by computer programmes.
For the purposes of computation; lines representing
the counters B and C were divided into 50 equél parts
in the,front plane, and 25 in the back plane, Then
thenlines Joinipg each combination represeﬁt particles
with p = o0, In calculating the probability,
Po, of scattering out, only trajectories falling inside

the solid angle were considered, and assuming a ¢Co0§°O



vériation of intensity with inclination to the
ve?tical, Po was determined using the ogive to the
nofmal curve. To calculate the probability, Pr of
scéttering in, oniy those trajectories fa;ling outside

thé solid angle w9r§ considered, and F& determined
in -the same way. Tﬂe magnetiq correction factor was
caiculated by a similér process to that described above,
and’the scattering,{magnetic, and resultant correction
facfors are shoﬁnfa%ia function of momentum in .
figures h.j.(i)qu(ii) and (iii) respectively. Any
theofetical spectrﬁﬁ‘must be multiplied by the

resultant correction factor before comparison with

the experimental results.

L,4, Derivation of Comparison Spectra

Following the method of Moroney and Parry (1954),
theoretical deflection spectra were calculated for
muons arriving at zenith angleg of 30° and 45°, The
survival probability, ‘

(x , | % ax
w(Xo, pp, 8) = Locp { — =)
) TeclJo Pplx)

;eprésents the pfobability that a muon will survive

to sea level with a momentum Po at a zenith angle ©
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after. production at a distance xo cm, from sea level,

measured along its path. p(x) represents the

momentum in ,&c a distance x cm. along the path,

T 1is the proper mean life of the muon (2.25 x 10-6sec.)

and /4,

In the evaluation of the survival probabilities,

its rest mass (207 electron masses).

the variation of pressure with height was assumed to
be that for the International Standard Atmosphere
(Admiralty Weather Manual, 1953, P.145), additional
high altitude data being taken from Spencer and Dow
(1954). The rate of energy loss in the atmosphere
was assumed to be 2.2 Mev per gm/cmz, which is a good
approximation in the range 3 -~ 40 Gev/c, and the
integral (1) was evaluated graphically for 7 values of
po between 047 and hd Gev/c. In this way a set of
curves representing the yariation of survival proba-

bility with production depth was constructed,

As a first approximation, the muon momentum

distribution at production given by Mdroney and Parry

was assumed, i.et

N(p) dp = K pPonp (-7 /ia5).

where K is a constant, and r is the depth in gm, cm'z.




52

from the top of the atmosphere measured along the

path. This assumes that muon production varies with

depth in a similar way to the absorption of the

primary protons. Then the sea level spectra were

evaluated by integrating numerically through the
atmosphere the product of survival probability and
production spectrum, The resulting spectra were

converted into deflection distributions, and

normalised to a total of 1,000 particles in the range

0.7 Gev/c =— ©0 |,

To determine whether there is a significant
difference between the above process of extended muon
production, and a simpler process involving production

at v = 100 gnm. cm-z., sea level spectra were evaluated

on the second assumption, using a momentum distribution

at production of the form:
= kp-3
N(p)dp = P

| These spectra were normalised as before, and the sea
level deflection distributiqns at zenith angles of

30° and 45° are compared in figures L,4h,(1i) and
hoh,(41). It is apparent that there is good agreement.

between the distributions calculated assuming either




(,oLx sNviavy) We

98¢ y8E 882 261 96 o,
ot
oz

-
]
(]
—0¢€
ov
NOILDNAO¥d QWOQL - — ——
NOILONQO¥d a3aN3LX3 0s
. €= ININOJd X3
WNE103dS NOILONaodd ¥04
HOE1Iv _VEIJ33dS NOILD37d3d 09
VOILIYOIHL JO NOSIHVIWNO D
(V) v-o1d
oL

IVAY3LNI 521000 d3d
S3TO1ldvd 40 338NN



S\
~ {,0Lx SNvIavy)'e | .
o8y 141 882 261 96 0

—0€
T [0 4
]
|
NOILDNQO¥dd qw O0L-— -— !
205
NOILDONA O¥d 4Q3AN3ILX3
"€ =ININOJdX3
WNHLID3dS NOILDONQgOodd dO4 <109
Sv IV Vald>34s NOILD3143d -
IV OIL3803HL 30 NOSTAVAWOD ;
W) v ¥ Ol s (oY
]

LY i

TVAYI1INI 52100-0 ¥3d
$310il¥Vd 40 ¥3gawnN -OFf




53,

production process. It is also known that the

distribution for muons arriving vertically is
adequately explained by production at a single level
in the momentum range considered (Janossy and Wilson
(1946) ), and as the assumption of this process
considerably simplifies the calculation of theoretical
deflection distributions for comparison with

experimental results, it was employed throughout the

following work.

