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i.

ABSTRACT

The characteristics of a large-area liquid scintilla-
tion counter are investigated énd the uniformity of response
of the counter over its area is measured and compared with
‘theory. Using a paraffin phosphor the uniformity is +8%
whgn.tbe scintillation light is collected by total internal
reflection_and +4% when the bottom face of the cdunter is
covered ﬁith a diffusing surface. |

The response of the paraffin phosphor is found to be
increased by a factor of 4 by the addition of 10% shellsol 4,
which makes the response comparablé with that of plastic
NE 102.

The large area scintillation counter is used in an
. energy loss experimént with a horizontal cosmic ray spectro-
graph as a "source" of relativistic muons. The results are
consistent with conventionally accepted theory to the highest
momenta investigated. No evidence is found for a decrease
in ionisation loss of high energy muons (momenta » 10>GeV/c)

as recently predicted by Tsytovich.



ii.
PREFACE

This_thesis describes the work done _by the author in
the .Gos'mic Radiation Group of the Physics .Department of
Durham University, under ths supervision of Dr. F. Ashton.

. 411 the work described in this_. th_gsis was done by the
author with the ex'céption of the a_.naiysis of muon momenta
in the energy loss experiment which was supplied by
Mr. P.K. McKeouwn.



1.
CHAPTER 1

INTRODUCTION

1.1 Previous investigations of ionisation loss

_- The 'f:_Lrst theoretical treatment of the mechanism by
which a fast charged part;cle 1eses energy in traversing
matter was due to Bohr (1913, 1915) who assumed that the
particle interacted with bound atomic eiectrons which had
various oscillation frequencies. For energy transfers less
than T Bohr f_ound the rate of energy loss, 4k , to be

dx
given by the expression,

2,2
dE 2cmec 22 2m e p T_(l 123)2 £ o
ax o0 [' 2)12(2)4 2,2 )-"1’5 ] +ee (1)

"where c¢ is the velocity of the incident particle of charge
ze; m,, the mass of the electron; 1(Z), the mean ionisation
potential of the absorber of atomic number Zje<, the fine

2 \2°

e

structure constant and € =TIN ﬁ(;:z) ; the other symbols
e .

have their usual meanmg. For non-relativistic particles

of mass much greater than that of the electron,

.-"(max‘Zm,Fc..

The predlcted variation of %E with_# was verified by

Bragg (1912) who measured in a thin ionisation chamber the
1onisation produced by polonium °\partic1es as a function

of the distance of the g{ha_;gjngse@%from the source.
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2.

A precise quantitative check of eguation (1) may be

made by calculating the mange, R of a particle using the

0.
‘R = v{_

and comparing it with the experimental value.

relationship,
dE

£l&

' « particles are not the mqst;suitable parﬁicles by
which to test the equation sincq glosg to the end of their
range they may pick up electrons and spend part of their
time as neutral atoms or singly charged‘ions._ Accordingly,
it is better to compare the difference in range of
particles of known initial velocity. ”Résglts of such a
comparison have been given py_Williams El9h5) and are

shown in table 1l.1. It is seen that the Bohr theory is

inadequate. _
C Initial & Observed .
Particle Gas Final distance Bohr Bethe
' - Traversed velocity travelled theory ‘theory
cms.,
< H,  2.054-1.709  19.0 16.3  18.9
P H, 5.11-0 0,76 0.52  0.77

Table 1.1 Comparison of Range Results

| - The introduction of quantum mechaniecs made it clear
that it is not possible to describe the collision between

an « particle and the bound electrons in terms of well
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defined classical orbits unless the impact parameter, b
and the momentum of the incidept paryicle, p satisfy the
inequality h/p & b. Bethe (1930, 1932) made a precise
relativistic éuantum mechanical calculation and obtained

the aquation (2).

