A Cloud Chamber Investigation of tha Single
Nuclela.r Sc_atterigg in Argon of Higg
Ensrgy Electrons and Positrons.

,by

Allan F. Howatson, M.A,

A Thosis presented to the University ef Glasgow for the
" Dagree of Doctor of Philesophy. »



ProQuest Number: 13838129

All rights reserved

INFORMATION TO ALL USERS
The quality of this reproduction isdependent upon the quality of the copy submitted.

In the unlikely event that the author did not send a complete manuscript
and there are missing pages, these will be noted. Also, if material had to be removed,
a note will indicate the deletion.

uest

ProQuest 13838129

Published by ProQuest LLC(2019). Copyright of the Dissertation is held by the Author.

All rights reserved.
This work is protected against unauthorized copying under Title 17, United States Code
Microform Edition © ProQuest LLC.

ProQuest LLC.

789 East Eisenhower Parkway
P.O. Box 1346

Ann Arbor, M 48106- 1346



FREFACE

The thesis is an account of an experimental investigation of the
scattering of electrons and positrons by argon nuclsi using the expansion
chamber technique. The apparatus was desigmed and constructed in the
Glasgow University Natural Philosophy Department in collaboration with
~ Mr, J. R, Atkinson with the technical assistance of Mr. P. R, Price.

The author was personally responsible for most of the track photography.
The analysis of the tracks, the collection of the statistical data and the
conclusions derived therefrom are entirely his responsibility. The
experiments described are believed to be the first in which statistics
have been obtained on the single nuclear scattering of positrons.

The thesis is divided into six chapters with an introduction and
two appendices., Chapter I consists of a review of previous experimental
work on electron and positron scattering, In Chapter II is presented
an outline of relevant theories of scattering together with a discussion
of the method of projected angles. In Chapter III the technique of
cloud-chamber operation and photography is discussed. A detailed
descriptiorf of the apparatus desigmed for the investigation follows in
Chapter IV; some new features and improvements incorporated in the
apparatus are mentioned. Chapter V is concerned with the method used
in analysing the cloud-chamber tracks, and with errors of measurement.

In Chapter VI the experimontal results are presented and compared with
theoretical predictions, and the conclusions derived therefrom are
discussed.

A shorter account of the investigation has boen published in the
Philosophical Magazine (Series 7 Vol. xlii, p.1136). Additional
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published papers by the writer, and by the writer in collaboration with
Dr. R. A, Houston, on topics unconnected with the mein thesis, are
enclosed.

The author is g;ad to acknqw].edge the encouragement and direction
given by Professor P, I, Dee, F.R.S., during the course of the research.
In particular, the design of the cloud-chamber and auxiliary equipment
owes much to his advice. He is also indebted to Mr, J. M. Reid for
‘ prepéring the copper 62 positron sources in the Glasgow University
- synchrotron and to Mr, P. R. Price for much help in the preparation of

~ diagrams and photographs.
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INTRODUCTION

‘ The importance in physics of the study of the behaviour of charged
particles in their passage through matter can scarcoly bs overestimated.
Observations on the scattering of such particles have yielded information
of the highest valus not only about the charged particles themsolves
but also about the structure of the atoms through which thgy pass. The
classical experiments of Rutherford on the scattering of a~particles in
thin metal foils wore forerumner of inmumerable investigations of
essentially the sams nature in which particles ofmany different types
and energies have been used.
| The most precise and useful ivnfo:mgtion is obtained in experiments
in whioh 'single scattering' occurs i.e. under conditions such that
~ the bombai‘ding particle in its passage through the scattering material
collides wit}; only ons othsr particle, It is the peculiar advantage
of the cloud-chamber (now shared to some extent by special photographic
emulsiqns) that it effectively ronders visible individusl scattering
events, and is therefore pre-eminently suitable for the study of single
scattering.

The present investigation is concerned with the:scattering by
atomic nuclei of high emergy electrons and positrons, Numsrous
experiments have previously been carried out with the purpose of testing
the theory of electron scattering, but largely owing to the difficulty
of obtaining suitable sources, littls or no work has been done on
positron soqttering. It is shown, however, in Chapter II, that for

‘scattering elemonts of low or moderate atomic number, positron scattering
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statistics are a2 more sensitive test of theory than electron scattering
data, The investigation of electron scattering was carried out

partly for comparison with the results obtained by previous investigators
and partly to aid the assessment of experimental errors in evaluating

“the results for positrons,




CHAPTER I

REVIEW OF PREVIOUS EXPERIMENTAL WORK.

The experiments fall in general into two classes: in the first
the scattering material is in the form of a thin foil and the scattered
oloctrons are detected by ionisation chambers or counters, and in the
second the electrons are scattered in the gas of a Wilson cloud-chamber,
the tracks being photographically recorded. The earliest investigations
wore of the first type.

The first sxperiment in which ainglev scattering conditions pre-
don;iné.ted was that of Chadwick and Mercier (C 1}, who in 1925 measured
the sc_at'bgripg of‘electrons from RaE (moan enorgy 0+3 Mov) in foils of
aluminium, copper, silver and gold, by the annula;' ring method which had
previously boen used to study the scattering of Gmparticles. The foils
wore thin enough to ensure substantially single nuclear scattering,
Good agreernent with the classj.cgl Rutherford theory was obtained for the
variation of scattering cross-section with atomic number except for the
case of gold, The experimental uncertainties were too great to allow ths
calculation of acourate valuss for the absolute scattering cross-sections.,

In subsequent investigations of this type ‘until 1941 comparatively
low emergy eloctrons, artificially accelerated, were employed, Schonland
(S 1} in 1926 studied the scattering of elactrons of energy 77 Kev in
aluminium, copper and silver, and obtained results in agreement with
Darwin's (D 1)} classical relativistic theory in which asdount was taken
of the change in mass of the electron as it passed the nucleus. The
anomalous results for gold persisted, but, contrary to the findings of

Chadwick and Mercier, the experimental cross-section was higher than the
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theoretical value. Howover, the 'va.lidityf of the particle concept of
the electron was by thi's tiﬁe in question,

The theoretical basis was put on a firmer foundation in 1929 when
Mott (M 1) derived a scattering formula based on Dirac's relativistic
elsctron theory. The expression im in the form of a conditionally
convergent infinite ssries., The first approximation yields the "Mott
formula" which is accurate only for scattering elements of low atomic
number. Mott (M 2) calculated the exact value of the cross-ssction
for scatiering in gold at the particular scattering angls of 90°, but
an accurate summation of the series for heavy elements over the whols
angular range was not made till 1940 by Bartlett and Watson (B 1).
At large scattering‘angle‘s Mott's theory predicts considerable variations
from the classical cross-sections, especially for slements of high atomio
number,

In '1931 ‘Neher (N 1} repeatet?._ Schonland's experimsnt with eleoctrons
in the emergy rangs 50 - 145 Kev. Ho paid particular attention to the

suppression of extrameous electrons which are a source of inacéuracy in

this type of experiment. _ Neher's results for scattering in aluminium

are reproduced in Tabls 1,
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TABIE 1 -
1
Aluminum. |
n=3.68 X101 8, =95°10’ 8,=172°5" |
B Relative values of p |
B v
Exp Mott Darwin k/V2 :
} 0.436 56.1 kv|”  0.00340 0.00340 0.00340 0.00340 I
0.474 68.9 0.00231 0.00229 0.00241 0.00226 ]
0.511 82.0 0.00157 0.00157 0.00178 0.00160 .
. 0.543 96.9 0.00110 0.00114 0.00134 0.00115 .
. 0.574 112.2 0.00082 0.00084 0.00104 0.00085 :
i 0.603 128.4 0.00061 0.00064 0.00088 0.00065
i 0.630 145.1 0.000485 0.000495 0.00077 0.000505
. Absolute values of p
8 ‘ ——
Exp Mott Darwin Rutherford
(al/VY
i 0.436 56.1 kv 0.00340 0.00257 0.00460 0.00264
0.474 68.9 0.00231 0.00174 0.00326 0.00176
0.511 82.0 0.00157 0.00118 0.00242 0.00124
0.543 96.9 0.00110 0.00086 0.00182 0.00089
0.574 112.2 0.00082 0.00063 0.00141 0.00066
0.603 128 .4 (G.00061 0.00049 0.00119 0.00051
0.630 145.1 0.000485 0.000375 0.00104 0.00039

Ho found good agreement with either Rutherford's or Mott's equation
for dependence of sc_gtte:ing’ cross-ssction on angls and emorgy. The
absoluts value of the cross-section was, however, 1’52' times the value
given by Mott!'s “c‘haory‘._' The variation of scattering cross-section with
the atomic number of the scattering element agree»d botter with relativistic
than with classical theory. The experimsntal results did not support
the zgodificationa introduced into the classical theory by Darwin,

In a similar type of experiment Chase and Cox (C 2} in 1940 mpasured
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the scattering of 50 Kev electrons in thin aluminium foils. The
angular distribution and the ratio of experimontal to theoretical cross-
sactions (Mott theory) were found to be within the experimental un-
cortainties which were ¥ 207,

In 1941 Pataklov and Vyshinski (P 1} measured the scattering co-
efficient of aluminium and gold over the restricted angular range 119°-
122° for emergies of 40 - 120 Kov. A magnetio selector was used to
eliminate secondary eledrons. The scattering cross-section between 119°
and 122° was found to agree with the value obtained from Mott's formula,
within the limits of exps:imhtal error, for aluminium but not for gold,

About this time a return was made to the investigation of high
ensrgy electron scattering by groups of worksrs in Russia and America.
Alickanow ot al (A 1,2,3) used two Geiger counters in coincidence to count
t\he olectrons scattersd through the angular rangs 82°0 - 90° by thin foils
of celluloid, aluminiwm, copper and gold, The source was a radon tube
emitting electron_g in the emergy range 600 - 2,000 Kov, the energies being
selocted by a semi-circular focussing spectiograph., The authors studied
the Wentzel oriterion (W 1} for single scattering in thin foils, and,
in common with previous. irorkBra, found it to be quite inadequate., They
ugsed a factor of the form t+ kEt?_.a (t is the thickness of the foil} to correct
for multiple scattering, Tho dependende of the scattsring cross-section
(6 ) on ensrgy and atomic number was studied. Good agreement with the
Mott theory fo;' all four substances for variation of 6 with energy over
the range 600 - 2,000 Kev was claimed,

Tabls 2 shows the dependence of 6 on 2, the cross-seotion of

aluminium at 1,000 Kev boing taken as unity. The two values shown for
6th for gold are the results obtained from Mott's exact calculation for
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gold at 90° (178) and from the expansion up to the first power of Z (67).
The large diffe‘rence shows the error involved in using the approximate
formuls for elements of high Z. According to these authors Og.p.
increases faster than 72 but not so fast as predicted by Mott. The
absolute valus obtained for the scattoring croass-saction in aluminium for

1 Mov olectrons was 20% lower than the corresponding theoretical value,

TABLE 2
SUBSTANCE Z Gexp. 6 .
Celluloid 7.1 0+31 029
Aluminium 13 1 1
Copper 29 56 6
Gold 79 . | 78 178 (67)

In & similar type of experiment Saunderson and Duffendach (S 3)
moasured the scattering of elsctrons from Ra.E of emergy greater than 0.2
Mov over the angular range 20° - 45°, Thoy concluded that such deviations
from the Mott formula as éxceeded experimental error wers due to the
effects of multiple scattering and the inadequa.gy of the Wentzel criterion
for eleiénts of smll.Z, _

In 1946 Van de Graaff gt al (G 1) described an investigation carried
out in 194d which incorporated a mumber of improvements in technique.

.By using a high voltage eVZ_Lectrqstatic genaratqr they were able to
acoelerate electrons to B-ray emergies (1:27 - 2.27 Mev] and maintain

the voltage constant to ¥ 3%, This avoided the decay and emergy spread

associated with radioactive sources. They used as the electron detector
an ionisa,tion chamber specially designed to minimise errors due to X-ray

background,
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Details of ionization chamber.

. Emwe1l

A section of the ionisation chamber used is shown in Figure l.
The éharge collector was a brass disc, 2mm thick, at zero potential,
sandwiched between two thin brass discs, one at +1,000 v’olts and the other
at -i,OOO volts. Ionisation due to X-ray background was balanced out by
adjugting the potentials of the thin piates so that the collector current
was zero when no electrons were entering the chamber, Scattered electrons
ontering the chamber produced full net ionisstion ourrent since they only
passed through the half of the chamber nearer the foil. The background
of electrons which had lost energy by inelastic nuclear scattering or
electron-electron sca.ttering was removed by placing an absorber of thicknes:
slightly less than the range in the material of electrons of the
accolerating voltage used. The ratio of the ion current observed to the
current actually carried into the chamber by elastically scattered electron:
was obtaj.ned},;otating the collecto:." into the main beam (suitably reduced in

intensity] and determining the ratio of the ion current to the primary



beam current as measured by a Faraday cage. A Schematic diagram of the

apparatus is shown in Figure 2.
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Schematic diagram of scattering chamber.

FIGURE 2
An angular range of scattering of 20° - 50° was investigated, readings
being taken on both sides to avoid errors due to asymmiry in tho beam.
qux;qotina were made for multiple scattering: many points required no
correotion but some as much as 20%., The experimental observations ware
compared with the predictiomsof the Mott formula (first order expansion}
for the scattering olements aluminium, copper and silver. In the case
of gold and platinum Bartlett and Watson's calculation for heavy elements

was used.



PABIE 3

Ratios of the experimental results to the
theoretical predictions. Only those points have been
included for which observations were made on both sides
of the beam and for which the multiple scattering correction |
did not exceed 20 percent. |

Energy
‘ (Mg/) ’ 20° 30° 40° 50° ‘

Nucleus: aluminum

1.49 1.01 0.97 1.04

1.81 1.02 0.96 0.97

2.00 0.95 0.97 1.02
2.27 1.11 1.26 1.52 1.64 |
Nucleus: copper l

1.49 0.97 0.88 1.12
1.81 0.96 1.09 1.07 |

2.00 1.05 0.96 0.96
2.27 1.15 1.06 t
Nucleus: silver li
1.27 0.93 i
1.49 0.97 1.03 1.02

1.81 0.97 1.02 1.03
200 < 101 1.06 1.07 |
Nucleus: gold and platinum ‘

1.49 1.08

1.81 1.09

2.00 1.10 1.00

The results were in very ggod agreemont with relativistic theory
oxcept for ome particular case - the scattering of 2:27 Mov elsctrons
in aluminium, This is shown in Table 3 which gives the ratios of
the experimental results to the theoretical predictions for various
scattering angles,

The apparatus was reassembled after the War by Buechner, Van de Graaff
et al (B 2] to investigate this anomaly but it was found that the
discrepé,ncy(no longer existed. The reason for the previous discrepancy
wag unknown., The range of scattering elemonts investigated was extended
by the inclusion of beryllium,

The agreemsnt with the Mott Relativistic scattering formule, extended
by the calculations of McKinley and Feshbach (M 3) to cover all elemsuts,
ig shown in Figure _3. The ordinate represents the ratio of the

relativistic scattering cross-section to the Rutherford value, the solid

line being obtained from Mott's theory. Experimental values for sluminium



copper, silver and gold agree well with the Mott theory but not with
the classical Rutherford formule,

- 180 Au
id
160~ ' 50
|

| R |
: - 140¢ - :
| . |
l 120}~ Ag [
1 Rutherford Scattering
\ 100 ;
A Cu ;
; Al =< =2/137 ;
‘ 8 ! L ! ] ! I :
! 0 ] 2 3 4 5 6 i

Comparison of theory and experiment at electron
cnergy of 2 Mev. The solid line is given by the theory.
The triangles give the experimental points as obtained by
Van de -Graaff, Buechner et al.

FIGURE 3

In view of these resulte it must be assumed that the discrepancies
obtained by earlier imvestigators, especially in the case of gold, were
due to faulty techiﬁ.que. to incorrect allowance for multiple scattering,
or té lack of appreciation of the limitations of the Mott formula in its
approximate form,

The description of the apparatus used in this investigation
empha.sise‘s the elaborate precautions which must be taken if imaccuracies
are to be avoided in scattering experiments of this _type. The number of
electrons scattered through large angles is a minute fraction of the
total number of inoident electrons, Consequently extrems precautions

have to be taken to avoid recording as electrons scattered by the foil,

those which arise from the X-rays which are umavoidably present or by




soattering from the walls of the containing vessel., Unless the foils

~ are extremsly thin, and therefore inefficient scattering agents, &

certain amount of plural and multiple scattering takes place. This must A
be allowed for in caloulating scettering cross-sections, It has been
shown by a number of workers that the Wentzel criterion for single
scattering cannot be relied on as it is insufficiently rigorous. In

the case of light elements a further small correction for electron-slectren

scattering is required.

Cloud-Chamber Investigations
With the cloud-chamber method, since individual scattering events
are observed, difficulties of the above nature do noi; arise. Every
deflection can be assumed to be single, and electron-nucdear can easily
be distinguished from electron-electron collisions. Moreover, by
applying a uniform magnetic field, the emergy of each electron before and
after céllision can be determined, and eny large energy loss detected. |
To offset these advantages the cloud-chember method is handicapped
by .the‘ diffieulty of securing enough data to provide rosults of statistical
reliability. Moreover, since fast electrons produce tracks of low specific
ionisation, & high standard off cloud chamber and photographic technique |
is required to obtain accurate informgtion, Such considerations delayed
the gpplicat’ion of the Wilson cloud-chamber to the problem, amd it was net
till 1936 that the first measurements were published. Sincs that date
& large number of investigatiens has been made, covering a wide range ef
electron erergy and a variety of scattering substances. The principal
object of these investigations was to check the Mott scattering formula

with regard to absolute scattering intensity, and the variation of




intensity with scattering angle and with the atomic number of the
sc‘atterir;g‘ material, In addition attempts were sometimes made to assess
the number of collisions involving large emergy loss (radiative collisieny

and the probability of pair formatien by fast elsctrons.

| FIGUEE 4 |

A typical experimental arrangémnb is shown in VFig'u:re 4, The
cloud-chamber is aitgated ina t_mtfom Bagnotic field produced by a pair
of Helmholtz coils denoted by M, and tho scattering substance is introduced
in gaseous form along with the condensing vapour. The electrons ﬁ'om B
source S enter the chamber thrqugh a thin window in the side, and the

tracks of those which cross the chamber during the sensitive period are
illuminated by a collimated beam from a flash~lamp L, and photographed
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by & stereescepic pair ef cameras D and Q, The tracks are analysed
either by making measurements directly en the plates or f£ilms, or by
returning the developed film to the cameras and projecting an image of
the tracks on to a suitable screen.