Deflection distributions at zenith angles of 0°,
30o and h5° were calculated for muon production

spectfum exponents, "1 sy in range 2,5 - 3,3, These
were multiplied by the overall correction factor

(fig. 4.3.(iii) ); broadened in the usual way for the
known errors in deflection méasurement, including those

due to scattering, and compared with the experimental

measurements using the xz. test (fig. 4.5.(1) ).
In tables 4.4,(1), (ii) and (iii) the theoretical and

experimental results are compared, for the relevant

2
"best-fit" value of JX° . In addition, at 0%, the

experimental results are compared with those of Owen

and Wilson (1955), which are now regarded as standard

in the range 1 - 20 Gev/c. The associated value of

x,' would be

e ——— e



0°, 2,88
Deflection Expected
Interval Momentum -
(Radians Interval Ob- Owen ~t
x 104) (Gev/c.) served and
Wilson = 2,88
O - 12 27.25 ~ ©o 4457 4347 40-565
12 - 48 6.81 = 27.25 207.6 228.,0 226.3
48 - 8k 3.89 - 6.81 | 159.3 |158.8 | 158.9
84 - 120 2,725 - 3.89 129.1 125.9 113,1
120 - 156 2.1 - 2,725 101.0 99.72 105.1
156 -~ 204 1.6 - 2,1 101.7 104.0 98.29
204 - 288 1.14 - 1.6 115.1 125.5 118,.9
288 - 432 0.76 = 1.14 97.22 |105.37 96.01

Table 4.4,(4)

T VS P v o



*30°, Y = 3.03

Deflection - Momentum
Interval 4 Interval Observed Expected
(Radians x 107) (Gev/c.)

0 12 27.25 - oo 34.73 32,01
12 48 6.81 - 27,25 252,0 2L6,0
48 96 3.41 - 6.81 222,0 225.6
96 - 132 2,48 - 3,41 73.6 79.81

132 - 168 1.95 - 2,48 91.66 94,31
168 204 1.60 - 1.95 61.91 69.34
204 - 276 i;ls - 1,60 95.61 87.90
324 - L68 0.70 - 1.01 79.33 73.16

Table 4.4,(id)

<5,

It will be noted that in the evaluation of X% for the
30° spectrum, a deflection group making an abnormal

contribution to
statistically Justified by the procedure adopted by

Davis and Nelson (1937), and Wilson (1952),

X* has not been considered.

This 1is



4s®, Y = 2.75

Deflection Momentum
Interval Interval Observed Expected
(Radians x 10") (Gevie.) '
0 - 12 27.25 - ©0 49,41 60.32
12 - 48 6.81 - 27,25 238.9 263.2
84 - 120 2,725 - 3.89 140.1 136.4
120 - 156 2.1 =~ 2.725 119.5 124.6
156 - 204 1.6 - 2.1 75.93 85.93
204 - 288 1.14 - 1.6 68.09 71.97
288 - 432 0.76 - 1.14 81.73 89.16

Table 4,4, (4ii1i)

exceeded for 54% of random samples of 1,000 events drawn

from the Owen and Wilson distribution.

This 1s taken

to indicate good agreement between the Present results

and the standard vertical spectrum.