- 2 2.2 |
g _ 2 8° Un(M 2] @
X #2 (1-p212(2’

This expression gives gdod agfeement with experimept as may
f; seen frbm tab;e, 1.1.
’ _Thé Bethe equation predicts a logarithmic increase of

%E‘T. yith energy, E of the incidenf particle, but Swann
(1938) pointed out- that the increase would be teduced by

the polarization of the medium. Fermi (1940) made a quan-
titative calculation of the magpitude:of the effect and
found that the-increase was so reduced By the polarization
at high energies as to produce a platéaﬁ in the energy

loss curve. Fermi assumed the electrons.of thg absorber had
only one dispersion freéuency. Sternheimer (1956) found
the error introduced by this assumption was only a few per
cent in the regidn of the minimum and zero in the high
energy limit. ' |

For the infrequent large energy transfers that the

incident partic;e makeS'with the elgctrons of the medium
the spin of the incident particle is important (see Rossi
i§52)). The averagé jonisation loss of a particle is thus



'given by:-
dE , 4B |
dx<rL dx >T-

Experiments in which the rgnge of a particle is
me#sured relate to the average rate of ionisation loss as
discussed above. However, eiperiments with a thin absorber
' reléte to the most probable energy loss of the particle.
On traversing a thin absorber such_aé a scintillation or
proportional pounter.the major_contribution to the energy
loss is ‘due to energy transfers close to the ionisation
potential of the absorber. As'these are finite in number
- the energy loss is subjegt to statistical fluctuations;
the distribution in energy_loss has been calculated by
Landau (1944) énd_Symon (1948). _.'

Most recent_éxperimehts relating to the predicted
averége and most probable lonisation loés show no evidence
for_a significant divergence from theor}. However, Zhdanov
et al. (1963) and Alekseeva et al. (1963) have recently
found a significant discrepancy with the accepted theory
which takesithe form of a decrease in the grain density in
emalsion for iﬁcfeasing momentum of electrons (values of
¥ >160). The éffective ghergy loss in such experiments
refers fé enérgy transfers {20 keV. The experimental work
is supported .by the theory of Tsytovich (1962(a) and ﬂb))

who attributes the decrease td radiative corrections which



were not considered in the earlier theories. _

One of the experiments descripedvin_this thesis has
lbeen unde:taken to see if a decrease in the ionisation
‘can be observed for muons ( Y >100) traversing a liquid
: scintillatoro: '

1. 2 Liguid Sc1nt111ators

Sclntlllation counters are now a ageful technlque
because of the availability of_efficient photomultipliers
and the recent development of cheap lidgid phosphors. The
Scintillator adopted was of the type developed hy Barton
1et al. (1962) containing a phosphor w1th paraffin as solvent.
This phosphor is not as efficient as other standard liquid
| phosphors and so_methods of increasing its efficiency were

'investigated°



CHAPTER 2

PHOTOMULTIPLIER CHARACTERISTICS

2.1 Introduction .

. Before embarking on the main experiment some character-

- istics of the photomultipliers to be used were examined, the

most.;mportant-being the gain (andfﬁ?fdependence on the
voltage) and the response of the pho#omultiplier to differ-
ent amounts of_incident 1ight.' $he phqﬁpmultiplier was an
E.M. T, number 9583B, a five-inch diameter tube with a glass
window, ca‘é¢sium-antimony-oxygen photocathode and venetian
blind dynodes.

B The experimenps carried out with this photomultiplier
will be divided into three sections depending on the type

of light used.

2.2.Excitatign by scintillation 1igg§_

The first source of light has the scintillation of the
liquid phosphor eicited using cosmid rays. The phosphor was
that §hosen for the main experiment described in Chapter 3.
It was contained in a perépgx box, (a cube of side 15 cms)
with the photomultiplier looking at one side and a mirror
on the opposite side. Optical contact between the cube box
and the photomultiplier was achieved by*using a transparent

grease. The system was enclosed in a light-tight metal box
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with an inner casing of hardboard which was painted white.
This counter will be referred to as the cube counter.