During the early 1950'3 Champion (C 3} using a slightly modified
form of the experimontal eQuipmgnt developed by Blackett (B 3, 4) and
others for the photography of G~-ray tracks, recorded a large number of
tracks of electrons from a RaE source. The cloud-chamber used was
cylindrical, about 16cm in diameter and 6cm deep, but the useful aresa |
was restricted to a diameter of 12cm by the mnecessity of screeniné thé
peripheral parts of the chamber from the illuminating beam which was
inclined at 15° to the horizontal. The tracks were photographed by
two cameras with their image planes mutually at right angles (see
Figure 16(b))., The ghambe:f was pléced in a uniform magnetic field of
several hundred gauss, Tho measurements of curvature and scattering
angles wore made directly on the photographic plates. Only collisions
in which the elsctron was deflected in a direction opposite to the
original direction of curvature of the particle were recorded; Such
collisions are more easily observed as they are indicated by a ousp in an
otherwise smooth olurve.

In 1936 Champion (C 4] published the electron-nuclear scattering
data obtained from the analyéis of 875 metres of track in nitrogen.

A comparison of the experimental observations with predictions based on
various theories is shown in Table 4, The best agreemont is with the
Yott theory which gives over the angular range 20° - 180° a ratio of

experimont to theory of 0¢85, Almost as good agreement is obtained,




however, by inserting the relativistic vaxp‘ression mo/(, -Pz)%for the

electron mass in the classical Rutherford expression. (Column 5).

TABIE 4
Ang. Int. Obs. | Mott | Darwin | Classical | o(1 - %)
20° - _éo? 1 142 U6 579 us
30° -~ 60° 75 - 80 108 347 86
60° ;1_so° 17 16 | 50 95 26
20° -1so°' 201 258 504 1021 257

About the sems tims Skobeltzyn and Stepsnova (S 4) and Stepanova
(8 B, 6) reported reéults of measurements on electron scattering in
nifrogen whiohwers greatly at variance with the above, and with the
thooretical predictions. For the energy range 0¢2 - 1°1 Mev they
found & ratio expt. : theory of about 15, and for the range 1+5-3.0
¥ov a ratio of 10 to 30. Bosshard and Scherrer (B 5),7 somewhat later,
also observed excessive scattering in nitrogen at large scattering angles.
On the other hand Klarmanmm and Bothe (K 1) found the scattering |
croag-—se,ctions in krypton and xenon for electrons in the energy range
(01433 = 26 ¥Mov to be much smaller than the theo:;etical values, the ratio
expt, : theory being 016 and 0+2 respectively. ‘ |
Further work on nitrogen by Borisov et al (B 6), Bleuler (B 7} and
Bleuler_, Soherrezj and Zunti (B 8)_ failad to confirm the large discrepgncieﬂ
reported by Skobeltzyn and Stepanova, though the agreemsnt with theory
and the internal consistency was not good,
Bleuler ¢t &l also measured the scattering coefficient in fluorine

and in argon, and obtaimed results in approximate agreement with theory
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the ratio expt. : theory being 1°2 and 1+3 respectively. Reéults for
argon reported by Stepanova (S 6] gave good agreemsnt over the emergy
range 0¢2 - 1°1 Mov but 2°5 timos the theoretical value in the range
1¢5 - 3°0 Mov, |

Further work with heavy Asqattering olomonts gave very inconsistent
results, The low valus obssrved bj Klarmann and Bothe for scattering
in xenon was not confirmed by Sen Gupta (G 3) who obtained a ratio oxpte ¢
- theory of 0-85. On the othor hand Champion and Barber (8 5}, (B 12)
obtaimd_very low cross-soctions for scattering in iodine and in mercury,
the ratios boing 0°4 and 0°15 respectively, In 1943 Segrist (S 7)
obtained close agreement with theory for eleactron scattering in iodime .
The source of electrons in all thsse experimsnts was ome of the natural
B-omitting radioactive elements, usually RaC or RaE,

It is difficult to draw any conclusions about the validity of the
relativistic theory of scattering from rosults of such wide diversity,
though it is noticeable that the general tendency in the later resulis
is towards better agreement with theory. It is unfortunate that many
authors do not describe in detail the experimental techniques and methods
of analysis whicl_: they emplqyad. In & later section it is pointed out . |
that unllesa the quality of the tracks and of the track photography is of
~ & high standard, serious errors in interpretation are likely to occur,
The standard a.ppropriate %o this type of work is such that individual
background drops should be clearly distinguishhble over the whole of the
illuminated part of the cloud chamber, Since it is only within redent
yoars that rare gas dischgrge lamps have besn developed of sufficient

output to allow the vertical photography of individual drops and thinly
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iopigingf tracks over a large cloud-chamber volums, it seems probable th’a.t
the large discrepancies observed by some earlier workers are attributable -
to experimental difficulties in the photography and consequent inaccuracies
in the analysis of the tracks. :

One recent investigation which'appears to be largely free from the
above objections is that of Randels, Chao and Cram (R 1). These authors’
 deacribed an extensive investigation covering a wide ensrgy range and
involving measurement on 2173 metres of electron track in air, argon,
krypton and xenon, For lower enorgies (up to 15 Mov] the source was
radioactive phosphorus, P32: for moderate emergies (1+5 - 2°5 Mev), a
capsule containing O<5mg. of radium. Tho emergy range was extended up
tokl? Mev“bry using the electrons produced by the bombardment of Li8 by 3
douterons, The cloud-chamber wsed was small (1l5cm in diameter) but was .
fully automatic, The tracks were photographed by 35mm cameras, one with
its axis vertical, the other with its axis at 20° to the vertical, The
number of tracks was resiricted to an average of three per photograph in |
orde: to avoid oonfusion._ These authors were among the first to use the
method of projected angles for the mpasurement of _curvature and scattering
angles, the results being compared with a projected form of the Mott
scatiering formula, No large disorepancy with theory was observed for
any of the gases in any of the emergy ranges.

The results, summed over all energies and all scattering olements are
shown in Table 5. |




TABIE 5
Ang. Rangs | 16°-25° 2s°§§5° 35°-45°| 45°-55° 55‘?;-65° 65° _75° 75‘,’;-85° 85°-90
Toory | 569°5 1zéo_7 45'5 | 216 (115 | 675 39 | 2
Expt; 529+5 | 152+5 | 64:0 | 27.0 |13'5 | 9-0 30 | 30

Tharé‘is' a measured excess of scattering over the calculated valuss in the - |

intervals 25°-35°, 35°-45", and 45°-55° of 20%, 45% and 25% respectively.

The authors regard the evidenqe for a significant excess over theory as

strong, thoﬁgh not conclugive‘.

formula in calculeting theoretical values.

The authors used the approximate Mott

Expansion of the Mott farmula

beyond the first term gives appreciably larger scattering cross-sections

for elsments of medium and high atomic number but an approximate ocalculatio
by the writg_r shows that the increase is not sufficient to account for the

discrepancy.

The number of cases of large energy loss during collision was too

small to permit statistical study, only two collisions in which the energy

loss was more than 50% being observed in the xenon series.

predicted by theory was eight. ‘

The general conclusion drawn from the investigation was that the

haghly anomalous results obtained by soms e_arl.{er workers wore not

substantiated.

to test the Mot‘t formula in detail.

In comection with a comparison

The number

The vmasurenants, ‘howaver, ware not aufficiently exact

botween the full Mott formula and the first term only (which is equivalent
to the Rutherford formula with relativistic mass) the authors dnte -

"It is our opinion that the combination of the inaccuracies in the

7
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cloud-chamber measurements made to date and the uncertainties due to the
approximation in the theory place such a decision just outside the range
of possibility." ‘

The theoretical position has since been improved by the work of
Bartlett and Watson (B 1, 2) and McKinley and Feshbach (M 3} whoss
calculations enable the scattering cross-section to be found for all
elsments, The difficulty remains, however, of securing sufficient
experimental data to distinguish unambiguously between the relativistie
and the semi-classical theory, ‘the rasults from which except for heavy
slements ,do not differ greatly. |

The qnly' post-war measurement on slectron scattering in gases by |
the cloud-chamber method was recorded by Champion and Ray (C 8) in 1948,
Three Geiger counters were placed inside a chamber containing nitrogen, in i
such a position that they were traversed only by electrons scattored throughi
a large angle, Expansions were made at one minute intervals with the |
photographic plate permanently exposed. Illumination was arranged to
occur, and a record obtained, when a counter was discharged by an elsctron :
scattered through an angle between 80° and J_.8_0°. 1500 expansions wers nade
for every photograph obtained, A correction was applisd for particles |
missed by the countors, and only those scattered within a limited area of
i.;ha chamber were included in the statistics. |

The results obtaimed ame shown in Table 6.
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TABLE 6

Ang, Observed | Observed Theory
Interval ( corrected) (Mott)
85° - 100° 74 88 55
100° - 120° | 34 4 37
120° - 180° 25 23 26
85° - 180° | 131 145 118

This gives, over the angular range 80°-180%, a ratio expt.: theory of
‘1'2.‘ fl‘hus' the _anomalous excqssive scattering at large angles i.n»nitrogen,
observed by Skobeltzyn and Steﬁanova and by Bosshard and Soherrér, was |
not confirmed. The conclusion was that in nitrogen the Mott formula is
in good egreement with experiment at all angles of scattering.

A sumary of the results of all the experiments on the nuclear
soattering of electrons in gases by the cloud~chambor method, so far as
the author has been able to collect them, is presented in Tabls 7.
Information on the principal non-cloud-chamber oxperimonts has also
been collected in Table 8. |
Scattering of Positrons 7

As previously mentioned the source of electrons in mearly all the
experinsnt_:s described was ome of the naturally occurring radioactive |
elemonts ~ usually radium or one of its products, The lack of any
corresponding work on the equallj'inportant problem of the scattering
of positrons can be attributed to the difficulty of obtaining a suitable
positron source. Only two experiments have been roported on the nuclear

scattering of positrons and in both of these the scattering was mainly
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plural or multiple.

In 1938 Fowlor and Oppenheimer (F 1) used a series of cj.oud-chamber
photographs taken to determine the enmergy spectrum of the Y -radiatiom
emitted by ‘the. bombardment of lithium with protons,in order to obtain
data on the scattering #nd loss of emergy of fast electrons and positrons
in traversing a thin sheet of lsad. The tracks of 234 elsctrons and
128 positrons of emergy between 7+5 and 14°5 Mev. were analysed. 21
el.ect:ons_ and 8 positrons had emergent tracks too short for measursment,
The results obtained ars shown in Table 9,

TABILE 9

Comparison of electron and positron scattering.

NUMBER RATIO ELECTRON/
SCATTERED POSITRON SCATTERING
8.5°
No |10 14.5°] > 14.5° 8.5° 1O 14.5° >14.5°

Obs. Theor.| Obs. | Theor.
1.240.3 1.3 1.6+04| >1.5

Electrons {255| 36 27
! Positrons |136| 16 9

i

Acco_rdingrto the ‘Wentzel oriterion the eca.tigering was single ‘beyond
13°, The conclusion of the authorswas that soms evidence had been found
for an excess scattering at large angles of elsctrons over positrons
(as predicted by :_;ei!ati_vistio theory). The éreponderanoe of multiple
scattering, however, introduces uncertainties and the observations

are too fow in number to hawe great significance.

In 1948 ILasich (L 1} studied the angular distribution of positrons
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and eleqtrons gcattored in a thin gold foil stretched across a oloud-
‘chamber, The angular distribution was regardsd as oompanﬁdddgof. &
multiple scattering distribution merging into a single scattering 'tail!
at large angles. The source of positrons was an impure specimen of

Co 56 with a maximum particle energy of 1°2 Mev., The electron source
for the upper part of the emergy range was radio phosphorus, P 52, and
for lowsr enorgies Ra(D + E) lead.

Expt. Theory
(in units of 10-%)

LA

i P TED SINGLE NG IN GOLD FOIL

| i

i !

! . |

§ Radius of Mean Angular Total | No. of ;ea ;::l’:g |

H Curvature Energy Range No. of | Scattered N',° ty [

i (em.) (Mev.) (p1» @s) | Particles | Particles (@1 93 ‘
d
I

5 and 6
Positrons 7 and 8
9, 10, and 11

27°-54° 301 12
21°-43° 376 13
17°-33° 189 5

[N
oS a0
[ON ]

5 and 6
Electrons 7 and 8
9, 10, 11,
and 12

27°-564° 338 22
t| o 21°-43° 318 18
17°-33° 304 13

ceolooe

'S
8265|888
q.'hm (-~ )

L.
e~ o
Ll

The small-angle scattering was found to be in reasonable agreemsnt with
multiple scattering theory. A comparison between positron and electron
scattering was made at larger socattering angles "whers the single seatterinq’
. offect was not greatly diluted by the mltiple scattering process", The
data obtained are shown in tables 10 and 11,
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PABIE 11

RATIO OF ELECTRON TO POSITRON SCATTERING AT LARGE ANGLES

) Ratio of
Mean Energy Angular Range Scattering Probability
(Mev-.) (1 @2) Expt. Theory
0-45 ‘ 27°-54° 1-6 2-3
0-68 ; 21°-43° 1-6 1-8
0-97 | 17°-33° 1-6 1-7
|

The results again indicate a greater crox_ss-—seotion for electron than for
positron sog.ttering, but as in the previous experimont the statistical
basis is poor, and the unoerté.izrbies due to a proportion of multiple
scattering remain,

Before concluding this chapter it may be useful to summarise the
present state of agreemsnt between experiment and theory as it appears
from this review, 7 ‘

1) The scattering of electrons as mpasured by the ionisation chamber
mthod agrees well with relatiyistic theory with regard to emergy
dependence (in the range 127 - 2°27 lov]), absolute intensity, and
variation with the a‘bomi? number of the scatterer. It does not agree
with the Rutvh’erfqrdv semi~classical theory.

2) With the cloud-chamber method the large discrepancies observed by
some earlier investigators have not been confirmed by recent work.

Fairly good agreemont with theory is now gemeral for scattering in
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el»eme»n_ts» qf low atomic number, but seve:al large discrepancies still

- remain unexplained in the case of heavier elements.

3) ~ No statistics have been obtained on the single ﬁuchar scattering
of positrons but soms svidence has been produced in exporiments where
multiple scattering predominated, of an excess of elsctron over positron
scattering in foils of heavy elements, This is in agreement with
predictions of relativistic theory.




G%6T T | 9.1 0¥ - 06 -S82 | £¢6 - 80
S¥6T TZ | TI® 3° sTepusy ST 8 - g2 -G6T | S6 - 80
gv6T & | I® 3° Iernerg g1 29T 80L 08T = ST | 0+¢ - 80
O%6T T4 | T® 36 stepusy QT - 809 - Ge6 =~ O°T
626T 98 " G2 78 08T 0ST = 02 | 0°8'= QT
626T 95 vaouedesg 0-T 80¢ 20T 08T = 08 | T°T = 3+0
0-T 08T - 09 4.
ge6T 12 Ieqny L+0 - - 09 =02 | %2 -4eT | 8T| ¥
gyer __ ed Te 36 xemexq 31 $IT 016 OST -~ ST | 0:£ =230 | 6| 4
Sv6T TE eusx) DY v-T 66 - 06 - 98 _
— _ 48°0 28t - G2 - GT | 9% - 60
O¥6T 19 | T® 36 syepusy GeT - 008 peyyroeds jou | Ge% = Q°T aty
ev6T 90 |4dey  uordwmyp €21 S71 08T - 88 | 0+T = §°0
T 98 421 ,
6T 69 |aaysg ‘Ienerd ST g¥ STS 08T - ST | 0+ = 20
6T o Iernetd G.T ¥ L9g 08T = 9T | T+ = 20
6948 08T - 09 ‘ .
8042 08 = 0%
Jexaeyoy
T%6T 94 | __ % pIeusseg 6%+0 02" - 02J)| 2+8-%0-0
0%6T L8 | T® 36 sostaog L0 Ly 62 08T - 02 | §+2 = £+0
Le6T g% waoundesg LeT eTT 28 08T = 02 | T°T = 80
eaoursudesy . o
9¢6T  ¥S % ufzgTeqoys { 00T ©% 0T 213 08T OST ~ 03 | 0°€ = G-1
el 0 uoTdusyy 88+0 T02 GL8 08T - 02 | T+T - %0 | & N
¥961 ¢4 |uotdmsup % Aey | pejorpead T 2 P21 08T ~ 02 | T°T=-60 |T H
egep Toyany OO opagy | SUOTIOOLIEC sIegan *Be(q *Af 7 [roquis
pue eouereyey “3IXT Jo *oN HIONTT OVAE FIONV XD¥ANT INCLTT S

‘YLVQ ITERVHD anoTIO

S

]

HSVD NI SNOULOWIZ d0 HNITHdLvOS AVAIONN FIONIS

L TTIEVE




25 ),

uotdmeyn
gceT 2Td » Jemxeg GT-0 2sT 08¢ 08T - 02 T.T - S0 | 08 3
SP6T TH M CeT 88 - 06 = 82 08T = 63
S¥eT TI| “ 8+0 (548 - g2 = COT 0¢2T = 642
5 . ‘ o
OP6T TZ | %° stepusy g.T - %08 petgroeds j0u| G.IT = GeT
6S6T €9 u G8+0 19T 9 08T - 02 T2
6S6T €9 B3dny ueg G880 10T LT 08T - 0% T2
| eqog : ,
9¢eT TX ¥ uusuIeTy 20 T8 0%2 08T - 0% 9.2 - G.0 | 38 ey
CVeT LS qs1Ieg 0°T 6%2 6S¥ 08T - ST Ze& = 840
xeqreg _ .
6861 SO » uotdmsyy $+0 LI 09¢ 08T -~ 02 ST = L0 | €5 I
SP6T 1M " 6.0 AN - 06 = 82 602 = GeT
S¥eT T8 | __ " S.T (54 - gz - QT 6+2 = GoT
Ov6T TU T® 3 sTepusy S.T - AN - Ge6 = 6.1
‘eysog , ‘ RS
9g6T TM | % uuswiIsTy 9T+0 ot o¥T 08T = 0¥ 9.2 - 8.0 | 9¢ Iy
egep fzoeuT sUOT408TIeQ sIeqen *3eq ‘Ao . 7 _|Toquig
e oouezegey| OV |amem OWE|  yo *on | mzonwm vovar |  wiowv pEicivic TN

(*P3UGdY 2 FIdvad




26

18

cm.km Qg6

LY6T cg | 36 33ymeap ep ous v
03 dn s =T
usp ‘Ieuyoeng IV 66°Q 009 °% £.2-1-3 0 ‘eg 8A0Q® nlaﬁ
GeT = Jequeyo uoT
0T38X YoTUA
9%6T ™o —_— ——  |TOF A8Y .3.3 o08=08 [LS8-L3.T ny ‘3y “novuumgmwr
T® 3® 48 Ty J03 R
Jdesiy ep usp qdeoxe 0. ny ‘1v 079895019067
yospueymg ny ‘Sy | saequmoo xefyen |
WeT| ¢S i Louedexostp ¢%-.02 | T+T-T.0
UOSIOPUNEY | 69TUTIOP ON o™" o , ny 1V LYY m«mf
‘ny IoJ 5¢ unmﬁn_oo“
™ 78 | |
TP6T [£°5 TV nousyoyTy | Louedexostq 06,28 | 0:2-9-0 ny ‘1Y eouaptou100f
TV I0F 8.0 PTOTNTTED teqny uopey
SPT-0 ny Iequeyo uO¥
Te6T N I8N (TV)ec.T onb._nlom 6 .
o =9G0.0 3y ‘1v :sd8x epoysys)
{£x06U] UTAIB(Q) . ny “Sy eoueTeq juexIn)
L26T| 2°TS pueTUOydg {1v)86-0 oL9T1~x06 LL0«0 .
: ng 1y :8fex goyge)y
(£x0ey3 utaxsq) :
Jetoxey ny ‘3vy Sutx asTMIUY
qgetT 10 % JOTAPBYD GGeT o0¥~o¥2C €0 .
, " ny ‘1vy 8fei-g ey
 XUOUHIL *93q ' AT
Gnva] JIE * dgXd TTONV PG SN MOHLIN

HOHINY

VIVd SEENVHD GNOTD NON

8 JIdVL



27

CHAPTER II

QUILINE OF SCATTERING THEORY AND PROJECTION OF SCATTERING FORMULAE

The basic scattering formila is thet derived by Rutherford (R2,p.191)
using classical Newtonian dynamics., For & beam of elactrons of charge o,
and mass m,, moving with velocity v in the Coulomb field of a nucleus of

charge Z the differsntial scatitering cross-section, 6 , is given by
2

2
° =(2?r:v2) cosec” % (. 1)

whore O is the angle betwesen the incident boam and the direction of
soattering,

Exactly the same formula may be deduced by wave mechanical theory.
The solution is obtained most easily by using the Born approximation
which is vglj.d for electrons in the energy range here considered.