- 56,
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4,5 Discussion, and Comparison with

Other Work

The "best fit" momentum spectrum of muons at sea
level in the vertical direction is given in fig. 4.5.(ij)a
where it is compared with that of Owen and Wilson and

Caro et al., and in fig. 4.5.(4il). the vertical and

inclined spectra are given; the 300 spectrum being

compared with that of Moroney and Parry obtained using

the same spectrograph as Caro et al. It is seen that

the divergences between the present results and those
of Moroney and Parry are similar to those between the

Owen and Wilson spectrum and that of Caro et al., which

is too high at low momenta, and low at momenta above

approximately 6 Gev/c. Doubt has been expressed, in

particular by Pine et al. (1960), on the accuracy of

the Caro et al. spectrum, and it is not unreasonable to

expect that the spectra at various zenith angles aré
also liable to error, A possi%le cause of this. error
lies in the corrections applied for magnetic ?ut—off
and scattering out at low momenta. It may be noted
that the most frequently used normalisatioﬁ point at
1 Gev/c lies in the region where errors in the correc-

tions would be important, and where statistical
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accuracy is relatively poor. These effects are more
important when the best line is drawn through a set of
points than when the significance of the agreement

between theoretical and experimental distributions is

tested statistically.

_ No significant tendency has been found for an
increased intensity at low momenta at 30° and 45° due
to multiple scattering in the atmosphere (tables

L,4,(1), (ii) and (1ii) ). This effect would be

expected on the theoretical predictions of Maeda (1960).
It should be noted that Moroney and Parry, assuming a

mﬁon production spectrum of exponent - 3,0, indicated

that scattering would provide the 50% correction necessary
to account for their results at 600, whereas Maeda also

finds agreement using Sands' production spectrum of

exponent - 3.58. Sands' spectrum predicts sea level

intensities at 30° and 60° some 25% and 40% lower

respectively than those predicted at 1 Gev/c by that of
exponent - 3.0,

Values of "n" have been calculated from the "best

£itn spectra assuming the relation



6o.

N :
given by Budini and Moliere (1952), where Io is the
P

intensity of muons with momentum p in the vertical

direction, and I0 is the intensity at a zenith

p
The theoretical curve of Budini and Moli;re

angle 0.
is compared with the experimental results of Moroney

and Parry and those of the present work in fig, 4-5-(111)0».
The good agreement justifies the assumption by Cousins

et al., (1957) of the validity of the theoretical

curve in their calculation of the variation of "n"

with momentum for muons underground.

The overall ratio of poaiti#e to negative
particles at the various zenith angles are given in
table 4.5.(1), where they are compared with the values

obtained by Owen and Wilson and Moroney and Parry in

the range 0.7 - 30 Gev/c

Present Moroney and Owen
results Parry and Wilson
0° 1.33 ¥ 0.10 | 1.29 % 0,04 1.32 ¥ 0.01
30° 1.16 ¥ 0.11 1.36 X 0.05
45° 1.29 ¥ o0.10
Table %.5.(1)
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‘The errors quoted in the present results are root
mean square values, and the agreement with other work
is seen to be reasonable taking into account the

limited statistical precision of the present results,

4.6 Conclusions

The conclusions of this investigation may be

summarised as follows:

(1) The measured momentum spectrum of muons in the

vertical direction agrees with that of Owen and Wilson,

and disagrees with that of Caro et al.

(2) The same form of discrepancy as in (1) occurs

between the measured spectrum at 30°W and that of
Moroney and Parry.

(3) Good agreement with the theoretical curve for the

variation of "n" with momentum is obtained using the

present results.

*

(4) The sea level spectra at 0°, 30°, 45° may be
simultaneously accounted for by assuming either single
level or extended production of the muons, with a power

law distribution in momentum at production of exponent

b 20940

6l
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(5) No evidence has been found for an increase in

intensity at low momenta due to multiple scattering

in the atmosphere. Some doubt must be cast therefore

on the calculations'by Maeda of the effect of the

scattering of muons in traversing the atmosphere.

Further evidence is required regarding (4) and
(5); and this would be provided by spectrum measure-

ments of high statistical precision at zenith angles

of greater than 600, and in particular in the

horizontal direction.
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Appendix

The Design of Flash Tube Arrayvs




é8

A.1. Introduction

The computer method of analysis has made possible
a more complete investigation than pre#iously contem;
‘Plated of the design consideration of flash tube |
‘arrays for use in location of particle trajectories,
CIn this Appendix results will be presented giving the
‘effects of various parameters (e.g. gas presSﬁre, tube

size and separation, and errors in tube location) on

the error in angular measurement.