00§mic rays were selected by the coincidence of two
plastic scintillation counters, one placed above and the other
below the cube counter. The plastic phosphor (Nuclear
Enterprises NE102) was viewed by a one inch diameter photo-
multiplier, E.M.I. type 95248, The cube counter and the
cosmic/ggg;pfance system are shown in Fié. 2.1,

The dynode resistor chain is spownhin_fig.'2?2(a).
The_negative pulses from the anode were{amplified, passed
'thfough a discriminator to cut out the noise, and then into
a coincidence unit. The head unit is shown in fig. 2.3.

The raté-of particles in_thg vertical.direction at
sea level is approximately 0.5 sterad_} em 2 min . There-
- for the rate thrbugh'the tblescopef;:scounte;, area 20 x 15
cm2'and distance apart of couhters HO‘c;s, 118 approximately
36?min'1. |

The rate of counts 6btained expgrimentally was
16.0 min~1, lower than expected because in discriminating
~against the noise pulses due to real particles were also
rejected. As a further check against spurious coinc;dénces
the cognfers were displaced in the horizontal plane; at a

distance apart of 45 cms the rate was 1.2 min'1 and at 156 cms

1 count was obtained in 1 hour.
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?he output from the coingi@encg girquit could then
either trigger a cathode ray oscilloscope so that the
'pulses from the'cube counter gquld_be viewed directly, &
_phbtographed, or gate a multi-chapnellpulse height analyser
and-the.distributiqn of thé pulses pgco;ded. The aim of
the experiments was fo obtain a pulse héight distribution
for the counter and find how the width and height depended
on the dynode voltages. '. |
(1) Thg_varigtibnngf tge_most'grgbab;e"pglge height of the

distribution with high tension voltage

_The dyno@e resistor chain_used is éhown in fig. 2.2(e).
A tigher resistance between the cathode and the focussing
electrode was chosen for the efficient functioning of the
9olledting system,investigated in a later experiment,and
.fof.the same reason the resistances at the top of the
chainlwere_increased and decoupled to earth to redﬁce any
feedback effects whieh could affect the performance of the
photomultiplier. . N

The distributions of 3 photomultipliers (4, B & C)
were thaihed for different voltages. When the photomulti-
piieré were changed care was taken to ensure tﬁat the
.bosition of the photomultiplier relative to the cube and
the.optical qontact remained the same. The telescope was

kept in the same position relative to the cube and the



Fig. 2.3 a) Coincidence Unit. .

Fig. 2.3 b) Telescope P.M. head unit consisting of amplifier,
discriminator and cathode follower.
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voltages on the photomultipliers and the rate of counting
checked during each run.

The results are shown in fig. 2.%. It can be seen
that;altoough the photomultipliers are all?of the same type
the gains are considerably different, the gain of B being
aboﬁt 5 times those of A & C. A & C were chosen for the main
experiment and the voltages adjusted such that their gains
- were the same i.e. A at 2.6 KV and C at 2.5 KV. The varia-
tion of gain, G with voltage, V can be described by G £57 \f
where m is 7.2-1 éu2; 7.6 * 0.2 and 6,8 + 0.2 for A, B and
: C.respectively, This result was substaotiated later by a
D.C..gain_experiment. Because of the high power:elationship
phe'voItage-supply to phe photomultiplier must be extremely
stable. In the.main experiment a variafion of 5% in the
most'probable pulse heights has to be'dotected, which
meant that the gain must be constant within 1%. Thus the

voltage must be constant to within 0.1%.

(ii) The variation of width of the distribution with dynode

Yoltage
An extremely important factor of scintillation counters

is the width of the distribution expressed as the full width
at half height of the distribution over its most probable
pulse height. The variation of pulse height comes from

several factors:-
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1) The Landau effect in the energy loss of particles.
The cqllision prodess.of energy loss is a statistical
process and Landau formulated a distribution of energy loss
for particles:of equal incident energy traversing a given
thickness of material. This distribution is skew, the mean
being af a higher pulse height than the most probable value
of the distribution; it is the latter which is measured in
all the experiments described here. |
2) The different energies and incident angles of the
cosmic ray particles?_ | -
-3 The different position of the track in the counter
leading to different amounts of absorption of the scinti-
llation light. _ | T _
lh) The statistical nature of_the production of photoelec-
trons at the photocathode and the electron multiplication
p?ocess in the photomultiplier. For small light output from
a épﬁnter the last factor contributes most.