The non-rolativistic wave equation for motion in a field of potential
V is, in the usual notation,

viy + £Be(£-V) =0,

j.e. (V2+ kz)"f’ = Zﬁrr;ova/ —-——(lT.z)
where k*= Am, -2

i

v ;—.»_1/0 » whore VY, is of the form eikz, representing a plame wave, is a
solutj,on of equation (II. 2} with the R,H.S. = 0, i.e. in a fisld-free
3pace., ‘

In equation (II.2} let WY =Y, + ¥ whore ¥, reprosents the effect

of the field
then (v2+k*)Y = %";—" V(V, +¥,)
= %’1:_9. Vay, if V¥, be meglocted (Born's

approximation].

The solution at points distant from the scattering centre (asymptotic

form) is




»

, tkr \
. v = | er )c(e)

Hence Y - eikz + eik/r'r' ' f(e)

£(0) is related to the scattering cross-section as shown below.,

The number of particles per unit volums in the scattered wave at
distance r is If( 0) [2 /:’*f. If v is the velocity, the mumber incident
per unit time on an element of areca ds is

v ds | £(8) l‘z/x."z
i.e. the number scattered per second into solid angle dw is

v |26} ]” aw
But 6 (6}, the differential scattering cross-section (or scattering
probabilj.ty-) is the fraction of the incident particles scattered at
angle © pér unit solid angle. Hence

o JUENET T
The problem is to find the form of f£(6). The solution obtained by Mott
is as follows,
The wave functz.:n representing the incident and scattered wave is
Y =3 (anet)i"e! ™ L (v) P, (cos0)
n=0

and for the asymptotic form of the scattered wave
'k
_ e’ "f(e) with
£@) = zig 2 @re)[e® M - 1] (o).
" n=0

£(0) is complex. The scattered intensity 6(0) = |f(6)l 2 is given

2 2
by the square of the modulus i.e. by A + B whore




7% 2 (@n+1)( cos 2m, = 1) P,

e
]

™
]

-E‘QZ(ZnH) Sin 27w . P

These series are in ggneral convergent, but there is only one case in
which they can be summed in terms of known functions, namely the Coulomb
field, TFor this, as previously mentioned, the scattering»crqss-aeotion
is the same as that given by classical theory (equation II.1}, This

is not s0 far any other field investigated.

The simple wave equation cannot be expected to give correct results

" for high-energy electrons, However, the formula obtained by substituting

. s
the relativistic expression for the mass, m = m, /(1 - Bz)z s in the

Rutherford formula, namely

2 2
s =__(Z(—32) -8 cosec4g/2, ————-————(I.B).
2m,c* 4 : :

whore v = Be and M, = rest mass of elsctron, gives, within limits to be

discussed later, good agreement with experiment. It is the formula.’
against which more refined expressions are usually compared. The R.H.S.
of equation (I1.3) will be denoted by R. 7 o

The sang‘.pr\oblsm can be solved using the relativistic form of the
wave equation, This may be written

vy +;§,—C—z {(E-V)z— ’"2C4}’\" =0 ,
oF E=mc*=myc* | a’——-(l-f;‘)i‘
e, (ViKY = (z_%.;xv " Ha v?) — (@ 4),
where the additional term on the R.H.S, arises from the variation of

where

mass with velocity.



Neglecting the V- term, the sosttoring cross-section obtainsd is
_ 1-p* 49/ _
(<} . cosec = R
s(e) (Zm - ) i %
that is, the Rutherford formule with relativistioc mass.

If the V?’tem is retained in the relativistic equation, the solution

-obtained ie

6(9) = R{ |+ 'H‘ZO(QSIn 9/2(! + ferms of order 2z« (Zd) e*"’)}
whore X = e/ﬁc = /13/'
The above relativistic equation takes no acc‘ount of elsctron spin.

In 1929 Mott (M 1) comsidered the.,scatte;'ing problem from the stand-
point of Dirac's relativistic electron theory. In the equation corres-
ponding to (I1.4) above there is an extre term representingv the effect
of spin. ‘

The equation is (c.f. wuli'ams, W 2)
)y = {2y - o vt e D8 (8T Y ——@9)
For & Coulomb field the ratio of the V - term to the V term is...

Vo, .Ze g2t A _ pZ
2m,¥c®* ~ r. 2mc? Fﬁc mvr' 137 T

where X‘= 2R is the electron wavelength., For all values of Z the ratio

is small at distances from the nucleus large compared with the wavelsngth
(r > X J. It can be shown that the ratio of the spin term to the V
term is also small for r % X .

o Since scattering through an angle © in the nué).ear field is due to
the field st T ~ /g , it follows that for smsll-angle scattering

r > A ,and the second and third terms inside the bracket in equation
(I1.5) are small compared with the first. The scattering intensity
consequently differs but littla_ from the value deduced from classical

theory or mwrslativistio wave-mschanies (with the relativistic

expression for the mass).




For scattering at large angles, and particularly by elements of
high atomic number, the second and third terms are no longer small
compared with the first, a2nd the scattering distributiom deduced from
Mott's formula differs considsrably. from the classical one. This is
clearly seen in Figure 5 which is referred to below.

Returning to equation (I1I.5) the solution obtained by Mott is in
the form of a comditionally comvergent infinite series. It may be
eXxpressed , . |
5(3) = Rf 1 @ity + WA (17 5% # terms of onder 2, @) “ |

This formule is fairly accurate in the first approximation for all
angles, provided Z is small, but for large Z it is mecessery to evaluate
the terms in Zaq, (Za}zetc. Mott (M 2), in 1952 evaeluated the series
accurately for the particular case of scattering in gold at 90°, The
calculation of the solution for all scatiering angles was undertaksn by
Bartlett and Watson for the case of mercury (2 = 80), In 1948

McKinley and Feshbach expanded the Mott series in the form of a power

. . Za -
series in ;‘1 and--B- (B = v/c)’ the series being &courate for the middle
Z olements. By using the results of Bartlett and Wetson they extended
the calculation to obtain the cross-section for scattering of all
elements to an accuracy of a few per cent. The results are given-in
torms of the ratio of the calculated scattering cross-section to the
Rutherford cross-ssction at different scattering angles. Figure 5
shows the curve obtainéd for mercury from Bartlett and Watson's eiact

calculation together with that due to McKinley and Feshbach, The

solution of the latter even without adjustment is shown to give &

similar type of curve.
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| Comparison between of-approximation and exact [
~ calculation of Bartlett and Watson for Hg. The energy of |

~ the electron is 2 Mev. R is the ratio of the scattering cross |
section to Rutherford scattering.

FIGURE &
MoKinley and Feshbach also deduced from Mott's theory an approximate
formula valid for Z/157 < 02 which differs slightly from the Mott
spproximete formula, and is more accurate over the middle range of angles.

McKinley and Feshbach's approximate formule which is

(o) = R{ | - Plﬂhze/z + WzaBsinty (1= J/ﬁé/z)} —(we)
may be compared with Mott's approximate formula
5(0) = R{ 1+ plom®y +wzapomdy (1- 9% )} ——(@7).

It is apparent from Figure 5 that for elemsnts of high atomic number,
the relativistic theory predicts croas-sections for electron scattering
quite different from those expected on classical grounds., The ratio of

relativistic to classical cross-section reaches a maximum of nearly

2 at a scattering angle of about 80° and then decreases rapidly, falling




I L 1 ! !
0 []] 02 03 04 05 06
=< =237

The ratio R of the scattering cross section to
Rutherford scattering as a function of Z/137 for the various
scattering angles labelling cach curve. Electron energy:
1 Mev.
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' The ratio R of the scattering cross section to:

Rutherford scattering as a function of Z/137 for the various
scattering angles labelling each curve. Electron energy,
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~ FIGURE 6.
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The ratio R of the scattering cross section to

05 06
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== 2/137 i

Rutherford scattering as a function of Z/137 for the
various scattering angles labelling cach curve. Electron
energy 4 Mev. The energy dependence of the ratio R mav

be neglected within the accuracy of these

above 4 Mev.

calculations




to very low valuss at angles greater than 1500.

Convenient grgphs from which similar curves can be drawn for_: any
element have been constructed by McKinley and Feshbach and are re-
produced in Figure 6., They give the ratio of the scattering cross-
section to Rutherford scattering as a function of W& at vgrious
scattering angles for elsctron emrgiés of 1, 2 and 4 Yev, 'A'curve
showing the theoretical scattering of 1 Mev electrons in argon, con-

structed in this way, is illustrated in Figure 6(d}

0O-8

Ratio of Scattering to Rutherford Scattering

i o6
1

O - i

0«2

o ;
o°® ‘40° 8o° 120° 160°
i
Scattering Angle,
.
FIGURE 6(d})

Throughout the discussion on scattering the following have been

naglected: -




1. 'The screening of _the _nucleus by extra-miclear electrons.

2, Badiative collisions.

3. FElectron-electron colli’a‘sions.

The effect of these on the main scatfering distribution can be shown to
be' negligible in the emergy range investigated.

The scattering of an elsctron through angle © in a nuclear field is
due to the field at a distance T ~ X/e o« Substituting values
corresponding to the lowest measured angles and electiron emergy gives

+ ~ 10" om, which is smaller than the radius of the immermost electron
orbit, so that oven in the most unfavourable case no shielding of the
nucleus occurs.

It can be shown that the number of radiative collisions to be
expected on thaorqtioal grounds during the passage of elsctrons of the
energy imvestigated (~ 1 Mev) through a medium of the atomic mumber of
argon is extremely small.

Electron-—elgctron scattering cross-sections are much smaller than
olectron-nuclear in all except the lightest elements. The two types .
of scattering can in any case be easily distinguished in the cloud chamber,
Positron Scattering.

On ths basis of classical mechanics the scattering of positrons
follqya the same law as the scattering of electrons. If, howsver,
the pesitron is regarded as a positively chargad Dirac particls, the change
in sign of the Coulomb force effecte the spin-orbital coupling, and results
in an appreciable difference in the scattering cross-section, particularly
for elements of high atomic number., Massey (M 4) using tables drewn up

by Bartlett and Velton for the electron case, calculated the theoretical




cross-section for the scattering of positrons in mroury, The results
of his calculations for positrons of various energies are shown in

graphical form in Figure 7.

1-0

0 S \§\\ g\‘ ‘

e Y B

NENSSSE |

foe N |

< 04 - |

i‘ % 0.2 \\ |
0° 30° 60° 90°  120°  150°  180°

angle of scattering

Angular distributions of positrons of various energies scattered by mercury nuclei.
The seattored intensity is given as tho ratio to that, ¢2 cosect }8/k2, given hy the Rutherford ~
formula. Curves I-IX respeetively correspond to positrons of cnergies 0046, 0-086, 0-145,
0-232, 0-314, 0-463, 0-666, 1-28 and 3-35 mc2.

|  FIGUEE 7. .

‘The graph shows that, sccording to the relativistio theory, the scattering
cross-section for positrons is always lower than the Rutherford valve,
reaching a.'_ small fraction of that walue at large scattering angles in the
qaée of high ensrgy positrons. The large difference predicted between
electron and positron scattering intensities in a heavy clement is well

illustrated in Figure 8,
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" Electron -
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Scattered Intensity
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Positron
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0 . 30 60 90 120 150 180
Angle of Scattering
(Degrees)

—Calculated scattering v. angle for positrons and electrons.

FIGUREAS.

For elements of low or moderate atomic number an approximate
soattering formula similar to (II.6) or (II.7} can be used to calculate
cwoss~sections. The only alteration is in the sign of the third term
which for positrons is minus instead of plus, Figure 9 shows ourves
similar to those of Figure 8 for the light element argon (Z = 18}, but

caloulated for projected angles (vide infra).
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electrons
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pasitrons
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Ratio of seattering to Rutherford scattering

04 R
“roe 10° 20° 30° 20° 50° 60° 70° 80° 90°

Scattering angle.
"1 MeV, electrons and positrons : calenlated ratio of scattering to Rutherford scattering
(projected angles, p=1) in Argon. i

| FIGURE 9.

In oloud chamber experiments the region of interest lies in the
angular range 20° - 60°, Scattering angles smaller than 20° are
difficult to detect and measure accurately, and the number of events
at angles groater than 60° is too small to be significant. Figure 9
sh_mﬁ that for the element argon the difference in scattering cross-
section for 1 Mov electrons between the predictions of the relativistie
and the semi-classical theory is very small in the signifieant angular
r_ange'.t The d;ffe:ence is too small to be detected by the cloud chambqr'
mothod, Indeed it is doubtful if any cloud chamber experiment has been
able to distinguish unambiguously between the Mott and Rutherford theories
by measurements on electron scattering by any element, As Figure 9 shows,
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however, the scattering of poditrons offers a mich more sensitive tost

of the theory. Even for an element of comparatively low atomic number
such as argon,tho predicted difference is of the order of 20% in the
signifiocant angular range. This difference should be experimentally
demonstrable by the cloud-chamber method, It may be noted that the

mothod used by Van de Graaff ot al (Gl, B3} which gave results in good
sgreemont with relativistic theory (see Figure 3) is not epplicable to

the positron case, since it involved the use of an m.ifi@ih*lly'acé'elshtad
beam of electrons. |

The collection of date on positron scattering is thus of
congiderable valus, not only to check the absolute scattering intensity
and angular distribution but also to test the applicability of the Mott
theory_ of scattering, involving as it doss the concept of spin, to
-scattering problems, _

Projection of Scattering Formulae. ‘

It is convenient at this stage to consider the method of converting
the various scattering formulae to & form suitable for comparison with
measurements made in a single plame, this being the method of analysis
adopted (Chapter VJ.

Randels et al (R 1) have derived the projected form of the Mott
scattering formula for the particular case in which measurements are made |
on all tracks, whatever their lemgth., It is shown in Chapter V that te
obtain accurate moasurements it is desirable to accept tracks with lengths
greater than a certain minimum value., The projected form of the general
scattering law, mqking allowance for such & mimimum length, has been

dorived by 0'Ceallaigh and MacCarthaigh (0 1), whose notation will be
followsd, |
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The calculation of the scattering angle distribution in the
projected system is based on the fact that the usual scattering formulse

can be expressed in the form

P(@)d8 = Nf (z,(z) F(a). 2msiné 49
whore P(6)d0 is the probability that a particle moving at speed o through
a medium containing N nuclei of atomic number Z per unit volume will be
scattored once through an angle lying botween © and © + 40 in a path-

longth of 1 cm, and where F(O) is of the form

cosec*bfy + Acosec’d + Bcosec?9y + C cosec G
eogo in Mott'ﬂ fomula
F(o) = cosec*¥ - pzcoseczé/z +TT ZzB (cosec?d), - CGS?C‘%)

or, in the formula derived by McKinley and Foshbach :-
P(G) casfc“ﬂ/ g cosecjé/ + Mzolf3 (cosec’®y — cosec*’%)
The probability of scattering into the angular range @ to O + d9,
where O is the projection of © in a plane perpendicular to the axis of

the camera (y-axis, Figure 4) is shown to be

P@)(M ML)G_)Sec ¢f dy/ M dodg |

(sec ¢ - sec p;) z

whore

050 = A cos g

T (@ y))E
- The boundaries of the illuminated region of the cloud-chamber are
the planes y = +a. A is the minimm projected length of the tracks
which are to be included in the measuremonts. It is assumed that the
incident particles travel normal to the y-axis in a parallsl ‘beam of
uniform intensity covering the entire depth of the illuminated layer.
Barker (B 10} gives value of P, (?}/N £(Z, B) corresponding to

2 = 10°, 209,......,90° for ¥(6} = cosec"f) where n =1, 2, 3, and 4,
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and for values of ¢ = 0, 0°5, 1+0, and 20, From these figures, by
graphical integration or otherwise, the integrated values over suitable
angular ranges may be calculated, 0'Coallaigh (O 2} presentstables

qontaining ‘I;he integrated values calculated for the angular ¥anges 200

- 30°, 30° - 40°, etc., for a number of differont values of '0( (’ = QL-;)
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CHAFTER III

CLOUD CHAMBER AND' PHOTOGRABHIC TECHNIQUE

The discovery of the principle on which the cloud chamber operates
followed directly from studies by Aitkon (A 4) and Coulier (C 7}, and
espacially C.T.R. Wilson (W 3) on the conditions for condensation or
cloud~formation in moist air, These conditions were clearly demonstrated: !
by‘C.T.R. Wilson in the investigations described in his classical papers
of 1897 and 1889, Wilson found that in air initially saturated with
water vapour from which all dust nuclei had been removed,three critiocal
values of supersaturaiion could be distinguished :-

1) Fourfold supersaturation at which negative ions begin %o act as
condensation nuclei.