_’ In the investigation, two arrays (table A.1.(1) )
were used, each of the parameters of which could be

varied independently. A computer programme simulated

the passage of a particle of accurately known traJectory
through the arrays, providing data (i.e. flashes and

blanks) which would have been obtained in practice for

any combination of these parameters. The data was then

analysed using the method of analyéis described in

chapter 3. ~This method is similarly fléxible, in that
it”may'use any combination of the parameters. A check
on the computer analysis was provided by using a simple
approximation to P(0). This gives a quick and

convenient means of obtaining the error in angular

measurement. Absolute values obtained in this way



are liable to some systematic error, but relative

values are more accurate,

r 3.

The notation used throughout is as for chapte
Spacing between layers (S) = 0,63
Distance between the 'centre of

gravity! of the trays (D) = 84,3
Tube Diameter ( A ) = 0,59
Distance between tube centres ( [ ) = 0,843

= 5

Number of Layers (N)

P(0) assumed for high pressure tubes of 0.59 cms,
diameter, unaffected by variations in tube

diameter and location.

cms,

cms,

cms,

cms,

Table A.1.(i) Parameters of Random Arrays

A.2 Design of Flash Tube Arrays

(1) Note on Scaling

When comparing O aﬁd o= for t
p p; | A WO arrays

Alvand A2 of different dimepsions, the following

procedure has been used throughout. The value of

'O};‘ comparable with a-¢z . iss
: ’

O?m = Cﬂd"' f’:D‘
where . 2 .

£ = Tay/p




This is only true for A, = A, , or constant A/p

for 100% efficient tubes.

(2) High and Low Pressure Tubes

The 100% internal efficiency condition considera-
bly simplified previous methods of analysis and
consequently high pressure tubes are used at present
J However, the computer uses the actual distribution
P(0) and the possibility of utilising the more easily
.manufactured low pressure tubes étil; exists, An

investigation of both types of tubes was made for

= 5 to N = 10; the results are plotted in Figure

LAG2.(1). E Unfortunately, it is apparent that low

préssure tubes are at a disadvantage.

(3) Spacing between Layers (S)

The éffect of varying the spacing between layers

‘has been investigated with the negative results

indicated in the Table A.2,.(4i) .

'S cm, 0.63 1.26 1.90

0;3 . 7.8 + 0,3 7.8: 0.3 ]|8.0 % o0.3

(radians x10%)

Table A.2.(4)
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(4) Number of Layers (N)

Figure A,2.(i) shows the measured variation of

a‘¢ and O, with N. Although the theoretical

derivation of this dependence has not been rigorously

performed, approximate calculations based on a 100%

tube efficiency and the assumption that A»qq = %,
suggest that CG; is more strongly dependent on N
than the experimental results indicate. An indepen-
dent check of these results was therefore sought

especially as it would contribute a convincing veri-

fication of the computer method of analysis,

If a 100% tube efficiency may be assumed, and
since C§3 ie independent of the spacing between

layers within a tray, we may consider the tube eiges

ag if they existed only at a single level, Since

the direction of the trajectory is approximately
defined using both trays, the tube edges within either

tray form a repetitive pattern of width [ |, each

containing N pairs of tube edges, The distance

between any adjacent tube edges is termed a 'corridor!?,
The information provided by the flashed and unflashed
tubes will indicate the corridor through which the

particle passed,and the width of the corridor the

e e i B et
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“uncertainty of location of the particle at that level.
'A spectrum of corridor widths, F(/L ) for all
allowable positions and angles of incidence exists,
ahd‘this may be determined eﬁpirically. Since the
probability of a particle traversing a corridor is

proportional to /L s @& value for the weighted mean

corridor width i; can be computed. On the assumption

that the mean uncertainty occurs at both the measurirng
levels, an expression for the r.,m.s. angular error

can be obtained, and is plotted in figure A.2.(ii) as

a function of N.

Since this curve is only applicable to tubes
having 100% internal efficiency, some means is required
of deducing the effect of using a practical tube. If

it may be assumed that
a) the simplified P(0) distribution of figure

A,2.(iii) may be used;

b) the corridor width is defined by only two

tube edges; and

c) the weighted mean corridor width }Z occurs

at both levels;

then the probability of a particle traversing any

portion_of;{/ is not constant as with 100% efficient

tubes, but is unity over the central portion of
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1ength.(‘;2 - b ) and falls to zero outside the

boundaries suggested by the tube edges. The
consequence of using practical tubes is then to
"smudge' the clearly defined corridor boundaries

of 100% efficient tubes. The effect is to modify

.the angular error versus probability curve from a
triangle to a broadened distribution the nature of
-which is determined by the value of b ih figuﬁe R

Estimates of b were made, and Q;

A.2.(4i41).
deduced as a function of N for high pressure tubes.