~ Morton (1949) finds the width of the distribution for N -

photoélectrons emitted at the photocathode is

[CIEET-

where Z 1is the standard deviation of_the distribution of
~most probable height Z, and S is the gain of the first -
dynode stage. As the gain depends on the voltage, the

width will increase asthe gain decreases and hence the
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voltage decreases. The widths of the distributions, of
which examples are shown in fig. 2.5, obtained in measur-
ing the variation of most probable pulse height with voltage,
were determined. The variatidn_of width ét paif height with-
voltage for phdtomultiplier_c is_shown in fig. 2.6. Over the
range 1.6 to 2.6 KV there is no variation in width. This
corrqspogds to a voltage“;ange of 295 to 360 volts between
the cathode and the focussing electrode.
| _ To investigate fully the efficiency of the focussing
eXectrode the photomultiplier was kept_at_2.6 KV and the
' volfage between the cathode and the focussipg electrode
vafied.. Pulse height distributions were obtained and their
widths measured. The result is shown in fig. 2.7. It is
consistent with the previous experiment and shows that for
lover voltages the increase in width is due to inefficient
photoelectron collection by the first dynode.

'Fof inefficient focussing Morton_includes another

factor in his relationship such that:-
2 .
AZ.)x.l _‘5’_)
(_z AR 1+s-1_
where € 21 and is related to the efficiency of the focus-
sing electrode. Optimum effigiency is quoted by Curran
(1953) to be 80%. If this is taken to be the efficiency

at 200 volts between the cathode, K and the focussing
electrode, F the efficiency at 100 volts K-F is 20% and at .
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90 volté'K-F is 10%. As the width did not decrease after
200_folts_KpF the resistor_330K was retained being eduiva-
‘lent. to a K-F voltage: of 335 volts when the E.H.T. voltage
on'thé_photomultiplier was 2.6 KV,

2.3 Excif tion b continuou ri t source
_ The source of 1ight was a small light bulb. This was

gsed to'obtain D.C."measurements of the overall gain_and
the gain of the first stage of the photomultiplier.

A scalamp galvanometer was used to measure the current
at the required electrodes as shown ing fig. 2.2(d). If N
electrons are emitted in unit time from the cathode the
current flowing to earth is i; = Ne. If G is the gain of
the . system GN electrons wil; be emitted from the dynode and
the current will be i, = (N-l)Gg. At large values of N the
ratio of the currents 12/11 will give the gain of the sys-
tém. .
(1) Gain of the First Stage

.The cathode current was measured iﬁitially and then
| the first dynode cﬁrrent at different_applied_voltages.
The result is shown in fig. 2.8. This gain is a combina-
tion;of the secondary emission_at the first dynode and the
efficiency:of the focuss;ng_eléctrOQe and will be a func-
tion.of both S and €&. However the gain obtained experimen-

tally is too high to explain the increase in width below
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208 volts on K-F by the expression given by Morton.
(ii) Overall Gain | _ _

This gain was measured by a method described'by
Morton. The photomultiplier, illuminated by a 6°3 volt
tungsten filament bulb, was operated at a low E.H.T. vol-
tage and the currents in the cathpdg and anode measured.