2) 8ixfold supersaturation at which positive ions begin to act as
condensation nuclei.

3} Eightfold supersaturation at which condensation takes place to an
extent which increases very rapidly with further increase in
supersaturation on uncharged nuclei consisting possibly of molscular
aggregates.

In addition, following the formation and evaporation of a cloud, nuclei

remain on which condensation takes place readily at low values of super-

saturation;

During the period 1901-1912 Wilson perfeoted the first cloud-
chamber (see p. Gl for description), in which supsersaturation conditiom
corresponding to condensation on ions were momentarily produced by the
adiabatic expansion of a closed volums of moist air. He showed that if

'old' ions were removed by means of an electric field, the tracks of

charged particles which had traversed the chambor at or mear the moment




of expansion were sharply def_’g.nsd by the drops condensed on the ions
formed along the trajectories,

Sudden expansion is not the only method of producing the required o
supersaturation., Recently interest haé been revived in continuously
sonsitive chambers of the type dus Eo lLangsdorf (L 2}, in which conditiohs
for condensation on ions are produced by the diffusion of a vapour
{(wothyl alcohql) through a region in which a large temperature gradient
is meintained., Chambers of this type may have soms important applications
in the fubure, but they have not yet been applied in any extensive
investigation.

The following discussion refers to i;ha normal cloud-chamber of the
Wilson type in which sﬁpersaturation of limited duration is produced by

the adiabatic expansion of a given volums of gas saturated with vapour

No. of Drops Per Cu.Cwm

FIGURE .10
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The full line in Figure 10 shows how the number of drops per unit
volums varies as the saturation ratio is increased, The corresponding
expansion ratios (for an air-water-vapour mixturs) are also shown along
the abscissa, The dotted limes indicate the contributions made at each
value of supersaturation by the three types of condensation nuclei-
ﬁegative ions, positive ions and neutral molscular aggregates. It is
‘apparent from the figure that the most useful region, corresponding to
condensation on all the ions without the formation of appreciable numbers
of background drops, is of very limited extent. The corresponding
values of expansion ratio are equally criticals. It follows that a
mecessary feature of a good cloud-chamber design is provision for
ac_curgtqu adjusting the expansion ratio (to within ome part in 200 or -
better).

The figure is drawn to represent ideal conditions in which complete
condensati‘.‘on on ions occurs before the background drops are appreciable
in number, The realisation of such conditions requires careful choice
of the constructional materials of the chamber and the utmost attention
to cleanliness in assembling the parts in contact with the sensitive
volums . The introduction of even minute quantities of soms substances
advanees the onset of background condensation and may easily lesad to
conditions in which the tracks are scarcely distinguishabla against the
background fog. The presence of small leaks must also be avoided because |
of the delsterious effect of the introduction of dust-laden air, |

In Wilson's cloud-chamber the only substances which cam into
contact with the ‘senaitiye vqlums wore g?.a.ss and gelatine: this was

ideal for the avaidance of contamination, In later chambers substances
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such as perspex, stainless steel, brass and rubber have been introduced
without any appreciable effect on the quality of the tracks, but sluminium,
and vse metals in general, eppear to be sourcss of contamination.

The action of ultraviolet light undoubtedly leads to heavy condensation
but thore is usually no difficulty in excluding such radiation from

the chamber.

In a chamber assembled from clean materials and complstely free
from leaks it is nocessary bofore operation to remove the dust nuclei
whic}h are always present in the gas. This is dome by making repeated
slow expansions during which drops are formed on the nuclei and allowed
to settlo on the floor of the chamber, The clearing process is
qopsi_dg:a_bly accelorated if the floor is covered with gelatine, which
presumably acts by firmly retaining the nuq]ei which settle on it, thus
preve__mtipg»their redispersion during subsequent expansions, Indeed
Wilson on occasion went so far as to coat the entire immer surface of
the chember with gelatime, but the optical properties of the glass were
thereby destroyéd. An alternative and frequently used background
material is a black velvet sheet saturated with the condensing substance,
This was found by the writer to be only slightly less efficient than a.
gelatinev layer in its clearing action,

When a chamber has been thoroughly cleansd by repeated slow
expansions it is interesting to observe the change in the appearance
of the tracks as the expansion ratio is gradually increased. This is
best dome with a chamber containing air and water vapour, for which the

critical superssturation limits and the corresponding expansion ratios

are accurately known. The expansion raetio control is first calibrated by
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observing the pressure changes at various aettings in theAnormal and
expanded positions, time boing allowed botween each reading for the
ro-cstablishment of temperasture equilibrium, Application of Boyle's
Law then gives the corresponding volume changes,

A weak B-particle source, such as a small piece of an old radon
tube placed near & window in the side of the chamber, forms & convenient
- source of electrons. A good source 'of illumination focussed into a
flat beam is nscessary for the visuasl observation of the tracks a.nd'
drops, which are most clearly seen from an oblique angle (vide infra.),
As the expansion ratio is gradually increased from a low value, & point
is everntually reached (E.R. 1.25} at which condensation begins to teke
place on negative ions., The tracks at this stage appear diffuse as some
of the ions move appreciably in the electric field before being fixed by
condensation. As the expansion ratio is further increased, more and more
ions act as condensation centres. Negative ions formed along tracks are |
| fixed almost immediately so that ths tracks are sharply defimed. At
this stage the density of background drops in a 'clean' chamber is
negligible, As the expansion ratio ;ises beyond the limit for condensation
on positive ions (1-31), a diffuseness or trailing appearance occurs on
one side of the tra.cks. This is due to movement of vthe positive ions in
the eleotric field from the region of the track where the supersaturation
is reduced by cobdensation on the negative ions to a region where the
supersaturation is sufficient for the positive ions to act as condensation
centres, Fﬁrthsr increase in expansion ratio removes the diffuseness and
results in appreciabla improvement in the quality and sharpness of the

tracks. The practical limit in very clean chambers ocours at about




an expansion ratio of 1755,31-. _which value condensation takes place
on all ions of each sign. The increase in the number of background
drops, which is slow during the stages described, then becomes much more
rapid, end if the expansion ratio is further raised, the tracks soon '
become indistinguishable against the heavy drop background., The onset
of background condensation occurs at lower expansion ratios in the
presence of small traces of contamination, and tracks of the highest
quality are not then obtainable. It is ususlly found that the performance |
of an initially clean chember deteriorates slowly with tims, presumably
oﬁng to the accumulation of contamination: by chemical action, After
somp wooks of use the background conditicns become unacceptable and the
chamber has to be dismantled and cleaned. This may imvolve immorsing
" metal parts in weak acid solution followed by scrubbing in water containing
& detergent such as 'teepol' and then by prolonged and thorough rinsing
in clean running water. The glass parts, particularly the upper plate
| through which the photographs are taken, must also be thoroughly cleaned
and polished. The opportunity is usualf;/kte: wash ox’ replace with fresh
material, parts such as rubber diaphragm, background velwet, etc. which
come into contact with the sensitive volums, |

The valuss of supersaturation and expansion ratio shown in Figure
10 refer to a chamber containing air and water vapour. In all cases 4
the critical region in which condensation takes place on ions but not on
other nuclei is of very limited extent, It may happen of course that no‘
such region exists, general cloud formation occurring before condensation

on ions, in which case the vapour is useless for cloud-chember work,

Water vapour is exceptional in condensing more easily on negative than on

positive ions, For mearly all other vapours or combinations of vapours




the reverse is found to be the case.

A combination of vapours frequently used is that of water and
ethyl alcohol in the proportion by (1liquid)} volume of 1:3. This
mixture hgs the advantage of requiring a lowor expansion ratio than
either of the vapours alome. This in turn reduces the mschanical move-
mont and temperature drop during the expansion, which helps in the ‘ |
'avcbidafnce of turbulence. One disadventage is that the alcohol diffuses
through rubber more repidly than water vapour, so that in chambers with
rubber diaphragms the proportiom of the vapours, and consequently the
expansion ratio, alters alowly with time. The behaviour of the chamber
at a given expansion ratic cannot then be taken as & definite indicatiom
of its performance.

The fall in temperature during an expansion is large- an easily re-
me*mbmdiu:emonic for the combination air plus water vapour im the
following :~ an expansion ratic of lexy corresponds to a drop in
temperature of xy°C. e.g. if the expansion ratio is 1.30, the fall in
temperature is 30°C, _

In Figure 1l the line AB represents the variation with temperature,
0, of the saturation vapour density # . Representing the initial state ' |
of the vapour by the point C, and assuming that the gas mixture obeys the
porfect gas laws, the relation between 6 and p during an adiabatic expan-

Iy

sion is ©/ _ ¥-l=const., indicated by the curve CD,




v FIGURE 11. _ 7 ) v
The point D represents a superaatqra.ted state of the vapour, which,
howover, persists for a short time only, the vapour returning to its
ori‘ginal state via a path such as DEC, This is due partly to the heat
liberated by condensation into drops and partly to heat absorbed from
the walls of the containing vessel, which do not share appreociably in the
fall in temperature. The latter effect is the more important in
limiting the sensitive time (time during which the supersaturation iﬁ'
sufficient for condensation on :‘Lona) in normally operated chambers;
Williams (W 4) analysed the effect, and distinguished two regions of the
chamber - a thin layer mear the walls heated directly by conduction from

the walls: this expands and heats by compression the second region, the

main volume of gas in the chamber. The rise in tomperature whioch destroys

the supersaturated condition and sensitivity of the chamber thus oecurs : .-

almost simultaneously thi'oughout the whole volume. Williams deduced for

”




To, the aensitive time 66 a chamber of volume V and surface area S, the

expression

T, = 07 K(:-/)1 (-\54) (Jr) (E ).

where (1 + r} is the minimm expansion ratio for condeneatiqn on ions and ‘:
(L+r+ dr) is the actual expansion ratio, The sensitive time is
greater in large chambers where the volume to surface ratio is large.

If the condensation is heavy, the heat liverated in the process is
not negligible, but since the liberation of heat is localised, the
magnitude of the effect is less easily calculated. Hazen (H 1), however,
deduced a formula corresponding to (I1I.1) for the limitation of sensitive

time due to condensation, viz.

Y2 _ s [ .
Y= ?{y,)z/g (4a)‘£;:’ (m-2).

where n is the number of drops condensed per cc. and da is proportional

to the rate of drop growth. Hazen also showed that the resultant sensitive

!
time ’l‘ is related to T and ! by the expression

EPEAE) -

Measuremonts of the sensitive times of a mumber of chambers have shown
fairly good agreement with the theory.

VHolonga.tion of the sensitive time of & chamber, though worth pursuing
in soms applications such as searching for rare cosxpic ray events, is of
littls adfantage where accurate measurements are required. The useful
sensitive time is limited by the onset of turbulent motion of the gas which
produces distortion of the tr.a.cl;sy. This bocomes gppreciable within 1ess.
than a second after the completion of an expansion, and may limit not only
the useful sensitive time but also the poriod available for drop growth

!

before the tracks are photographed, The turbulent motion is caused
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largely by inequalities of temperature in the gas but may be accentuated
if (1) the gas is not in thermal equilibrium before expansion, (2) the
movement of the pistonm or rubber diaphragm is not uniform during expension
and free from oscillation at the end, or (3) pockets of gas are present
in recesses in the sensitive volume,

It is of great help in setting up stabls thermal equilibrium before
expansion if the temperaturs of the floor of the chamber is kept slightly

below that of its surroundings. This may be done by regulating the flow

of cooling water round tho base of the sensitive volums (sse next chapter).

Points (2) and (3) are taken care of in a well designed expansion chamber,
and are also discussed in the next chapter.
Illumination of Tracks. ,

Two types of illumination are required ~ a steady source ‘for the ,
visual observation of chamber coz;difions and an intense short-duration
f]ash_for photographic recording. For the former a tungsten lamp of the
motor-car headlamp type with a straight horizontal filament was found very
suitable, the beam being focussed into a flat sheet by means of a
cylindrical lens., Care has to be taken to avoid local heating of the
chamber near the lamp. This can be prevented by interposing & sheet of
hoat~absorbing glass.

For photographic illumination a number of differemt .sources have
been used, including filement lamps momentarily over-run, mercury vap§ur
capillary lamps subjected to a high tension discharge (Wilson) or to &
pulse from a high voltage transformer (Blackett]: but in recent years
these sources have been entirely superseded by the development of rare-
gas dﬂmhﬂm lamps which are now commercially available, These lamps
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produce & good appro;;in_zation to a linsvso‘u:rce o_f intense illumination
of very short duration, and are therefore ideal for cloud~chamber
illumination. Nevertheless, the collimation of the beam from such a
source requires groat care if the highest standards of track photography
are to be attained. |

The light-scattering efficiency of a drop falls off very rapidly
as the angle between the direction of the illuminating beam and the
lire of view is increased, Measurements on the relative intensity of
light scattered at various angles from watezj and water-slcohol drops of
the size encountered in cloud-chambers (about 20 microns diemster] have
been made by Webb (W 5). The results, illustrated in Figure 12,
indiocate a scattering intensity gt right angles to the illuminating

besm less than 1% of that at 20°,

Angle of Relative scattered intensity
scattering (°) Water Alcohol-water
20 100 63
40 12 13
6o 25 “7
8o o8 20
100 _ 10 -

\\

100 |—@.

! ~

1 L | ) |
Ud kg 60° 90° 1200 150° 180°

Scattering of light by cloud-chamber droplets. The full line covers the
l’eg]on investigated by Webb (1935) (@ water, O alcohol-water), the broken
curve is conjectural.

FIGURE 12.
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In clquci&hamber work the experimental arrangement usually

nocessitates photog;-aphy by light scattered through about 90°, at ‘whf!.oh
angle, a8 noted above, the scattering efficiency of the drops is low, J
Even a small amount of stray light scattered from the background seriously

reduces the visibility of the tracks, The amount of background scatter

can be reduced by good collimation of the illuminating beam. The

arrengement used is described in the following chapter. Figure 13 shows

electron tracks taken under optimum conditions of illumination. In

Figures 14 and 15 which are typical routine photographs taken with the

apparatus described in the next chapter, light scattered by the velvet

background is visible over a small area, but the intensity is not

sufficient to interfoere seriously with the visibility of the electron
tracks and individual drops.

Photographic Requirements.

In applications where accurate information is required, it is always
desirable and somotimes essential (as when drop counts are made) to be
able to record on the photograph every separate drop in the illuminated
part of the chamber. Even under optimum conditions of illumina.tion,‘
careffql!. consideration must be given to the photographic system if

single~drop recording is the aim.




FIGURE 13:-

Electron tracks of various

conditions

of illumination.

energies:

optimum
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FIGURE 14:- 'Typical routine photograph showing electron

tracks as analysed.



FIGURE 15:- Same as Figure 14; an electron-nuclear collision

is visible to the left of the centre of the picture.



In recent yoars :|.t has been cuatomary, when la.rga numbera of .
photographs are requlraq, to reoprd on 35mm f;.lm. In view of the small

amount of light scattered and the necessity for stopping down to obtain o

sufficient depth of fosus, it is always mecessary to use a fast emulsien-
high speed recording film is suitable, Preliminary work by the writex
on 35m fil:ﬁ using a Ieice camera with a Scm foeal length Ross-Reselux
lons indicated that the aim of recording drops over the whole area of a
12-inch diamster chamber could not be completely realised even with a
powerﬂul_light source dissipating several hundred joules per flash,
It was found that ofen under conditions such that suffieient light was
collected from each drop to produce an image, the spread in the fast
emulsion was such thgt drops close fogethar were' not resolved. Sineg
the size of the drop-image was found to be approximetely inrdependent of
the msgniﬂgation, a distinot improvemont in drop resolution was obtained
at h.igher magxﬁfiogtion_s. ) If_, as is usually desirable, the whole |
chember is to be covered by the photograph, the magnification is
dete_rmimd by the frams-width of the film used. For the present
investigation 60mm film with standard perforations was employed. ~ The
frame width of this f£ilm is 50mm - more then twice that of standsrd 3Gmm
film, To cover the entire 12" chamber the reduction factor required
was 6, comparsd wiyh 12 for 55mmf11m. As expected, the drop resqluti.on.‘
_showed_ coz‘m_iderable improvement over that ob‘t;ained with 35mm itk

The size of the image sets a minimum valus on the fooai length of a
suitable lens, Since the lens has to oover a fie].d‘of 50mn diameter, a
focal length somwhat groster than this is desirable. Other Tequirements
are an adequate aperture to record drop-imeges and minimum imege distortion
under the conditions of use. A lens designed for enlarging and thus
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corrected f"qr‘ close working is the most ’sui’t’a.ble type.
A stereoscopic pair of cameras designed to meet the special'

réquiremants discussed above were sonstructed fer use in the présent o

investigation, The cameras are described in detail in Chapter I’vl:
Stereoscopic Arrag@mnts; _

To obtain 1nformtion en’the three-dinansional orie.ntation and
disposition of tracks, two photographs from different angles are required.v
A number of different. arrangements have been used. Shimizu (S 8) employed
the system shown in Figure v16(a)v in which a single lens is used, but by
means of a system of mirrors two images of the chamber as it appears from
directiong s_:lz__‘,right angles are produced alongside each othgi' on the photo-
graphio plate. A serious disadvantage of this mothod is the small portion
of the chamber volume which is in focus in both views. An altermative
mothod used by Blackett (B 11) in which the image planes are at right
anglos is illustrated in Figure 16(b)

AL:—:__:__-—SE"‘

AN ~ , i

‘ | p— 1 E [ 1

Photography of tracks in directions at right angles. (Shimizu.) ‘ Photography of tracks on planes at right angles. (Blackert.)

(a) (v
| FIGURE 16.




‘.L'he d;ff;culty of haeping the whole of the cha_.mbe; ‘in foqt;a is overcoms

by tilting the lens plam_with respect to the imege plane.

| BIowE 7,

{y)

-

It can be

shown(Dict. of Applied Physics: Vol. 4, p.400) that if the object, image

and lens planes are arranged to have a common lins of intersection, as in

the diagram, the whole of the object plame is in foocus.

The magnificstion,

however, varies from point to point in the image. This is not a serious

objection if the trg.ci: ‘ahal.lysi.s'is carried out by reprojecting an image

of the‘ dejreloped photqg::‘a.phmth_r_qug.h the same lons system, as all distortion

is thereby :.automatically corrected.




In another arrangement shown in F‘igure-‘l‘?_(a)‘ the axis of the lens is
vertioal, A direct image, and an oblique ome obtained by reflection im
a vertical mirror are formed alongside each other. The a.r:angemant~_uéo§

in the present investigation is shown in Figure 17(b}. Two separate -

camoras, ome with its axis vertical, the other with axis inélimd at '20° :
to the vertical were mounted on a rigid support., In the oblique camera,
as in the Blqugtt arrangemsnt, the lens was #ilted se that the plane

of tho chamber was conjugate with the image plame,
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CHAPTER IV.
APPARATUS AND MATERIAILS.