‘and for a ten layer low pressure tube arrangement .
(figure A.2.(ii).

! This simplified ahd approximate analfgié éan
beiexpected to be unreliable when b o ;3&‘ ‘
;fﬁat is for high valuesvof N, or for the large values
of b encountered with 16w bPressure tubes, In
figure A.2.(iv) the expected angular error versus
probability curves are comﬁafg@ for

a) 100% efficient tubes (dashed line)
b) for practical tubes using the simplified
analysis (full line)

c) for practical tubes using the computer

analysis (points).
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The good agreement between (b) and (c), together
with that between the values of 0?5 for both low
and high pressure tubes at various values of N,

afford a convincing check on the validity of fhe’

computer results.

(5) Tube Diameter Variations, and Random Errors in

Tube Location

Random errors in the location of the tubes and
variations in their diameters are inevitable in

practical arrays. Their effects are identical ahd

'74:

may be investigated in three equivalant ways. PFirstly,

the assumed efficiency function P(©) may be corrected
for these effects, the result being an effective
distribution P/(O) which may be used in analysis in
the ordinary manner, Secondly, an appr9ximate value
of b may be deduced from the function P/(O) and the
consequent increase in C%B found. Thirdly, in the
analysis of an event using P(0), the values of E; may
be changed by small random amounts $ Ei which form a
random sample from a normal distribution of standard
deviation V cms. By comparing the m.p.t. (of angle
oly ) of such an analysis with that (of éngle < )

using the actual Ei values, an estimate of the effect



7s .

may be made. Figure A.2.(v) shows a graph of

o, = ;J-;\." Z (Ly —xX)* -[‘K"Z(’(v‘d?a'as a function

of Vv, (n is the number of trajectories analysed).

The dotted line is the fesuif ofAthé sééond method of
apalysis; andialfhough thié musf'hécessarily.bé‘less
accurate'and less reliable, it provides:avuseful
check on the fesults ﬁéing the third method. The
first method, although direct and the most reliable,
is not convenient to use in practice; however, it

has been used for V = 0.045 cms., the result being

shown in the figure,

-Sincé the effect of random variations is to
broaden the distribution (that is, te increase the
value of b ) and since the effects of a finite b
value are greater for higher values of N, it would
be expectéd that an increased number of layers would
accentuate Cﬁ, . Whilst this is true the effect
;is‘very small and, using the second method, it is
,found that the Cﬁ; against V curve for a 16 layer
array does not differ appreciably from that for a 10
layer arrangement. It may be noticed that the
absolute value ofhthe corridor widéh is of only

sedondary'importance in this investigation, and tﬁat
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the 'smudging' effect has the primary influence on
the curve of figure A.2.(v)f The agreement

between the modes of analyéis provides support for
the approximate manner in'which practical tubes have

been treated using the corridor width approach,.

(6) Tube Diameters

The effect of varying tube diameters is complica-
ted by the lack of precise empirical knowledge of P(©).
However, Lloyd (1960, and private communication) has
deduced tentative theoretical data which has permitted
an investigation sufficient to indicate the general
efféct of using different tubes, This data has been
used to predict an absolute efficiency (1) of 80%

for tubes of 0.53 cms. diameter, compared with a

measured value of 79 = 2%.

Probability‘distributions were evaluatéd‘for
various vélues of A between -O.4 and 0.7 cms., and
eétimates of ’b made., If'AVb is kept constant,
maintaining the same separatioh of the trays (D),
&alues of 0;' as a function of A may be obtained,.
and are shown in table A.2.(ii). . The results inéicate

a definite minimum value of tube diameter below which
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the natural reduction of the error because of the
reduced scale 1s rapidly swamped by the increase in

error due to the low efficiency of the small tubés.