At a low E.H.T. voltage the gain was sufficiently small so
that when the anode curfen;, IAliwas at;the maximum permitted
value (about 1 mA), the cathode current, Iy, was suffi-
ciently large to be.measured by a galvanometer. To measure
the'gain at higher voltages the light“iﬁtensity was decreased
and the anode.cufrent,”IA2_measurid at the initial voltage.
The cathode current was_then_IKl Eﬁf. The E.H.T. voltage
was increased to the required voltage and the anode current
I,., measured. The gain at this voltage was Eé; IAl o

A3 " Ty Tao

The result for tube B is shown in fig. 2.9. The slope
of the curve, m = 7.5 agrees with the previous measurement
of the variation of gain with voltage using scintillation
light to edcite the photomultiplier. |

From the gain of one stage measured at different
voltages (fig. 2.8) the overall gain of the photomultiplier
can be calculated assuming that noisatuéation effects occur
at the_higher_dynodgs. For Qxample? at 1,2_KV the gain of
the first_stage_is 9, the inferred gainé per stage:of the
dynodes 2-9_is 2.and for the dynodes 10 and 11 1is 6. Hence



1k,

the expected overall gain 9 x 28 x.éz_? 8.3 x 104. This
figure is te be compared with the measured value of the
overall gain at 1.2 KV of 7?0;10h_optained_from fig. 2.8.

This.mephod, of course, gives the gain proportional
-to Vll, as it assumes that_the dynodes_have similar gains
to the one measured and are_el; linear., Any nen-linearity
of the variation of the coefficient ef_seconqary electron
'emission with voltage in the later dynodes would lead to a
less steep incfease with voltage than Vll, which is, in-
fact, observed. _

If N electrons are emitted from the photocathode the
charge cellected_at the anode is NGe eeulombs where e 1is
the charge on the electron in ceulombe.,.This charge is
collected across the stray capacity between anode and
earth, the value of which depends on the wiring and en-
vironment of the system but is gepepally about 10 pf. The

.pulse height in volts is therefore:-

Taking the distribution shown in fig. 2.5, the most
probable pulse height is 0.7 volts at 2.0 KV, the gain is
8 105 and hence N-— 55 i

This value of N can now be checked by substituting in
the express1on for the width of the d;st;ibgtlon and com=-

paring the answer with the experimental result.
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Width at half height = 2[&11!\;—2]%= j—%ﬁ% = 31.5%.

To this figure must be added the other contributions

to the width mentioned earlier in the chapter.

Landau effect - 15%
Variation in angle 104
Non-linearity of counter 10% N

o°. Total width = [(31.5)2+(15)2+(1o)2+(1o)2]: 38%,
wh;gh agrees weli with the 9xperimental result shown in
fig. 2.5 for photomultiplier C. N

Knowing the number of photoelectrons, the quantum
| efficiency of the photomultiplier and the light collection
efficiency of the qounter the pumbe: qf primary scintilla-
tion'photons_producgd by the passage of one particle through
the counter can be calculatedgu' _ o

The expected properties of'a similér counter have been
investigated by Brini et al. (1955) who state that 36% of
the light is collected when oﬁe surface is gompletely
covered by a photomultiplier_and there is no absorption of
the scintillation light. However, since only 60% of one
side is covered in the counter used in these experiments,
oniy 22% of the light is collected. -Ignoring absorption
and assﬁming the qﬁantum efficiendy of the photogathode to

‘be 10% the number of photons produced = 55 x 10 x 1%% = 2600,
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The energy loss in the scintillator is roughly 2 MeV/cm

i.e. about 30 MeV for a near vertical relativistic particle.

Thus the efficiency of the scintillator is %%%%T03 °*1°2x10h

eV/photon. ' ,
Barton et al. (1962) found for this 1i§uid an efficiency

of 600 eV/photon. Considering the approximate nature of

both estimates the agreement is considered not unreasonable.

2.4 Excitation by pulsed light from a spark discharge

A peculiarity of the longitudinal venetian blind type
dynode photomultipliers is that they saturate at high charge
densities, [Birks (1953(a)) and Raffle and Robbins (1952;)],
because the instantaneous collection of charge in the field
free spaces between the plates of the dynodes hinder the
flow of further electrons to and from the dynode.