The basie requirements of an expansion chamber may

be éummarised as follows: |

(1) A perfectly sealed-off volume into which can be intro-
duced the gas together with the condensing vapour at a suit-
able pressure.
(2) A mechanism for suddenly increasing this volume by an

- amount which can be aodurately controlled.

(3) Provision of windows for illumination and observation

or photography of tracks.

In addition, for normal cloud-chamber operation where
successive expansions occur at intervals of, at most, a few
minutes, it is necessary to make provision for slow clearing
expansions in order to remove re-evaporation nuclei, It
is also, in practice, essential to apply an electric field
to the sensitive volume to remove rapidly from the field of
view, ions produced by radioactive contamination, cosmiec
rays, or other sources. The operation of the cloud chamber -
is easily upset by fluctuations in temperature: for accurate

work some form of temperature control such as water cooling

of the chamber, or air conditioning of the room, is necessary.

The expansion should be made in such a way as to avoid,as

.
&
:




far as possible,turbulent motion in the gas during and

immediately after an expansion., Constructional materialsﬂfiffﬂ

have to be chosen carefully, as some substances such as

aluninium and‘other base metals have been found to produceffJf
contamination when introduced into the sensitive part of
the chamber,

‘The original cloud-chember of C.T.R. Wilson (W6) has
served as & model for subsequent designs which, with few
exceptions, have followed the same general prinéiples., Its
construction is illustrated in Figure 18, The chémber
proper congisted of a glass cylinder with a glass cover-
plate, the expansion being effected by the movement of the |
floor which consisted of a piston ground to slide accurately
into the outer cylinder. The expansion took place on open-
ing a vqlve connecting the lower-side of the floor to a
vacuum reservoir, The pressure of the gas in the chamber
caused the piston to drop suddenly until its motion was
arrested by a wooden block., A pool of water at the base‘of ;
the dylinder acted as a reservbierf vapour and also as a
seal for the chamber. The floor was covered with a layer
of blackened gelatine which served as a good photographic
background, and also probably aided the removal from the gas
of dust or other contaminants, The tracks were illuminatéd,
through the cylinder wall and photographed through the upper
glass plate.




materials throughout the sensitive volume.

not yet been improved upon.

3
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Wilson's original cloud chamber.

A B =expansion chamber, cylindrical in shape and completely closed,
B =movable base which slides inside cylinder E and serves as piston,
F =rubber sheet resting on a brass disk G to arrest downward
motion of B,
D =highly evacuated vessel which may be put in communication
with the space below B by opening the valve C,
WW =wooden blocks reducing the air space within the chamber,
1 =stopcock on opening which space below B is connected with the
atmosphere and the piston brought back to the original
position,

hence the e_xpansion ratio, 3 . .
K =battery providing the eclectric field to remove stray ions just
before a fresh expansion.

JE— |

J =pinch cock for adjusting the initial position of the piston and !

FIGURE 18

This design of chamber has the advantage of using "clean'

In the hands of

'Wilson it produced tracks of a quality which has probably

It was not, however, suitable
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for rapid or long-continued operation,as the closelj& |
fitting piston and cylinder were easily jammed by small
particles of grit, and the valve release mechanism was |
cumbersome.

In the chamber described above the volume before and
after expansion was defined, In a later design also due
to C.T.R.Wilson (W7), the expansion was produced by the
movement of a rubber diaphragm, The pressure below the
diaphragm was suddenly altered between definite 1limits, one
of which was usually atmospheric pressure, and the result-
ing changes, communicated to the sensitive volume, produced '
the required superéaturation. This method has not been
much used as it req&ires more frequent 8d justment of expan-
sion conditions but the essential features of the design
have been incorporated in many recent volume-defined cloudé
chambers, |

In subsequent work the general tendency has been to
design the cloud-chamber for a specific purpose, and also
to increase the rate of track recording by automatic control
of the various operations. For example, Blackett (B13)
designed an entirely automatic chamber for use in cosmic-
ray work. The dimensions were such that the chamber
could be placed in the restricted space between_the poles

of a large electromagnet, Descriptions of numerous other




expansion chamber designs have been published (af. Gz)./
A section of a chamber and associated equipment used in

recent measurements on electron scattering is shown in

Figure 19.
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The c¢loud-chamber and control equipment used in the
present investigation were designed on the basis of the
experience gained in the operation of two earlier models,

designated types "A" and "B". These will now be briefly

described,
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Cloud-chamber, Type QA".‘

The sensitive volume of this chamber was bounded by

a glass cylinder of diameter 10" and deﬁth 24", an upper

plate of #" thick,high quality plate glass, andalower
movable brass plate. The latter separated the chamber
pr0pef from the lower compartment which consisted of a
similar glass cylinder sealed to a solid brass base-plate,
The movable plate was suspended by means of an annular
rubber support which was sealed between the two brass ringé
which separated the upper and lower cylinders. The essen-
tial features of the chamber are shown in a schematic dia-
gram (Figufe 20). The upper position of the movable plate,
detenmined by the cone end disc arrangement shown in the
figure, was ad justable by means of the screw (7). The
plate was held in this position by a slight excess of
pressure in the lower‘compartment. The expansion was pro-'
duced by the opening of a magnetic valve (5) which connected
the lower chamber to a vacuum reservoir, This valve could
be feset by the lever (6). When the main valve was opened‘
the pressure on the upper surface of the movable plate
caused it to drop rapidly until its motion was arrested by
the wooden block (4). The seal between the upper and
lower compartments was maintained by the rubber annulus

which stretched during the expahnsion. Slow expansions
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were produced by alternately extracting air from and admitt-t-L

ing air to the lower eompartment via a needle valve.
With this chamber considerable difficulty was at
first e;perienced in.maihtaining good thermal conditions.
The mdvable plate was insulated from the rest of the chamber
by the rubber ring and tended to respond more slowly to
temperature changes. Overnight, this was responsible for
a gradual movement of liquid from the base-plate to the
top and sides of the chamber. This difficulty was largely
overeoﬁe, and more stable thermal conditions during opera-
tion obtained, by attaching a water cooling tube (3) to the
lower surface of the plate. By controlling the water flow,'
the base of the chamber could be maintained at a slightly
lower temperature than its surroundings. Connections to
the outside were made via flexible rubber tubes which did
not affect the movement of the plate during expansions.
~During the night when the water flow was discontinued an
electrically heated pad waé placed above the glass plate to
prevent migration of the liquid. |
The upper surface of the movable plate has to be
blackened since it is normally the background against which
‘the tracks are photographed. It also acis conveniently
as a reservoir for the condensing vapour, Surfaces of

various kinds were tried, including black X-ray film soaked
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in water, aquadag, filter paper soaked in dilute Indian
ink, and blackened gelatine. The last was found most
suitable provided a small quantity of copper sulphate or |

aspirin_was added to prevent bacterial growth., .With sughf#»,k

a background and with this type of chamber the problem of

light secattier is minimal since the smooth black surface
scatters véry little light and the plate is in any case
well below the illuminating beam in the expanded position.

The chamber was designed with particular attention to
the avoidance as far as possible of turbulent motion in
the gas during and immediately after an expansion. For this
reason the movable plate was made é close fit to the outer
‘brass ring, the gap being about one tenth of an inch. This
has the additional advantage of exposing very little rubbet
to the sensitive volume; The stretch in the rubber during
an expansion, however, is correspondingly large, and diffi-
culty was sometimes experienced in avoiding small leaks
into the chamber during rapid expansions. The rapid s
change in tension of the rubber itself may be responsible S
for background condensation (¢f. W8, p.51l) but it seems .
more probable that the isolated puffs of condensation not
infrequently observed were due to minute leaks.

When very carefully cleaned and assembled this chamber

was very free from background condensation but difficulty
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was experienced in maintaining it at its optimum working - o

condition over long periods of time.

Cloud-chamber, Type "B",

This type of chember, a diagrammatic Section'of which
is shown in Figure 21, is a development bf the rubber dia- -
phragm chamber of C.T.R. Wilson, but the expansion is de-
fined in termms of volume rather than pressure changes, The
“upper compartment was similar to that of type "A™, but the
floor consisted of a fixed brass plate perforated with a
large number of holes (2). Clamped between the Fing of
this plate and a similar ring attached to the base plate
was 8 rubber diaphragm dividing the chamber into two sealed
compariments, In the lower compartment there was a second
perforated plate (5), the vertical height of which relative
to the fixed plate could be accurately adjusted by the
screw (8), The position of the lower plate determined the
expansion ratio., Attached to the base plate was the main
expansion valve (6) with manual reset (7).

The pressure in the lower compartiment was nommally
held slightly in excess of that in the upper, the rubber
diaphragm then lying in contact with the lewer surface of -
the upper perforated plate. When the valve plunger was
released the rubber was forced on to the lower perforated

plate, thus producing the required sudden expansion of the
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gas in the chamber. Turbulence was minimiséd by distri-
buting the flow of air over a large number of holes in
the fixed plate. To increase further the unifomity of
the flow and to provide a suitable background against which
to photograph the tracks, the upper surface was covered
with a sheet of black velvet (l). This also retained the
:excess condensed wvapour, Temperature control was main-
tained by running water through a tube (3) attached to the
lower plate. (
One disadvantage of this type was the appreciable
amount of light scattered by the velvet base. This could
be minimised only by severely collimating the illuminating .
beam. The velvet was not as efficient as gelatine in |
retainiqg dust or other small particles, but provided the
velvet was kept damp, no difficulty was experienced in
‘cléaning'the chamber, The drop background in this type

was not appreciably greater thsn in Type "A"™ and it re-

tained a good performance for a much longer period., Owing -

to the absence of heavy moving parts it was faster and ‘
much quieter in operation than the first type. Light gases,
however, such as hydrogen and helium, and even alcohol
vapour, diffuse fairly rapidly through the rubber, so that,
if such are present, the composition of the chamber gases

- cannot be considered constant over long periods, and the



optimum expansion ratio changes slowly with time.

Despite the disadvantages mentioned, the relative
simplicity in construction and especially the reliabiiiﬁy
in operation over long periods of type "B"™ was such that
it was decided to construct a similar but lérger version
‘for use in the main scéttering investigation,

Twelve-inch Cloud-chamber,

~ A diagram showing in detail and to scale a section of

this chamber is presented in Figure 22,

In general construction and mode of operation it was
similar to type "B" described above, but it incorporated
a number of new features and improvements, some of which
resulted from the authoris experience with the smaller
chambers. The upper plate through which the tracks were
photographed was of the highest quality plate glass, free
from bubbles and other defects, Its optical properties
were further improved by having the surfaces polished and
freed from small scratches by an optical firm, For the
best photographi¢ results a high optical quality and striet
cleanliness of the upper plate is essential, | '

The seal between the upper plate and cylinder (3) and
between the cylinder and the perforated plate (6) was of
lead wire., This, when compressed by tightening the nuts

round the upper ring, made an excellent air-tight seal:



73

G N N N N N N NG, NG N N N N

G 7
A 1]

i7)

A

DESCRIPTION
. CORK WASHER.

GLASS TOP PLATE.

LEAD WI!IRE SEAL
MICA WINDOW.

VELVEY SHEET & SUPPGRTING RING
LEAD WIRE SEAL.

UPPER PERFORATED PLATE.

RUBBER DIAPHRAGHM. |
LOWEA PERFORATED PLATE. (ADJUSTABLE) 12 |
NEEDLE VALVE. | I

Zgewve ws ww-|F§

SCREW FOR SETTING EXPANSION RATIO.
‘ 12| EXPANSION VALVE. ’
13| SYLPHON BELLOWS.

W | RUBBER sSEAL.

| is RUBBER BUFFER .
: . MAIN SOLENOID - [
(Y4 RESET SOLENOID

8] OUTLET TO VACUUM RESERVOIR.

[ NEEDLE VALVE FOR ADMITTING GAS TO CHAMBER.
20 GLASS CYLINDER.

FIGURE 22:- A section of the twelve-inch expansion chamber

used in the investigation.




&

- the upper wire also formed a convenient electrode for the
- electrostatic clearing fielﬁ.

The five windows (4) through which the particles
were introduced into the chamber consisted of thin mica
discs attached to brass rings which were waxed into holes
drilled in the glass cylinder. Care was taken in the
design of the ring supports to ensure that the mica windows,
when in place, were flush with the inner surfade of the
cylinder,

The velvet sheet (5) was stretched tightly across a
- metal ring to give as flat a background sufface as possible,
The sheet was saturated with the water-alcohol mixture by
spraying from an atomiser,

Various types of rubber sheet were tried for the main
diaphragm (8). These were examined carefully for flaws
and minute pin-holes and only specially selected areas
were used. - Suitable portions were treated with dilute
caustic soda solution, scrubbed in socapy water and finallytﬁH
thoroughly rinsed and allowed %o dry. Good results wére
_obtained with sheets composed of equal proportions of
nétural rubber and neoprene of thickness 1,/32" or 1/64",
The rubber sSheet was clamped between the fixed perforated
plate and the ring of the baée plate round which there was

a double ridge of raised metal. To ensure a perfect seal
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ihe thin rubber sheet was reinforced by an annulus of
thicker rubber.

The upper plate (7) was perforated with a very large
number of small holes (about 25 per square inch) to ensure -
unifomity of air flow during expansion. The lower plate
was drilled with larger holes but was covered with a thin
perforated metal sheet to provide é more uniform support
for the rubber in the expanded position. The movement of
the plate was controlled by a cylinder attached to the
lower surface which slid smoothly into a second cylinder
attached to the base plate. A pin on the outer cylinder
running in a slot in the inner prevented the latter revolv;
ing when the screw (1l1) was turned. Movement of the screw
was thus transferred into vertical movement of the lower
plate. The position of this plate and hence the expansion
ratio was in this way smoothly and accurately controllable,

The needle valve (10) shown in the Figure was one of
two which gave access to the lower compaftment, and enabled -
slow clearing expansions to be made. The main expansion
valve (12) connected the lower compartment via the outlet
(18) to a large steel tank kept continuously evacuated by
a rotary vacuum pump. The valve was magnetically operated,
its action being as follows., The small annular air gap

is normally closed by a soft steel disc-shaped armature
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which is attached to & brass rod and disc. To ensure
proper seating of the amature a non-rigid connection is
made between it and the brass rod. The upper surface of
the disc is rubber covered (14) and in the closed position .
effects a seal against a brass ring attached to a short
length of sylphon bellows (13). The magnet current is
adjusted until the force on the amature is just sufficient
to maintain the seal (14) against the pressure above it,
When the current is suddenly reduced, the plunger is
thrust rapidly downwards, thus leaving a large gap for the
rapid flow of air from the lower chamber compartment, This
movement was so rapid that it was-found necessary to insert
a rubber buffer (15) to avoid fracture of the metal at the
point where the plunger hit the upper surface of the magnet,
To reset the valve it is not of course sufficient to
restore the current: the armature has to be raised until
it again makes contact with the poles of the magnet. This
was accomplished by means of the reset solenoid and plunge:
(17). On applying a large momentary current the steel
plunger,which nomally rests againét the bottom of the
cylindrical extension to the main valve casing, is pulled
sharply upwards and conveys the movement, via a brass rod,
t0 the amature which is then held firmly by the action

of the main solenoid. This type of valve and reset
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mechanism worked very satisfactorily for long periods with-
out trouble.

Valve (19) is one’of the two used for admitting gas
to, or flushing out the chamber. The hole leading to the
inside of the chamber is made of very small diameter (1/64”)"
to mihimise movement of trapped gas during expansions,

Cloud-chamber Control Circuit.,

The function of the control circuit was to carry out,'
automatically the numerous operations involved in taking a
cloud-chamber photograph. These may be listed as follows:

(1) Opening of main expansion valve ’
(2) Opening of camera shutter.

(3) Opening of particle shutter.

(4) Triggering of flash discharge lamp,

(5) Resetting main valve.

(6) Closing camera shutter.

(7) Closing particle shutter.

(8) Performance of slow clearing expansions,

(9) Transport of film,

The timing of these operations has to be controlled to
varying degrees of accuracy. |

The.whole of the above sequence of events was init-
jated by pressing a button on the control panel. Zhe

series of operations was controlled partly by mechanical
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- and partly by electronic means. The essenﬁial‘elements
in the control circuit, together with the associatéd elec-
trical power supplies are shown in Figure 23. |

Conventional rectifier units supply -+ 275 volts
(smoothed), - 100 volts (émoothed), 2500 volts (for dis-
charge lamps) and 24 volts (for motors, relays, etc).

V.l is an amplifying valve for use in conjunction
with a timing unit designed to synchronise cloud-chamber
expansions with pulses fram a synchrotron. It is not re-
quired in the type of investigation described here.

S.1l is the main operating button., When this switeh
is closed a large negative pulse is applied to the grid of
V.2 which stops conducting. | The resulting positive
pulse on the anode of V.2 is applied via condenser G.7 to
the grid of V.3 which is normally biased to cut-off, The
negative pulse on the anode of V.3 acting across C.6 pre-
vents the grid of V.2 attaining its normal potential for
about one second, until it is restored via R.9. V.2 then
becomes conducting again. The long negative pulse on the
sereen of V.3 is fed to the control grid of V.4 which stops
conducting for about a second. The main valve solenoid
L.4 and the main relay L.l which are in series with V.4
are thus given ample time to operate. The current through

L.4, which is indicated on the meter E.l, is adjusted by
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resisters R.17 and R.18 till it is just sufficient to hold
- the-main expansion valve closed. Thus, immed iately the
negative pulse reaches the grid of V.4 the expansion is
initiated. When switch S.2 is closed, sufficient current
passes through L.4 to hold the expansion valve closed, and
pressing the main button does not produce an expansion,

' This is useful in testing the operation of other pa;ts of
the circuit,

V.5 is a thyratron valve, Switch 8.5 is nonﬁally
closed. S.4 is a contact switch'on the relay L.1l. When
S.4 closes, the grid potential of V.5 rises at a rate de-
pending on the setting of the variahle resistors R.21 and
- R.23, until V,5 fires, discharging condenser C.1l8 through
the relay L.2. The operation of this relay closes the
contact switeh S.6 which discharges condenser C,ll through
the primary circuit of the induction coil (motor ignition
coil) L.3. The resulting high voltage pulse in the second-
ary is conveyed to the triggering elthrodes in the dis-
charge lamps F.l and F.2. The spark breaks down the
_‘eléctrieal resistance of the gas,and the condenser banks
C.16 and C.17, each of capacity 1004F and charged to 2500
volts, then discharge: through the lamps producing an in-
tense flash of short duration. The duration of the flash

may be increased and the energy dissipation of the lamps
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improved by inserting in series with each lamp an induct-
ance consisting of a few turns of low resistance wire.