If the number of layers in an array is not
important, it is possible to obtain greater éccuracy
by increasing the tube diameter, and having more
layers without increasingthe labour of manufacture.
The value of 0';,' (N:S/ A) for tubes of diameter A in
an array with N = 5 may be compared with 0;,' (N/ A=O—6)
for 0.6 cms. diameter tubes with a value of N such

that the total number of tubes is the same in both

cases. The ratio Ip = O (N/A:o.é)/O"d (N=5, 5)

is tabulated in table A.2.(ii). The results
indicate a minimum value of Cﬁ% y» roughly
constant for a relatively wide range of tubes, If

AS- is decreased, the low efficiency of the tubes
rapidly increases the error. For large ZS ’
changes in diameter have little effect on P(6), but
the scaling effect is slightly greater than that due
tobincreasing'the number of layers, causing a slow

increase in the error,



& Efficiency C4 radians (;: 101‘) IA
Crmo M (%)

0.7 91 8.6 1.06
0.65 90 8.0 1.01
0.6 88 7.6 1
0.55 84,5 7.k 1.00
0.5 80 7.5 1.05
0.45 67 9.3 1.55
0.4 4o

Table A,2,(41i)

(7) Spacing between Tubes

An investigation of O as a function of n

may be accomplished in either of two ways,

Firstly,

the compﬁter analysls may be used with different

values of r‘

s or secondly, the effect on the mean

78 .
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corridor width, iz,, of varying Ay% may be investiga-
ted, and the results suitably scaled. The former is

much longer and has been used only as a check on the

results obtained by investigating /Mz

The effect of variations in A/rl on F'has been
found empirically by a computer programme, and the
circled points in figure A.2.(wvi) were thus obtained
for N = 5, 7, and 9 for a fixed r‘ = 1 and wvariable

A *. Other points were obtained manually in a few
cases (crosses). A complete theoretical analysis of
the corridor width as a function of N and r‘ is not
available. However, points at A = 5[ and

‘[&7%> ¥ are easily derived, and are marked as
squares in figure A.2.(vi). Considering n tube
edges randomly distributed in a length L, the
probability F(fL) of a distance /4 occurring between
adjacent tube edges is given by

FR)ap = A (o py2

where A is a normalisation constant. Since the
probability of a particle traversing a corridor width

/A is proportional to /u., the weighted mean corridor

The tubes are assumed to be 100% efficient at this
stage of the analysis. _



0:30

0-25

020

0-15

0101

72

FIG.A.2.(Vi)

71/r_ VS A/P

© EMPIRICAL METHOD
-COMPUTER,

® EMPIRICAL METHOD

0 THEORETICAL POINTS.

-——-FOR INDEPENDENT
TUBE EDGES.

00




8o.

width /LL is given by

— (-
"oe JopClop

)™

e
TR e

in the particular case of A > [, n=N;

L = [, and Fu = 21/, + Further, if
| A = I"/z_ , then L. = /o ; n' = N, and
f: = [3/r4.+| . The thted”iinesﬂin-x~ 

"figure A.2.(¥1) are obtained assuming that all the
tube ‘edges are independent (i.e. L = r‘; n = 2N).

" Such an assumption cannot be true as A > [V, aﬁd
it may be expected that iz would increase«répidly
as the gap width approached, and became smaller’than,

fb . Such an effect is to be‘seén in

figure A.2.(vi).

}1 (p) may be deduced as’;'function of [ for
constant A , and the 66fresponding values of O}g(r)
may be computgd.‘vsThese:are shown in figure A.2.(vii)
in the form of the ratio ‘:"Q‘C!’)/a_'d”.,_:a.g‘"_9
for N = 5 and 9, together with points obtaiﬁed directly

. from the computer>ana1ysis_for N = 5,

It is possible that for the same total number of
tubes, 0;5 is a function of N, This condition implies

that hﬂﬁn is constant, and Cng has been evaluated
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for three values of N/r\ and N, The results are

shown in figure A.2.(viii)relative to Og(N=5 ['= 0-843)

(8) Staggering of tube layers

The value of Gy for the random arrays
(table A.1.(i) ) has been compared with that for the
Durham, (Wolfendale, private communication) anqthe
Nottingham array. Both of these were &esigned to
give constant <7¥ as a function of anéle of inci@ence;
over a limited range of angle. Thé‘doﬁparable éﬁerage
values of CT¢ » suitably scaled, are given in
tabie'A.Z.(iii). The aéreement is seen to be good.
As ; measure..of the variation of Cﬁ¢ with angle, the

standard deviation about thgﬁean. C§5 has been

compared for the random arrays and the Nottingham array..