The voltage differences between the last dynodes are
increased in an attempt to keep this effect to a minimum
and it is seen from fig. 2,4 that pulse heights up to
10 volts (equivalent to about 109 electrons at the anode)
are obtained withoﬁt any saturation effect. This is:for a
constant number of photoelectrons emitted and varying
voltage. The performance of the photomultiplier at constant

voltage with varying light -input is required to show when
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this effect takes place at a cerfain vpltage, i.e. the
range over which the photomultiplier is linear antlcapable
of being used.

For this experiment the 1ight source had to be
yariablglin intensity and of about the same length of time
aslthg scintillatign_light from the phosphor to be used,
i.e. about 3 10'9 seéonds._ - _

A mercd;y wetteq relay switch was used as described
by Kerns et al. (1959). The source of light was the arc
between two contacts whigp had a po@ential_difference
';crogs them of 1,400 volts, one of which could oscillate
and cause a make and break with the other contact. The
Qscillations were generated by an electromagnet oscillating
at mains frequency. The oscillations of the moving contact
were steadied by a small permanent'magnét held at one side.
The light pulse from the switch rose ﬁo;a'maximum in
5x10"10 seconds and fell to half height in 1. 5x10"7 seconds.
The switch is shown -in fig. 2 10. | | |

‘The variation of 1ntensity was obtalned by means of an
. optical wedge, a glass strip of varying transparepcy along
its length, éuoted by the manufacturers to be 0.13 density
units em™1 where a density unit = 10 logyq I/I . This
enabled the light intensity to be varied over a 250¢1 range.
The apparatus was mounted in a light tight black box, a plan
view being shown in fig.2.11l. The variation of pulse height
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against light input (position_gf optical wedge) for the
three photomultipliers was measgred usipg the.resistor chain
shown in fig. 2.2(c). The experiment was repeded for A
without.phe anode load and the increase in the pulse height
is_congistent with the increase of gain resulting from the
increased'voltage on the anode of the photomultiplier.

It is seen from fig. 2.12 that when operated at 2.6 KV
the“photomultipliers glve a pulse heignt proportional to the
number of incident photons over a range of 0.3 - 10 volts
inpulse height. 1In fhe energy loss experiment to be des-
cribed later the photomultipliers_A anq.C_were operated in

the region where they were known to have a linear response.

2.5 Conclusion _

It is concluded that the type of photomultiplier"used
has a gain which varies with voltaggﬂas V™ where m = 7.2.
- Individual tubes have different gains at the same voltage
so that théy have to.be operated at different E.HeT. vol-
tages. The lower limit of the E.H.T. voltage is 1.5 KV
because below tbis_voltage the width at half height of the
diétribution begins to increase, the upper limit depending
on phé amount of input light such that the anode_current is
less than the saturation value. As stated in section 3,
when operated at 2.6 KV the photomultiplier saturates at a
pulse height of about 20 volts and this is eduivalent to
the collection of about 109 electrons by the anode. These
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are produced by 103.phqtoelect;ons leaving the photocathode
or 194 incident photons. At 2,6 XV the photomultiplier
gives a pulse height proportional to the incident number of

photons over the range 1-10,000,






20,
' CHAPTER
THE LARGE SCINTILLATION COUNTER

a1 LA A D e

3.1 Introduction

The counter used in the energy loss experiment was
similar in design to that developed by Barton et al. (1962).
A photograph of the counter in the horizontal position is
shown in fig. 3.1 and the plan and.;ide elevation are shown
in fig. 3.2. The liquid phosphor was pure medicinal
paraffin with 0.8 g/1 of paraterphenyl and 0.008 g/l of
popop which acted as a wavelength shifter, and matched the
Quantum efficiency of the photomultiplier to the scintilla-
tion light spectrum. The chemical structures of the solutes
and solvent are shown in fig. 3.3.