The switch S.3 allows the lamps to be discharged.independf
ently of the main button S.1.

Another contact S.12 on relay L.l epergises the sole-
noids L.6 and L.7 which open the cemera shutters, The
shutters open almost as soon as the main button iskpressed
and remain open for about a second. This amply covers
the time during which the expansion is completed and the
drops grow to a size suitable for photography.

The relay L.l further closes the contacts S.23 which
by connecting the 24 volt supply to the winding L.8a oper-
ates the relay L.8. The switch contact S.24 on 1.8 closes
after a short interval which is controlled by the setting
‘of R.33,a "slugging" resistance across a second winding L.8D
on the relay. The closing of S.24 sends a current through
the solenoid L.9 which operates the source shutter. The
opening of the shutter can thus be delayed to coincide with
the beginning of the sensitive time of the chamber,

A further series of operations involving longer time
delays is controlled by electrical contacts operated by
adjustable cams on a shaft driven by reduction gearing at
about 1 r.p.u. by an electric motor M.3. The speed of the

motor M.3 can be adjusted by means of a series resistor R.29,.
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The motor is started by the qlosing for about a second of
the contacts S.22 on the relay L.l and the driving current
is maintained for a complete revolution of the shaft by
one of the cam contacts S.,21. The shaft also operates a
valve which connects the lower compartment of the chamber
via the opening (10) alternately to the vacuum reservoir
and to the atmosphere., Thus, after the main valve closes
following a rapid expansion, two complete clearing expan-
 sions are automatically performed., After a further
interval of about 40 seconds to allow the re-establishment
of temperature équilibrium, the chamber is ready for an-
other rapid expansion. The button switeh S.20 enables
the motor M.3 to be started independently of the relay L.l.
S.19 operates in conjunction with S.11l: when S.1l9 closes
S.ll’opens. The motor can then be set to run'continuously,
and any required number of clearing expansions made, with-
out actuating the cameras during each revolution of the
shaft,

The reset solenoid L.5\is also normally operated by a
cam switch S.9 on the motor-driven shaft. The valve can.
"alternatively be reset by the button switch S.8.

Two further switches S.15 and S.17 on the cam shaft
activate the motors M.l and M.2 which transport the film

in the cameras. The motors are stopped after the film




has moved on exactly one frame by micro switches (S.14,

S.16) inside the cameras (vide infra). The films can -

also be set in motion by the button switches S.13 and
s.18. | |
The lamps D.2 and D.3 indicate that‘motors M.l and
M.2 are running. D.4, a lamp for continuods illumination
and visual observation of events in the chamber, is con-
trolled by switeh S.25. The lamp D.l indicates whether
the mains “on—off"vswitch S.7 is closed., a
A list of tﬁe various elements of the control circuit
with short descriptions and component values where appro-
priate is given in Appendix I,
Cameras.
The cameras were designed to meet the following re-
quirements. v
(1) Automatic shutter action and transport of film.
(2) Lafge‘capacity for film and accurate location in
position of exposure.
(3) Provision €or reprojection of developed film for
- purpeses of analysis.'
The'cameras were supported on a brass‘frameWOrk, one with
its lens axis vertical, the other with its axis inclined
at 20° to the vertical. The latter was fitted with a

wédge-shaped collar between the body and the lens mount,
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the angle of the wedge being such that the whole plane

of the cloud-chamber was in focus in the image plane, . .

Apart from this feature the cameras were identiéal.

An external view of one of the cameras is shown in
Figure 24, The body, essentially.a rectangular box 6f
dimensions approximately 12"'x 43" x 4", was constructed
of %" thick duralumin sheet. The sections were care-
fullj machined and assembled to ensure light-tightness.,
The removable back was likewise accurately machined and
recessed to take the rim of the camera body (Figure 25).

In Figure 24 is shown at (4) the solenoid which opens
the shutter (5) by forecing a plunger against the cable-
release pin. The shutter closes by spring action when
the current in the solenoid is cut off and the pressure
is.released. . A 24 volt D,C, motor (2) geared down to
about 10 r.p.m. drives the take-up spool. Manual advance-
ment of the film is possible by turning knob (3) after
depressing to disengage the gear wheel. Movement of the
film in the opposite direction is controlled by kmob (1).

The pins (6) are used in locating the camera on the

supporting framework, The lens is one of a matched pair
of 80 mm. focal length f£/4.5 Taylor-Taylor-Hobson "Entel"

enlarging lenses,

Figure 25 shows the interior of the camera and lid.
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The cassettes (8) hold 100 feet of 60 rm., perforated film 4
which is pulled through an accurately machined gate (6)

by the motor-driven take-up spool, The film is held

flat in the position of exposure by a spring-loaded glass
pressure plate (7). By means of the sprocket wheel (4)
the film drives the cam (3) which opens the microswitch
(2) once in each revolution. The electrical connections
to the switch are made by the plug and socket (5) which
are mated on closing the 1id. The light-tight cover (1)
in the 1id can be removed to allow the insertion of a con-.
densing lens system for use in the reprojection of tracks.

The electrical connections to the motor, shutter and
microswitch were taken to a seven-pin socket fitted to the
side of the camera and thence via a plug and cable to the
electronic control chassis immediately below the cloud-
chamber., The sction of the contrd circuit in the operation
of the cameras has already been described.

The cameras could be loaded with 100 feet of film,
~but for a normal run of the apparatus 25 feet, giving about
150 exposures, was found convenient. Ilford 5G9l or Kodak
R55, fast recording films of high contrast, were used, The
films wereltank developed in 25 feet lengths. A develop~-
ing spool and winding guide designed for 35 mm. film was

adapted to take the wider film,



The vertical camera was normally operated at full

aperture (f/4.,5) at whichvalue the depth of focus was
approximately equal to the depth of the illuminated part
of the cloud-chamber (2.5 cm). For the oblique camera

" a smaller aperture (f/5.6) was sufficient, since even over
200, the increase in light-scatter is appreciable,

Illumination,

- As part of the preliminary work with the smalier
cloud-chambers the conditions for optimum illumination
and the most satigsfadtory types'of laﬁps were studied,
The first lamps constructed were similar to those used by
Wilson, in which the discharge takes place in a short
column of mercury vapour produced by heating the central
portion of a quartz capillary tube filled with mercury.
Shortly afterwarés commercially produced lamps filled with
one of the rare gases - argon, krypton or xenon -~ became
available. As the design of these lamps improved it
became obvious that in convenience of operation and in
light output they were superior to the mercury vapour type,

A description of the types investigated with comments

on their performance is given below.

(L) B,T,H, - argon and mercury filled. This was an

early type of lamp dissipating about 10 joules, not super-
jor in light output to the mercury capillary type, butb
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more convenient in operation as it did not require heating.

(2) Siemens - krypton filled. This lamp consisted of a

tube of %" diameter with an electrode at each end, the dis-

charge being guided down the centre by an inner tube of
diameter about 4'. The discharge was initiated by apply-
ing>a high voltage pulse to a wire wrapped round the central
portion of the tube., These lamps, rated at 100 joules,
survived many hundreds of flashes, The only obvious change
was a crazing of the inner tube and some increése in the
breakdown voltage, Disadvantages were a rather short and,
more serious, wide discharge arc, which increased the 4iffi-
culty of focussing the beam into a flat sheet of light,

(3) G,E.C. - argon filled, A distinguishing feature of

this design was the bulb (about one inch in diameter) blown
in the quartz tubing between the central capillary and each
electrode, During the discharge the pressure in the capil- |
lary rises to a very high value and this in conjunetion with
the crazing of the inner surface may be sufficient to disrupt

the tube. The bulbs presumably are designed to relieve

- the pressure built up during the discharge., Despite this

feature the life of this type was not satisfactory when they‘
were used at their rated capacity, 150 joules.

(4) Philips - xenon filled, This lamp consisted of a

long quartz tube with slight protubefances at the ends where
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the main electrodes entered, the whole being enclosed in a
glass protective casing. A third electrode conveyed the
triggering pulse, It proved to be the most satisfactory
type and was used throughout the main investigation. A
single lamp of this type dissipating 500 joules at each
flash was found to give adequate illumination for single-

drop photography over the whole of the 12" cloud-chamber,
Gollimation of Beam. |

The lamp was mounted in a eylindrical‘casing which was
entirely closed except for a lohg.rectangular opening in
front of which was mounted a cylindrical lens, The position
of the lamp relative to the lens could be adjusted to give
as parallél a beam as poséible. The rear surface of the
discharge tube was covered with polished aluminium foil which
acted as a reflector. The lamp housing was supported about
9" from the cloud-chamber cylinder by rods attached to the
clemping pillars of the chamber. The beam was limited to a
depth of 2,5 cm, by masks, one near the lens, the other round
ihe chamber wall. Careful adjustment of the vertieal heigpt
and tilt of the lamp was necessary to prevent stray light
reaching the velvet background,

The Magnets,

The c¢loud-chamber magnetic field was produced by a pair

of large Helmholtz coils each of which consisted of six flat
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coils of about 160 turns of 3™ wide copper strip insulated
by "Ammite™ impregnated paper strip. The individual coils

could be connected in series or in parallel, For the

present investigation, where comperstively low magnetie

fields of 150 - 200 oersted were employed, the coils were

connected in series with a varisble resistor across the D.C.
mains,

The resclving magnet was constructed from 2" thick
steel plates (kindly supplied and machined by Messrs Col-
villes Ltd.) and was designed (by Dr. B. Touschek) primarily
for use with high energy electirons and positrons from a
synchrotron. The gap was rectangular, of dimensions 10" x
6“ x 2", The magnet served a useful purpose in collimating
the particlies and in eliminsting the low energy electirons
end X-rays emitied by the source. The c¢loud-chamber was
further screened from siray electroms by suitably placed lead
blocks, The pzrticle shutter, operated by a solenoid and
plunger, consisted of a brasé strip across the exit corner
of the resolving field,

Experimental Arrangement.

The general experimental arrangement is shown in a plan
view {Figure 26) and in 2 photograph (Figure 27). The
cloud-chamber, together with the magnet coils, cameras, and

lamps, was supported on the top section of 2 trolley built
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FIGURE 26:— Schematic plan diagram of general experimental

arrangement.
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JiGUKd 28:~ A more detailed view of the main trolley
showing the cloud chamber, field coils
and stereoscopic cameras.
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of welded steel tubing. The middle section housed the
control-circuit gear, This was constructed as a complete
unit which could be removed after disconnecting séveral
plugs at the rear, The contrel panel with its numerous
buttons and switches, and counters for registering the
numbers of expansions, lamp flashes, photographs taken, etc,,
- formed part of the unit, The bottom section was occupied |
by a large steel cylindrical vacuum reservoir, and a rheo-
stat for controlling the magnet current. A more detailed
view of this part of the equipment is shown in Figure 28,
The arrangement of the cemeras on the stand which fitted on
to the upper ring of the cloud-chamber is also shown more
¢clearly in this photograph.

Figuré 27 shows on the left a second trolley which
housed two large banks of condensers each totalling over
100.F and the rectifying unit which charged them, according
to the setting of a Variac control to a potential of up to
3000 volts. The condensers were connected by low resis-
tance, ﬁeavily insulated leads to the electrodes of the dis-
charge lamps. On the lower part of this trolley was sit-
uated the rotary vacuum pump which during chamber operation
kept the reservoir continuously evacuated. A third trolley,
on the right in Figure 27, was used to support the resolving

magnet, (The remaining equipment on this trolley was not



required in the investigation describéd). The electron
‘source, a strip of indium metal activated by neutron.bomf
bardment in the Harwell pile, was mounted on a brass
support and placed at one corner of the resolving magnet
pole piece (Figure 25). The position of the magnet and
lead blocks, and the magnet current, were adjusted until
a suitable number of high energy electron tracks (about 5
to 10) were seen in the chamber during each expansion.

The positron source (vide infra) was too weak to be

used with the resolving magne} bt little trouble was ex-
perienced from low energy particles as these were mostly
prevented from entering the chamber by the fringing field
of the coils,

Projection Apparatus.

For the purpose of track analysis (described in Chap-
ter V) the developed films were returned to the cameras,
which together with the upper section of the supporting
structure, were removed from the cloud-chamber and screwed
to an iron framework above a table, In each camera a
condensing lens system was inserted through the hole in
the 1id and a‘housing containing a 500 watt fan-cooled lamp
fitted to the back. A full-size image of the tracks was
projected on a sultable screen. The intensity of illumin-

ation was controlled by means of Variacs., The film could



FIGURE 29:-

Reprojection equipment

for analysis

of tracks.
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be moved either by hand or else autdmatically, as in

taking the photographs, by connecting a 24 volts supply

Via press-button switches to the camera motors, The pro-
jeetion equipment is illustrated in Figure 29, The pro--
jection écreen shown in the photograph, based on that des-
cribed by Dee and Gilbert (Dl), was designed for measure-
ments in three dimensions, In the method of track-analysis
adOpied, measurements were made only in a horizontal plane

so that a movable screen was not required,

Electron and Positron Sources.

The development of techniques for producing artific-
ially radioactive elements,especially by bombardment with
neutrons in atomic piles, has greatly increased the choice
of suitable electron sources, and has made available sources
for the study of positron scattering. The isotope Indium’
114 was chosen as the source of electrons for the following
reasons.

(1) It can easily be prepared by neutron bombardment
of the stable isotope In.l1ll1l3.

(2) The source is in a convenient form for handling
(metal strip).

(3) The électron energy is of suitable value (end
point 1.98 Mev).

(4) The half-life is adequate. Indium 114 decays by

an isameric :transitien with an effective half-
life of 48 days.
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The selection of a suitable positron source presented
much more difficulty. Numerous positron-emitting isotopes
can be produced by slow-neutron bombardment but of those
listed as available from the Harwell pile none combined a;
suitable,positron energy with sufficiently long half-life
(allowing for time ot transport). It was decided there-
fore to use as g positron source copper 62 which may be _
obtained from the stable iso?ope copper 63 by a ¥-n reaction,
the threshold energy being about 10 Mev, The maximum
energyrof the positron is 2.6 Mev, but the half-life is‘
only 10.5 minutes. The source was prepared by irradiating
five 3" side, one sixteenth inch thick copper squares in
the beam of the Glasgow University synchrotron, After
irradiation, the squares were attached to an aluminium
support and placed one in front of each of the chamber
portholes, As the activity weakened the squares were
brought neérer the chamber, and in this way a useful work-

ing life of 30-40 minutes was obtained per radiation,
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CHAPTER V.,
ANALYSIS OF TRACKS AND ERRORS OF MEASURBMENT.

In the previous chapters the importance of maintaining
a high standard of cloud-chamber performance and photo-
graphic technique has been stressed. Of equal imporfance
is the necessity for adopting a method of analysislof the —
tracks which will enable an accurate comparison to be made
with the theoretical predictions. The analysis is unavoid-
ably laboridus and uniess the method 1is carefully chosen,
the amount of work required to obtain results of statistical
significance may easily become prohibitive,

The methods of analysis used by the earlier workers on
electron scattering were seldom described in detail., Champion
initially made measurements directly on negatives obtéinéd
from two cameras with their image planes at right angles
(Blackett method, Figure 16(a)), but later apparently (C7)
changed to a method of three-dimensional projection of the
images. The author investigated a method of this type.

' The developed films are returned to their respective cameras
and full sizéd images of the tracks, formed by illuminating
the films from behind, are thrown on a screen (similar‘to
that in Figure 29) which can be moved in all directions about

a point near its centre. The screen is placed at the:

correct distance from the cameras, and by suitably tilting
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It the two images of a particular track can be made to
ooindide for a distance over which the tracks are approxi-
mately planar. 1f, as during a collision, the direction
of a track suddenly changes, the orientation in space of
‘the deflected track can be similarly determined and a
measurement of the angle ot deflection made., The energy
of the particle before and after collision can be deter-
mined by measuring the curvature of the track and the angle‘
between its plame and the direction of the magnetic field.

The method is very suitable for analysing tracks of
heavy particles such as protons or &« -particles, or for
obtaining maximum infomation about rare cosmic-ray events,
but for extensive measurements on electron tracks it is |
both difficult and extremely laborious. For accurate work
" a high degree of precision in the location of the films in
the cameras is essential and the track photographs must be
of a very high standard. Even with good quality tracks,
the method is subject to difficulties as, for example, when
an electron is deflected sharply out of the illuminated
part of the chamber leaving a branch track too short for
measurement ,

It follows that, for accurate measurement of scatter-
ing angles and curvature of deflected particles, a minimum

Yength must be placed on acceptable scattered tracks. For
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tracks which pass near the walls of the chambér it is

‘}satisfactory to omit scattering events dceurring within,
say, 2 cm, of the‘walls (track-length in this region not
being recorded). It is not possible, however, to apply
this method at the two surfaces defining the upper and
lower limits of the illuminated region, as this would in- “
volve the loss of too many scattering events.- It is
therefore necessary, 1in comparing experimental and theoret-
ical results, to allow for the fact that some scattering
events\cannot be recorded. The adjustment of the scatfer-
ing formula can be accurately made if the geometrical con-
ditions are specified. The scattering probability P (6)
is reduced by a factor R (©) which is independent of F (9),
the function giving the angular distribution. Bosshard
and Scherrer (B6) obtained R(O) by a geometrical method,
under the copndition that the actual length of the scattered
track should be greater than a préscribed value, Barker
(B10) derived values of R(©) for the case where only tracks
of projected length greater than a certain critical length
ére measured., The function R(O) ﬁill be discussed further
in dealing with the eifect of projection on the measured
number of scattering events.

An alternative to the three-dimensional reprojection

method described above is to measure the projectedylengths,
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curvatures and scattering angles in a single horizontal
plane and to compare the experimental values with a suit-
ably modified form of the scattering law. This method
was first described in detail by Randels et al. (Rl) who,
however, did not apply a minimumtrack-length condition.,
The theory of the method was further developed by 0'Ceal-
laigh and MacCarthaigh (01) and by Barker (B10). The pro-
jected form of the general scattering lsw is derived in ‘
the form of a double integral, This involves a parameter
P = %43 where 2a is the depth of the illuminated layer of
the chamber and 4&;is the critical length., ~Deflected
tracks éhorter than,/k are rejected since such tracks
would not allow accurate measurement of scatitering angles
and'curvatures;

Barker (B10O) and O'Ceallaigh (02) have drawn up tables
for various values of‘p from which may be calculated the
number of scattering events predicted by theory in succes-
sive intervals of scattering angle.

Advantages of Projection Method.