The results‘indicate very similar variations with
angle. In table A.2.(iv) the values of 0’,}, for the
Notfingham spectrograph are given as a function of
angle of incidence. Tﬁe Variations are |

small, indicating that fluctuations in Oy are

smoothed out by the use of two arrays.
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oy (radian% x 10“)

Random 7.64 ¥ 0,15 |  6.05 * 0.16
arrays
Nottingham Durham
7.95 * 0.17 6.14 * 0,22

Table A.2.(dii)

hAngle of | 0 - | 0.02-] 0.03-| 0.05-] 0.07d o0.08-

Tncidence
. 0.0 0.0 .0 0. .
(rads.) 0.02 3 5 0,07 98 0.09

g
(radiags 1.13] 1.14 | 1,318 | 1,15 1.17] 1.24
x 107)

Table A.2.(iv)

4

The conclusions to be drawn are limited. The
criterion foy%ubes of small dimensions or low pressure
is more likely to be that there shall be a high
probability that at least one tube should flash for

particles incident at any angle. This 1s not

t2



necessarily compatible with a constant a;‘ as a
function of angle. Also it may not be possible to
design an array for constant ng over a wide range of
incident angle. In view of the smobthing effect
described above, oné may tentatively conclude that

there is no significant difference between random and

designed arrays.

(9) Errors in PLQ)

An effect of errors iﬁ.P(O) is to produce an error
in the estimate of a"',,' . The magnitude of this error
has been estimated using the smudge effect, described
in section (4). Assuming a tube of diameter 0.59 cms.

. for which:b = 0,1 cm., the percentage errors in
occurring if various values of B are used are

summarised in table A.2.(v), as a function of N.



N
> 5 7 9
cm,
.0k 6% 15% - 19%
.06 5% 12% - 15%
.08 3% 6% - 9%
.12 L% 8.5% + 11%
J14 8.5% 15%
.16 17%
19" 22%

b = 0,19 em. for low pressure tubes

Table A.2.(v)

84,

B et e i e e



A.3 Conclusions

The conclusions may be summarised as followss-

1) For a random array of more than five layers the
decrease in the error of angular measurement, Cﬁk '
obtained by using high pressure (2.4 atm.) tubes

rather than low pressure (1 atm.) tubes of 0.59 cm.

diameter, is 25%.

2) Using high pressure tubes, O"¢ does not
decrease with increasing N as rapidly as would be

expected for 100% efficient tubes.

3) No advantage can be obtained by increasing the

vertical separation between the layers in a tray.

4) For the Nottingham Spectrograph, the contribution
to d"¢ made by the random errors in tube diameter, and

errors in location (0.045 cm.) ig only 12%

5) For a given number of tubes, there is a wide
range of tube diameters giving a nearly constant value
of d‘,{ , providing the other parameters are

correctly chosen, as indicated in table A.2.(ii).



6) For a fixed number of tubes of given diameter,

the parameters are best chosen to work where the

ratio of the mean corridor width to tube separation
(';5/p) is not increasing rapidly with the ratio of

tube diameter to separation (1547) .

7) For a 5 layer array, 0§5 , assuming 100%
efficient tubes is 10% lower than for practicai

tubes. For an 8 layér on the other hand, the chaﬁge
is 33%. The result of this is that previous workers
who héve assumed 100% efficient tubes have overestima-
ted the m.d.m. of their spectrographs. For example,
the Durham instrument (Ashton 1960, and Wolfendale,
private communication) whose m.d.m. assuming perfect
tubes is 709 I 30 Gev/c (in agreement with the figure
of 680 t.lho Gev/c estimated by Ashton et al.), has

an m.d.m. of 460 I 16 Gev/c assuming perfectly located
practical tubes of known constant diameter, Using an
r.m.s. error in tube location and fube diameter of

0.02 cm. (which is a lower limit), the m.d.m. is

410 Gev/c.