The liquid phosphor was contained in a perspex box of
internal dimensions 130 x 90 x 16.9 cms3 with a perspex 1lid
which was screwed on the box sandwiching a rubber gasket so
that it was leak-proof in the vertical position. The system
was contained in a light tight wooden béx 224 x 98 x 21 cms3,
‘the pérspex box being mounted on 2.5 cm diametef wooden
dowels so that the light collected was total internal
reflected light and not scattered light. On the sides of
the wooden box between the perspex Box and the photomultipliers
were fixed mirrors. This air space acted as a light guide

whose purpose was to increase the linearity of response of
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the counter. The scintilla@or_was v;ewéd_from two opposite
ends by two photomuitipligrs of the type already described,
the E.H.T. being such that their gains were edual (i.e. A
at 2.6 XV and C at 2.5 KV). The dynode resistor chain was
as useq previously ané:shown in fig. 2.2(b), the output from
the last dynodg being fed immediatg;y into a_pathode follow-
2§ fixed on the outside of the photomultipiier.casing.

3.2 Agglgsig of Liggt Collection _

' - As the light collected by the photomultipliers is only
direct and total internally reflected light a series of
images of fhe photomultiplier will be built up in the plane
of its face by the numerous reflections that occur at the
air-perspex boundary and ?he_mirrors on the sides of the
wooden box as shqwn in fig. 3.4%. The view from a point on
the centre line wx loqking.in the Qirgcfion of the end of
the countér will be as shoﬁn in fig. 3.5.

However, because of the perspex-air boundary (AC, EG
and BD, FH) only light incident at an angle less than 42°
to the normal to the boundary can escape from the perspex
counter (refractive indtces for paraffin to air and per-
spex to air are 1.48 and 1.49-rgspectiyely)._ This limits
the number of reflected images which are possible from a
particular'pdint, i.e. the image must subtend an angle of

420 to the line wx at a particular point on the line.
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_For_thg counter in question ét the go;nyip, at a distance
of 90 ems from ‘the end of the box (135 ems from the photo-
multiplier) only one image is allowed in the plane EFGH
and in the plane ABCD

'_ By con51dering the solid angle subtended by the allowed
iﬁages the response of the counter along_the centre line wx
can Be calculated. The solid angle due to direct light is
simply

5 =4

where A is the area of the photomultiplier and x the dis-
tance f;om it. The solid angle for the first reflected

image 1se=-

1 2 + a2 + Dg gL (xg + d? + p2 )&,

where d and D are the depth and breadth external dimensions

of the counter respectively. The total solid angle for the
reflected images is .the sum of the above'expression over

-all the allowed images.

3 o Z y( A . X N
total 2+(n1d)2+(n2D)2 ?(x2+(nld)2+(n2D)2)z.
' nj np :

where n; and n, are the number of images allowed in the
ABCD and EFGH planes respectively. |
The above expression is only apbroximate because parts

of the images of higher reflections may be allowed. More-
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over, it ignores the refraction of thellight through the
paraffin-perspex-air boundary. _Qalculatlons_have been
performed for different positlons_along the centre line wx
and the result shown in fig._3.o_fon the direct light and
.peflected light and their sum assuming refraction but no
'absorptlon. Summing the llght_collecteq by_both photomul-
tipliers the linearity of the counter is *13.5% and that,
on the average, 0. 7% of the light is collected by each

-
' photomul_tlpl-ler in this approximation. -

Absorption lengths of 1.5, 2.5 and 5.0 metres have been fitted

" intoi—th’e—;theoretical estimate, i.e. & factor e-y / 7\ _where y is the path
. length in the llquld and 7\ 1s the absorptlon length. The result is

e ool

: shown 1n flg. 30 To It should beé. noted that 88, only rays maklng a single

: passagea through the phosphor have been taken 1nto ‘WW& account compari-
i §6n’ ofisthe results.of" flg. 3. T~with ex-perlment will tend to overestimate A.