The chief advantage of the method of projected angles
lies in the fact that all measurements are made in a singié”
plane, and can therefore be carried out éxpeditiously and
accurately. The reduction in the number of scattering

events observed in the projected system is not serious,
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and is more than offset by the greatly increased speed

at which data is collected. Moreover, as has been pointed
out by O'Ceallaigh and MacCarthaigh (01) and by Barker (B10),
if a minimum track length condition is applied, projectioﬁ
scarcely alters the number of scattering events at large
angles (~ 90°), but considerably reduces the number ob-
served at smaller angles. This is apparent from the values
shown in Table 12 for R(©), the function obtained by apply-
ing a minimum track length condition to scattering in three
dimensions, | | |

TABLE 12.

100 | 200 | 300 | 40° | 50° | 80° | 70° | 80° | 900 .

nall= 0.889|0.773|0.651| 0.515 |0.388|0.330 |0.299|0.282] 0. 279
F=2 0.7780.546|0.331{0.244 [0.,202]0.1790.161{0.156[0,152 |

The réduction in the number of events observed increases.
rapidly with increasing scattering angle. Since thg illum-
inated volume of the chamber.consists of a very shallow
cylinder, electrons deflected through a large angle will
often pass out of the illuminated volume without leaving
sufficient length of track for accurate measurement, but
this will happen’much less frequently if the scattering
angle is‘small; Thus the observed number of large-angle
scattering events is unavoidably reduced. Projection of

the tracks scarcely alters the number of such large angle
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events, but appreciably reduces the number observed at
small scattering angles by transferring a considerable
proportion fram the observable class (200 or greater) to
the unobservable class (less than 200), As interest .
usually centres on large-angle scattering statisties, this
‘is a distinct advantage as it effectively reduces the
number of small-angle scattering events,

It is strongly emphasised, however, that the second I
oblique photograph is indispensable for accurate work,.as
it sefves an important function in clarifying cases where
the association of crossing tracks is in doubt, or where,\
for any other reason, the trajectory of a particle is not
clearly defined. |

During the present investigation the oblique photo-
graph was examined in every case to ensure that the maximum
‘possible information about the tracks was obtained.

Measurement of Tracks.

The\procédure adopted in analysing the tracks was as,
follows.

The developed films were returned to the appropriate
cameras and the lamp housings and condensing lens systems," ‘:
described in the previous chapter, were fitted to the
backs. The cameras, together with the supporting frame-

- work, were removed from the cloud-chamber and placed above
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a table. A natural size image of the tracks was pro-
jected on to a square sheet of paper oﬁ which was drawn a
circle of diameter 23 cm., the latter being adjusted to

be concentric with the image of the chamber c¢ylinder. Traéks
which emerged from the windows and were of good qualit&
were traced on the paper with a sharp pencil, The oblique
image was also examined but the tracks were not traced, its
function being, as previously ment ioned, mainly to clear

up doubtful cases where tracks crossed.

Each track was numbered and the following informafion
entered in a table at the upper right-hand corner of the
éheet. _

(1) The length ¢ within the limits of the circle, deter-
mined by means of a map measurer. \

(2) The radius of curvature, obtained by finding the best
fit of a series of curves consisting of arcs of concentric
circles engraved on a célluloid sheet,

.(3) Nuclear deflections were noted and the angle of
scattering measured where this exceeded a certain minimum
value. The lowest value required was 15° but as a pre-
caution against omitting borderline cases, deflections down’
to 109 ~ 12° were routinely checked., 1In looking for

nuclear deflections it was found advantageous to view each

track along its length from an almost grazing angle. Dev-



iations from uniform curvature were then easily observed.
The method of measuring the scattering angle is

illustrated in Figure 30, When the circular arc which

best fits the curve of the track is found,the radius at the

point of deflection is drawn both for the incident and

emergent track. The angle between the radii which is

also the (projected) seattering angle, @ , is measured with

a protractor,

Scattering

Electron
Track.

FIGURE 30
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Deflections occurring outside the 23 cm. circle were
ignored, though parts of tracksoutside the circle were
often used in measuring angles and curvatures relating to
.events occurring inside. 7 The drawing of the circle serves
the same purpose as the fixing of a minimum track length,
viz., it ensures that no scattering events are recorded
of which it is impossible by reason of the shortness of
the scattered track to measure accurately the curvature
and angle of scattering,

In addition to the above information, remarks were
entered in a fourth column'on any unusual features such
as apparent large energy loss during collision,

Errors of Measurement.

One of the chief sources of error lies in the unavoid-
able presence of small-angle scattering. Inspection of
a sraphvof scattering cross-section against scattering
angle (Figure 31) shows how rapidly the number of scatter-
ing events increases as the scattering angle decreases.

The ideal form of track consists of two arcs of
circles of equal curvature with a cusp at the point of
deflection‘(as shown in Figure 26). Also satisfactory,
but rather more difficult to observe, is the type'of de-
flection shown in'Figure 30, where the particle is de-

flected towards the centre of curvature of its path. Close
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Inunslty.:

Scattering
e

o® 20° 40° 60° .. 80°

‘ Scattering N‘Anglr. .

FIGURE 31

approximations to these forms are, in practice, frequently
observed., However, owing to numerous small angle deflec-
tions, many tracks deviate to a greater or less extent
from true arcs of circles,

Since the small deflections form a Gaussian distri-
bution, the average curvature over the whole length of

the track (usually 20 am. or more) may be assumed to give
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. the best value, but where a small deflection large‘eﬁougﬁ
to be observed (i.e, of 50 or more) is present, the curv-
ature is besf determined from the appréximately circular
arcs on either side of the point of defiection. |

The theory of the muitiple scattering of fast charged
particles has been discussed by Willisms (W4,9), by Goud-
smit and Saunderson (G4) and by Bethe (Bl4). The theory
was developed with special reference to the effect of
small-angle scattering on measurements on the very high
energy particles encountered in cosmic-ray work, but the'
results have some bearing also on the present type of in-
vestigation.

Williams considered the scattering experienced by a
fast particle of charge e, velocity @ic and momentum 300 Hp
eyé , in traversing a layer of thickness t of a material
of density 6 , containing N atoms/cc. of atomic number Z
and atamic weight A, He derived for the mean prejectedx‘

é_ngle of scattering ¢, the relation
e
@ = 2ze(Nt)? 3
@ (He)

where o = |-45 + 0-80(74'5 +231°?"°ZA 6.t)
p*

b

A succession of deflections smaller than those which

»’,“

can be individually detected may thus result in a spurious,g¢
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deflection or curvature of the track which 1imi£s the
accuracy with which the curvature due to thelmagnetic
field can be measured. If f is the uniform radius of
curvature which would give rise to the deflection 3 in

distance t,

A -1

2 Zex N*%
and thus L = 2Zex N%
o pHEE

Insertion of values appropriate to the present experiﬁents

19 '
(t = 20cm., 2 = 18, N = 1,8,10 , H = 160 oersted) gives

£z L
Fs

4

Ir Pr is the measured value of () ,

="'/’+/I{ =k("f_“i‘),

{
GG
Thus according to Williams's theory, any individual

measurement of curvature is subject to an uncertainty'of
* 25%. The theory, however, refers the curvature only
to ﬁhe angles between tangents at the ends of a segment
of track, whereés in the measuring procedure adopted here
the whole length of the track was made use of in deter-
mining the curvature. In Bethe's treatment which gives

curvature uncertainties rather greater than those esti-
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mated by Williams, the lateral displacement of the centre
of the track relative to the chord is taken as a measure-
ment of the curvature. ‘Here\again the fact that more
information is obtainable from the rest of the track is
neglected., These criteria are, of course, more appro-
priate to cosmic~-ray work where measurements on individual
tracks are often of critiecal importance, and the emallness
of the curvatures and scattering angles necessitates the
use of different measuring techniques,

The experience of the writer in measuring curvatures
by the method described earlier in this chapter suggests
that the uﬁcertainties are appreciably smaller than those
predicted by the above theories. | In general, when the |
curvature remained constant over at least 10 cm, of track,
the value measured over this lengﬁh was taken to be the
correct value. When an obvious small-angle deflection
took place, the curvature was determined from the segments
on either side of the point of deflection. The accuracy
of curvature measurement varied considerably from one
track to another but many tracks were good approximations"
to arcs of circles o#er most or all of their length, In
a fair proportion the radius of curvature was determinable
to the nearest centimetre. Taking 25 cm, as an average

value of radius of curvature, this gives an error of only



113

* 2%, For particles of higher energy (and smaller curv-'
ature) the radius was more frequently determined to the |
nearest multiple of five, For a radius of 50 em, this
corresponds to an error of * 5%,

| The number of curvature measurements made in the
analysis of the electron and positron tracks was in each
casé well over 1000. Assuming that the errors of measure-
ment due to small-anglé scattering are symmetricélly dis-
tributed, the resulting inaccuracy in the average curva-
ture and hence the mean energy of the particles is of the
‘order of 5/(/000)5%,, i.e. less than 0,2%.

Small-angle scattering also affects the measurement -
of large scattering angles by rendering less certain the
exact direction of the particle immediately before and
after the collision. Clearly the distance of a small de-
Tlection from the point of collision is an important factor
in the influence it exerts on the measurement of the scatter-
ing angle. The effect of such deflections is difficult
to estimate, Randels et al. (Rl) derived a correction
based on somewhat arbitrary assumptions in an attempt to
assess the importance of the factor, Fortunately the
error due to this cause falls off very rapidly with in-
érease in’scattering angle, and is small or negligible in

the angular range covered by the present investigation.
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Such effects may, however, account at least in part fof‘
the discrepancy observed between the experimental results
and theoretical predictions in the angulér range 150 - 200,
A discussion of these results and of further experimental:

errors is included in the next chapter,




_CHAPTER VI.

RESULTS AND CONCLUSIONS.

A total of 198 metres of electron track and 163 metres
of positron track was analysed}by the method described in
the previous éhapter. The scattering gas in the chamber
~was argon &t a pressure of about 60 cm Hg., together with
small quantities of air, and water and alcohol vapour. For f
purposes of comparison with theory, the numbers of scatter-
ing events observed were grouped in sngular intervals of
100 in the range 20°-90°, Scattering aﬁgles of 200, 300,
400, etc. ﬁére assigned half to the lower and half to the
upper interval. Measurements made in the interval 150-200
are not included in the msin table of results;’fthey will
be discussed separately.

Celculation of Theoretical Values.

The experimentzl results were compared with theoretical
velues based on (1) the Rutherford formula with relativistid‘~
mess, and (£2) the formula deduced from Mott's theory by
McKinley and ?eshbach. |

The Rutherford differential scattering cross-section

(modified for the variation of mass with energy) may be

written

SfeF " (Z¢2z)- —'———(3— . cosec* ¥, | — (V1. l-)

p m,c
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or, sinoe. H[O =4 e’?’/—‘fz)z 3 | o
= [Ze*\* L sec®f ..
‘6'(9) (2 e ) = co 9

The number of deflections in the angulsr range 9 to
@ +d@, suffered in a track length of t cm. in a medium ) ',

contazining N scattering centres ner unit volume, is -

nle)d6 = Kt cosec*9/, 2w s5inf 40
2 2

2
where X = N. Zez) is a constant depending on the
HP

pressure and atomlc number of the scatterlng substdnce and
the energy of the particle.
The correspondlng cross-section deduced by McKinley and

Feshbach is -~

6(8) = (2m ; )——é cosec*p - *cosec ¥y * %é(“’“’ca%'c"‘“z%)}

the sign of the third term being positive for electrons and
negative for positrons. The number of deflections in the

range € to @.+d§ is given by -

nla)dd = lﬂﬁ; cosec?y - ﬁ’co:ec"% - %7,@( cosec’d), - ca.fcc‘% )} Iwsing 49

The number of deflections n(é,, 9:) over any finite angular - -
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renge 6, to 6, csn be obtzined by integration.‘ O'Ceallaigh

(02) hus compiled Tebles from which the number of deflections

in the angular ranges 20°9-300, 300-40°, etc., cén be calcu~:

lated on evalueting the constants K, t, etc. If fhe pTo-z

jected zngles on & plane perpendicular to the camera axis

are considered, the number in each of the above zngular

renges 1s reduced by aboﬁt 509,  If, in addition, a lower

limit is set to the length of acceptable scattered tracks,

the number of deflections calculated to fzll within the

anguler rahges is reduced still further, ’The numbers dé—

vend on the value of the parsmeter (= Xjéa, where Ac is

the minimum acceptable track length, and 24 is the depth

of the illuminated layer of the chember. OfCeallaigh's

Tables include integrsted values over angulsr intervels of

100 corresnonding td g~ 0 (no minimum track length) and

¢= 1.0, 2.0, 2,5, 3.0, 4.0, 5.0 and 10.0, These sre given

for easch of the functions cosec"qé where n = 1, 2, 3 and 4,
B& inserting the appropriate constents and summing over‘

such terms, the number of deflections predicted by any of |

the usuzl theories can be calculated, In the present exper~a 

iments the depth of the illuminsted volume of the chamber

Was 2.5 Cli. The minimum acceptable track length was taken

to be 2.5 cm. also, so that the value of @ was l. Relevant

parts of the tables compiled by U'Cezllaigh ere reproduced,
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with a short explanatory note, in Appendix IT.

Evaluation of Experimental Constants.

In calculating the absolute scattering intensity’the
mean energy of the particles is an important quantity, siﬁée
the scattering cross-section is approximately inversely pro-
portionsl to the square of the energy. The energy of each
particle is determined by measuring the magnetic rigidity
Hp, where H is the intensity of the magnetic field and ¢ is
the radius of curvature of the trsck. The method of measur-
ing 14 and the errors zssociated therewith have already béen'
discussed (Chapter V).  The value of the magnetic field
was calibrated in terms of the excit ing current by means of
an accurate flux-meter checked agazinst a stendsrd magnetic
,field.v The field stfength varied by not more than 2-3%
over the volume of the chamber. The possible erfér in the
mean field strength is estimated to be not greater than + 2%.

To evaluate t, the total track length, the length of
each accepted track (determined by means of a map measurer)
was entered in & column under the appropriate value of p .
If € is the total track length with radius of curvature p ,
(the limits of which were normally 12 to 70 cm.) 2.4 gives
the total trasck length t., To determine the effective energy
.(i.e. the energy which would give the same theoretical

scattering as the measured values) the sum zz’Qﬁ%)z was
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evaluated and equated to Z[/(H(am)’2 = t(H‘o,,,)z . The enefgy
corresponding to the effective curvature, fh" can then be
determined. | | N

| In evaluating N, the number of atoms per cc., the value
corresponding to the expanded posiﬁron of the chamber was
calculated.  The mobilities of ions in the electric field
(about 80 volts/cm.) are such thet no sharp tracks could be
formed by particles which entered the chamber before the
expahsion- was complete, A small correction was made for,'
the scattering in the residual air in the'ohamberz(about'Z.S
cm. Hg pressure) and in the zlcohol and water vapour;

Experimentgl Errors.

A number of experimental errors hegve already been dis-
cussed, but the most important is §robab1y‘associatedeith
the selection end measurement of suitable tracks.'r This
particulsr error is difficult to evaluate since the observer's
judgment is neceséarily involved tolsdme extent. It has
already been emphasised that to avoid serious errors in the
interpretation of trecks, a high standard of cloud-chamber
and photographic technique 1s recuired. Figures 14 and 15
illustrate grbups of tracks which are typical of those from-
which the presenf data were obtainéd. If, in addition,
strict rules for the selection and measurement of éuitable

tracks are sdhered to (Chepter V) errors of this nature are
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ninimised, It is estimated thet over the range of angles
covered by thig investigation (200-900) the combined experi-~
mentel errors are less than *109.

Scattering &t Low Angles,

Megsurements were ﬁade_of‘scattering at angles down to
150 but, contrary.to the results at larger sngles, the
number of deflections, both for electrons znd for pOsitrons,
in the renge 15°-200, was found to be considerably lower
than that theoreticzlly predicted. For electrons a cal-
culated velue of 82.1 corresponded to‘the observed numbef
of 49; for positrons the figures were 97.8 and 55. Attempt s
.Were msde to determine the reason for this discrepancy.
Tracks were grouped into those deflected (1) towards, and
(2) awey from the initizl centre of curvature, as it was
thought that some deflections in group (1) migzht have been
overlooked. No significznt difference in the numbers so
deflected was, however, found. Tracks were zlso grouped
into upper and lower ranges of energy but again no signifi—
cant difference wes detected. The conclusion reached was
that the criterion adopted in the selection of clear-cut
scattering events was probazbly too severe in the case of
deflections as low as 159, where the c¢ffects due to small-
angle deflections.became appreciable. Deflections of 20°

and more, however, are easily distinguished from s succession
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20°-90° are not considered to be appreciably affected by
smgll-angle scattering, o |

Results For Blectron Scattering.

The number of deflections observed in 198 metres of 
electron treck in 100 intervels over the angular range |
200-.90° is shown in Teble 13.  Corresponding values from

calculetions based on formulze (1) and (2) are shown along- .

side,
TABLE 13.
SCATTERING OF ELECTRONS IN ARGON.
Ang.Range Expt. Theory (1) Theory (217'
200-300 49,5 4349 44,9
30°-400° 13.5 13.6 i5.6
400-50° 3.0 5.8 5.6
500-600 2.5 2.9 2.6
600700 1.0 1.7 1.4
700-800° 1.0 1.1 0.8
80°~-900 0. 0.7 . ' 0.5
2002900 70.5 69,7 , 69.4 .

The energy range of the electrons was 0.2 - 2.0 Mev., snd&
the effective enerpgy 0.83 Mev, The agreement between the

ezperimental and theoretlcal results is excellent over the
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range 20°9-90°. The total number of scattering events pre-

dicted by theories (1) and (2) is 69.7 and 69.4 resvectively,

the observed number 70.5, giving ratios expt:theory of 1.02
gnd 1.01, Both of these vslues sre well within the range
of statistical fluctustions and experimental errors sssoc-
iated with the measurements. The distribution of number of
events with scattering angle zlso agrees very well with
theory. In pvarticular, there is no indication of the ex-
cessive scattering betweei 250 and 55° of which Randels et
al. claimed to have obtained'strong,'though not conclusive,
evidence fran their observations over several gases, The
results obtzined by Randels et al. for sczttering in argon
are shown for comparison in Table 14. The largest dis-
crepancy occurs in the higher energy group in the lowest
engular range (15°-25°)., The opinion of the present writer

is that measurements below about 20° are subject to apprec-

iable error meinly because of small-angle scatterihg. This

may account at least in part for the discrepancy.

Earlier results of measurements of scattering in argon = |

due to Zuber (1938), Stepanowa (1937, 1939) and Bleuler (1942) -

are collected in Téb1615.
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i e e SUSG——
!
I

| Scattering of electrons in argon ; Randels, Chao and Crane (1945).