onse of Counter filled with paraffin, paraterphe
opo sphor
_The experimental method of ohtaining the variation of
response over the area of the large counter was that of
placing the coincidence telescope, described in chapter 2,
.in the position_required on the counter which was in the
horizontal position. Cosmic ray particles were accepted
by the telescope and the output from the coincidence unit
triggered the oscilloscope and thus the'response of the

counter for a particular position was: obtained. The
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results for the whoie area are shown_ip fig. 3.8, where
the outputs from the photomultiplie;s was added. The
results for each photomultipligr_for points along the
centre line are shown in fig. 3.9, It can be seen that
the result gives a linearity of #+% compared with a mini-
mum from the theory of +12.5%. “Thisidifference is explained
by the diffusing nature of one side of the counter. The
phosphor was 6rigina11y made up of paraffin containing
0.8 g/1 of paraterphenyl and 0.008 g/1 of popop and then
left in counter, in the horizontal position, during a
period of cold weather befo;e the area response experiments
were performed. During this time_a cgrtain amount of solute
: crystalliéed out of the solution and settled on the bottom

of the gouhter_forming a diffusing surface.

Because of this good 1inear response it,was decided
to keep the counter in this condition for the main experi-
ment. After this was completed the_gounte; was cleaned
and refilled with paraffin containing 0.5 gITlparaterphenyl
and .005 gl'l popop. The response along the centre linewwas
obtained and the results are shown in fig. 3.10 compared
with the theoretical prediction. ™

3.4 Pulse height distributions for the large counter

It is important to know the pulse height distribution

for the whole_ counter for incident cosmic ray particles
¥An exact analysis of light collection in the counter taking multiple ]

ages of rays through the phosphor and refraction into account gives-
= (2.0 + 0.5)m. A reflection coefficient of 0.9 for the light guide
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'from.all directions'and its relation to the noise from
radioactivity in the laboratory and the photomultiplier.
Erom this distribution the rate of baekground noise of a
certain pulse'height can be found whieh determines the
possibility of the counter.detecting spurious events.
Integral distributions were obtained for the counter
in the_herizontal and yertical positions; _The outputs from
the cathode followers were added and thep_viewed on an
eseilioscope. The slow rates.ef_puises greater than a
certain height were_counted'directiy?__Fer”the higher rates
(lower pulse heights), the oscilloscope was externally
triggered by a pulse generator. The frequency was set so
that at a particular time base, the number of pulses
greater than a particular height in a given number of cms.
of tiﬁe base could be measured. | ‘
) The two. integral distributions are shown in fig. 3.11.
As expected; the rate of particles through the counter in
the horizontal position to that in the vertical position

is greater by a factor approx1mately equal to the ratio

-1

of the areas of the two 51des (1.5 x 104 min — and

1.5 x 103 min~ respectively)

The data of Green et al. (1959) on the response of a
single_counter_of area 7.3 m anq depth 12,5 ems to large
. ngmbers oi partieles was nermeiised.to”fit tbe size of the

counter'used here. Their final curve was a combination of
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~ nuclear interactions and extensive air shower events.
These were sepérated and the rate of nuclear interactions
.reducéd by the volume ratio of_the th counteés and the
number of-partiéles in extensivg air shower events reduced
by the area ratio. The two separate components were then
added. L

‘The curve up to n = 50 compares favourably with the

integral dist;ibution'obtained for the coﬁnter in the

horizontal position.

3.5 Besponse of the Large Counter filled wit araffin,
10% shellsol A, and 0.5 g1”! paraterphenyl and
0,005 g1~%

The development of this liquid scintillator is des-

_of popo

cribed.in chapter 63 The response over the area for this
phosphor in the large counter was carried out as described
previously along the centre line, wx, and along the line,
'YZ.for a single photomultiplier. The result is shown in
figl 3.12, together with the theoretical response for

A= 1.5‘;etres.which shows favourable ggregment.

o The distriﬁution for particles passing through the
cen?rg point of thg counter is showniip f;g. 3.13. The
pulseslfrom the cathode fq;;Qwerdqf”a single photomulti-
plie: were delayed by 4/*;ec§ before being fed into the
- pulse height analyser which was gated as described pre-

X aAn exact q-\o\lygns Bt'v&s A= (9:94 01 )v\.(R-B. Coa¥s , private
. common cation


























































































































































































































































