Energy Range En-rgy Range
R—3.5 A 33— 1%
Angular 0-8—3-3 MeV. 3-3—9-3 MeV.
Range Effective Energy Effective Energy
24 MeV. 46 MeV.
Expt. Theory Expt. Theory
15°-25° 30-0 30-3 BRAT g2.2
25°-35 10:5 72 10-5 8
“35°—45" 30 2.9 45 2.8
45°-55" 25 13 30 14
1-0 0-7 10 0-7
0 0-4 0 04
85 10 0-2 O 0.2
8500 0 0l o -1
i 15 80 300 42:0 30 454
! :
TABLZ 15.

Scattering of ,éleotrona in argon; summary of earlier measurements. |

I

!

L. Track |

\ Energy Angular Number of | Exzpt.

i Range (MeV.)] Range (I;:;ﬂl;) Deflections | Theory Author | Date

‘ 17-2-4 °_180° [ 350 48 075 | Zuber | 1938 | |

| 0-2-1-1 °-150° 103 308 1-0 Stepanowa | 1939 | |
- 1530 20°-150° 130 84 2:5 Stepanowa | 1939

0-2-3-0 °~180° 708 153 1-5 Bleuler, 1942
\ Scherrer &
; Zunti.

In Fiauré B the experimental results have been pldtted'7;;

in histogrsm form with the theoretical curve superimposed.
The théories (1) and (2) agree so closely that it is not

possible to show more than one curve.
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FIGURE 32.

The closeness of the velués 69.7 and 69;4,-obtainéd
%rom theories (1) and (2) respecfively, shows the éreat
difficulty of distinguishing between the classical'and
relativistic theories by observations on_electron scattering'ig
in & medium of atoﬁic numbef; such as argon. In formulsa - B
(VI 2) the main contribution comes from the first term. The
second end third terms, being of opposite sign and roughly -

eguel in velue when Z is not large, have but little effect

on the crkoss-section. This can also be seen from the curve
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for electrons in Fig. 9, in which the ratio of relativistic
scattering to Rutherford scattering is plotted against the

scattering angle.

Results for Positron Scattering.

The scattering statistics were compiled for positrons
exzctly ss for el@étrons, the experimental conditions being
essentially identical. The results were compared with cal-
culeted values based on theories (1) and (2) (the sign of
the third term in formule (VI.2) being negative for positrons).

The results of the snalysis of 183 metres of positron
track in the energy range 0.2 - 2.4 Mev., and of effective

energy 0.7 Mev. are shown in Table 1¢.

TABLE 16.
SCATTERING OF POSITRONS IN ARGON
Ang.Range Expt. Theory (1) . Theory (2)
200-30° 41.5 52.8 47.1
5300-400 15.5 16.4 1.8
400-500 5.5 6.7 5.3
500600 5.0 | 3.4 2.5
600-700 1.0 2.0 1.3
70°-800 1.0 1.3 , 0.8
80°-90° 0. 0.7 | 0.4
200-90° 65.5 83.3 71.2
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The number of deflections observed in each of the'
angular ranges is consistehtly loWer‘than the numbér pre-
dicted by the Rutherford theory. Over the whole angular |
range 20°9-90° the ratio exptitheory is 0,79, Gomparison‘
with theory (2) gives appreciably better agreement, though '
the total number of deflections observed is Smaller thaﬁ
that predicted, the rgtio expt : theory being in this case
0.92,.

To test whether the difference observed between exper-
iment and theory (1) is statistically significant the ¥’ test
was applied, This gives a probebility of 0.2 that the
observed differenceé are due merely to'qhance fluctuations.
The statistical theory, however, takes no account of the
sign of the difference which,‘asbnoted above, is the same
in every angular interval. This is strong evidence that
the differences cre not entirely due to chance, but it is
not possible to assess its value numerically.

On the other hand the probability is high that the
differences between the experimental results and theYValuesb
calculated from theory (2) can be ascribed to dhance vériaf 
tions or to:experﬁmental errors which are of‘the same order
of magnitudé. In Figure %3 the ex?erimental reaults are
shown in histogram form for comparison with curves based

on theories (1) and (2),
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As already noted the agreement obtzined in the case of
electron scattering between the experimentsl énd theoretioél
results (both classical and relativistic) is well within the
range of statistical fluctuations and experimental errors.
Such an agreemgnt,‘obtained under experimental conditions
identical to tﬁose prevailing during the positron measure-
ments, provides further evidence that the discrepancies
observed in the letter case between expverimental results and

theory (1) are real, snd not due to expnerimental inaccuracies,
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On the whole, the author considers that the evidence
is strong that the scattering crossASectiQn for positrons
is lower than that predicted by the Rutherford thedfy. On 1
the other hend the measured scettering is gquite compatible;
with the vélues calculated fromlthe formula derived on the
assumpfion that the'positron is a positiVély charged Dirac
particle.

Comparison between Electron and Positron Scattering Inten-

sities.

A direct comparison of the scattering ¢cross-sections
is not possible since the mean energy of the narticles and
the track lengths sre different. The values were, however,
normalised to 200»metrés of track ahd,an‘enérgy of 1 Mev,
The theoretical ratio of electron to positron scattering
was calculated to be 1.19. The corresponding value obtained’
from the experimental results was l.22. For theories which -
neglect spin the retio is, of course, unity; since the
cross-sections for electron and vositron scattering are théi
seame. The experimental results thus appear to be strongly .
in favour of 'the Mott scattering theory.

Radiative Collisions.

Since track curvatures were measured on each side of a

point of deflection, any large energy loss during collision_

could be detected. Several authors (S4, G3, L3) have re-
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ported numbers of collisions involving large energy loss
greatly in excess of theoretical values; others the reverse,
or approximate agreement with theory. In the present eﬁper-(
iments the theoretical number of collisions iﬁvolving energy
1osé greater then 50% was very small (about two); none'was
observed. Numerous tracks which atvfirst sight appeared

to chénge direction and energy abruptly were found on closer
inspection to be due to elecfron—electron collisioné near

the upper or lower boundary of ﬁhe illuminsted layer. The
secondary electron treck frequently appears to be a contin~
uation of the track of the incident particle which passes

out of the illumineting beam. The photograph obtainedeith
the obligque viewing camera is very valuéble in reSolving
doubts about such apparently anomalous collisions. , L

Genersl Conclusions.

The conclusions drewn from the results of fhe experif
mentsl investigation may be summarised &s follows,

(1) The cross-section for the nuclear scattering in argon |
of electrons of energy 0.2 - 2.0 Mev. over the whole of the
angular range 209-900 agrees with the predictions of éither
the semi-classical or the Mott relativistic theory. The
experiments are not sufficiently sensitive to distinguish
between the two theories.

(2) The scatteriﬁg eross-section for positrons (energy
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0.2 - 2.6 Mev.) is also of the predicted magnitude, bdbut -
there is good evidence that it is significantly smaller
than the value deduced from the semi-classical theory.
within the limits of experimental error and statistical
fluctuations, the experimental results agree with the values
obtained from the Mott relativistic theory. The ratio of
electron to positron scattering is shown to be greater than
unity in accordance with relativistic 'spin' theory.

(3) There is no evidence of anomalously large numbers

of collisions involving large energy loss.,

Summary.

A fully automatic Wilson cloud-chamber was constructed
to obtain data on the nuclear scattering in argon of elec-
trons from indium 114 and positrons from copper 62, The
cameras were specially designed to take 60 mm, film aﬁd to
allow the reprojection through the lens system of natural-
size images of the tracks. 198 metres of electron track
and 163 metres of positron track were analysed by the method
of projected angles. The experimental angular scattering
distributioné were compared with calculated values based on

the Rutherford semi-classical theory, and on Dirac's relat-

ivistic theory. Good agreement with the latter theory over

the: angular range 20° - 900 was obtained both for electrons
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and for positrons, but the positron scattering intensity
was lower than the value predictéd by the semi-classical

theory, No anomalies in the energy loss during scatter-

ing were detected. : ’
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AFPENDIX I.

CLOUL CHALBER CONTROL CIRCUIT. FUNCTION AND VALUE.
. ~ OF COUWFONENTS.. B

W LICHES .

S.1, lain overating button.

S.2, 'No}éxpanéion'.switch.

3.3, ‘'Llamps only' button.

5.4, Contact on L.1.

S.5  'lNo 1amps'switch.

S.6, Contact on L.2.

S.7, Mains 'on-off' switch.

S.8" lain valve reset button.
5.9, Cam switch operated by M.3.
S5.10. Cameras 'on-off' switch.

S.11. Switch to inactivate cameras when lM.3. Tuns con-

tinuously“‘ »
8.12. Contacts on L.1. for 0perating camera shutter.
S.13.'Button for advancing film one frame; camera 1.
3;14. Cam-operated éwitch inside camera 1.‘

5.15, Cam-operated switch driven by H.3.

S.16. As 9.14., camera 2.
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S.17. As S.15.

S5.18. As S.13%., camera 2.

5.19. Switch for continuous running of ie34; when S.19.
closes S.1l. opens.

5.20. Button switch to start M.B.

S.21. Cam-operated switch driven by .3.

S5.22. Relay contacts operéted by L.1l.

S5.23. Contacts on L.1.

 S.24. Contacts on L.8. activating L.9.

S.25. Steady lamp switch. |

RELAYS AND SOLENUIDS.

L.1.: kain relay.

'L.2. Lamp flash relay.

L.3. = Ignition coil for triggering lamp discharge.
L.4. Main valve solénoid;

L.5. " Reset solenoid.

L.e. Shutter soienoid: camera 1.

'L.7. ‘Shuttef solenoid: camera 2.

L.8a. Relay coil (activating).

‘L.8b. Relay coil (slugging).

L.9. Source shutter solenoid.




D.4. Continuous illuminatidn lamp.

E.1l. Hain solenoid current meter.

F.l. Flash discharge lamp.

F.2. Flash discharge lamp;

VALVES.

V.l. EF50.
v.2. EF50.
V.3. EF50.
V.. KT66.

V.5. GT1iC.

V.6.
V.7,
v
V.9.

- MOTORS.
Hol. Film transport motor: camera l.
M.2. Film transport motor: camera 2.
M3, Cam switch mojor.
LANES AND WATERS.
D.1. 'liains on' indicator lamp.
D.2. ‘W.l. running! indicator lamp.
D.5. 'ie2. running' indicator lamp.

524G,

' 5Z4G.

VU1ll.

VU111,

134
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tt
1t
14

tt

F.

100k.ohms. (variable)

CONDENSERS .
C.l. 0.5
C.2. 1.0
C.3. 2.0

.4, 0.1
C.5. 0.001 !
Cub. 0.2
C.7. 20.0
C.8. 2;0
.90 1.0
RESISTOES.
R.1.

R.2. 1M,
R.3.  30k.
R.4.  10k.
R.5.  25k.

R.6.  500k.
R.7. 50k,
R.8.  50k.
R.9.  5M.
R.10. 200k.
R.11. 100k.

R.12.  100k.

ft

13

it

13

t

"

w

.

(variable)

¢.10.
C.11.
c.12.

¢.13.

C.14.
C.15.

C.16.
’ . C.l?o

R.13.

' R0140

R.15.
R.16.

'R.17.
R.18.

R.19.
R.20.
R.21.
R.22.
R.23.
R.24.
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8 F
2 "
16w
6
g .
g n
100 "
100 *
50k. ohms.
50k.
M, ©
2k,
5k, . ® (variable)
2k, *® (variable)T
10k, ¢ |
15k, ™
g, ¢
2M, ®
1M, * (variables
M. "



2.5k,

RESISIORS. (continued).
R.25. 1ii. ohms.
R.26. 1M, o
R.27. 500k, *®
R.28. 500k. "
R.29. " (yariable)

R.30.

R.31.

“R.32.
R.BB. ’

75.'ohms.
75. {4
100. " (variable)

5K,.

" (variable)

136




137

APPENDIX  II.

) The following Tables consist of selected parts of a
‘set of Tables compiled by O0'Ceallaigh (Proc.Roy.Irish Acad.
A 53, 133 (1950)). .
For each of the functions cosec"%{ ,n=1, 2, 3 and ¥,
are listed in angular intervals of 10 degrees, the values of:-
92 % n ) :
(1) Plo)dq  _ J cosec 8, 2Msinb 49
N £(zp)
) 6

It !

n(e,,9,).

(unprojected angles : denoted by @ in table).

. ¢2,
(2) S _Plo)ag n(g,P) y  (projected angles),
o N (%)

for various values of the parameter P = A?é&. f = 0 corr-
_eSpohds to projection without ary selection criterion

F = 1 corresponds to the condltlons of measuremerm 1n the‘
present experlments in which A 2a.

When the track-measuring conditions have been.establishéd
and the experimental constants evaluated,'the information ob;
tainable from these tables enables the calculation to be made
of the rmumber of deflections predicted by various scattéring _

formulae in the angular intervals 200-30° 30°-40°, etc.




: zZ A\
F(#) = cosec } 0 IA (1, 'I'n) <s<ta
0 20°-30° 80°-40° 40°-50° 50°-60° 60°-70° 70°-80°
[ 2.1406 2.0011 2.0257 1-9448 1.8492 1-7005
0 2.1838 1.8014 1-5435 1.3574 1.2174 1.1081
1-9 1-1469 0.8822 0-7183 0-6079 0-5294 0-4714
2.0 0-7166 0-5314 0-4234 0-3536 0-3053 0-2702
25 ¢ 0-5970 0-4385 0-3477 0-2896 0-2496 0-2207
3-0 0-5099 0.3721 0-2941 0-2446 0-2106 0-18061
4.0 0-3929 0-2845 0-2241 0-1840 0-1600 0-1412
30 . 0-3186 0.2297 0-1806 0-1498 0-1287 0-1136 ;
10-0 0-1624 0-1164 0-0983 0-0756 0.0649 0.037 i
. - - - :
P 80°-90° 90°-100° 100°-110°  110°-120° 120°-150° 150°-180° 1
i
— i
é 1-6165 1-4813 1-3347 1-1781 2-5108 0-8364 ’
0 1-0238 0-9558 0-9013 0-8576 2-3926 2.2538 {
1-0 0-4274 0-3933 - 0-3667 0-3458 0-9530 0-8893 "
20 0-2440 0-2239 0.2083 0-1960 0-5392 0-5024 i
2-5 0-1991 0-1826 0-1698 0-1598 0-4394 0-4092 ’
30 0-1678 0-1538 0-1430 0-1346 0-3700 0-3446 |
+-0 0-1273 0.-1167 0-1085 0-1020 0.2804 0-2611 }
5-0 0-1024 0-0939 0-0872 0-0821 0-2255 0-2100 |
10-0 0-0516 0-0473 0.-0439 0-0413 0-1135 0-1037 |
o Z A,
Flly = cosect} 8 IN('I'x , 4’1) (< y< - ﬂ !
P 20°-30° 30°-40° 40°-30° S0°-G0° 6G0°-70° 70°-80°
] 10- 0,04 7-0033 5-3181 4.2258 34503 28632
0 7-5767 1-8909 3.4908 2-6711 2.1339 , 1:7634
1.0 47045 2.7287 1-7956 1-2822 0-9710 07693
2.0 31673 1.7256 1-0952 07606 0-5664 0-4430
2.3 2.6891 1-4396 0-9078 0-6253 0-4640 0-3626
3.0 2-3261 1-2303 0-7656 0:5306 03920 0-3059
10 1-8181 0-9487 0-5866 0-4034 0-2982 0-2324
3-0 1.4982 Q-7582 0-4738 0-3253 0-2402 0-1870
m-0 0-7603 0-3981 0-2401 0-1644 0-1212 00943
P 80°-90° 90°-100° 100°-110°  110°-120° 120°-150° 150°-1s0°
[} 2.3968 2.0121 1-6846 1-3985 2.7438 | 0-8713
Q0 1.3024 1-3092 1-1647 1-0552 2.7438 2.4374
1.0 0-6321 - 0-5353 04652 0-4136 1-0481 0.9118
2.0 0-3615 10-3043 0-2633 0-2333 0-5887 0-5106
2.3 0-2051 0-2481 0-2145 0-1900 0-4791 9-4133
3-0 02487 0-2090 0-1806 0-1599 0-4031 0-3493
4-0 1)-1888 0-1585 0-1369 01212 0-305¢ 0-2643
3-0 0-1518 0.1275 0-1101 0-0974 0-2454 0-2126
10-0 00763 0-0642 0-0554 0-0490 0-1235 0-1070
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+

| F(0) = cosec*} 0 ,N (p1, b9 Az A
i . : —a<y <
i [ 20°~30° 30°—40° 40°-50° 50°-60° 60°-70° 70°-80°
; 8 47628 23.622 14-014 9.2037 C6-4479 171850
0 28-608 13-870 8.1163 5.3150 3-7590 2.8133
1-0 19-901 8.5512 4.5165 2.7128 1-7839 1-2568
2.0 14-232 5-6462 2.8288 1-6399 1-0525 - 0.7289
2.5 12-286. 4-7580 2.3522 1-3530 0-8641 0-3963
. 3.0 10-755 4.0924 2.0055 1.1478 0-7309 0-5036
i 4.0 8-5323 3-1769 1-5410 0-8570 0.5567 0-3828
5.0 7-1292 2.5855 1-2474 0-7080 0. 4487 0. 3082
'E 10-0 3-6710 1-3245 0-6340 0-3594 . 2266 0-1354
@ e 80°-90° 90°-100°  100°-110° 110°-120° 120°-150°  150°-180°
: 6 3-5565 2.7346 2.1271 1-6600 39015 0-5866
0} . 2.2059 1-7941 1-5063 1-3005 3-1501 26303
10 0-9355 0-7289 0-5904 0.4949 1-1538 09333
2.0 0-5359 0-4138 0.3329 0.2776 0-6453 0.5189
- 1 0-4376 03373 0.2711 0-2259 0-5298 04215
3.0 ). 3689 0-2841 0-2282 0- 1900 - 4306 0-5542
4.0 12800 0-2135 0-1729 01493 0-5527 02680
5.1 )-2253 0-1733 0-1390 0-1157 02674 21353
10-0 0-1135 0.0873 0.0700 0-0582 01345 0. 1082
E(H) = cosec'} lN(,h ) Az A ,
! . e <Y<+
P 20°-30° 30°-40° 40°-50° 50°-60° 60°-70° 70°-80°
'} 229-151 80-168 37067 20-093 12069 77827
0 115326 40-787 19-200 1C-685 6-6537 44980
1-0 86-619 27.134 11-430 5-7578 3-2834 2.0555
2.0 65-020 18.599 7-3613 35439 1-9387 1-1990
2-5 56-968 15-830 6-1521 2.0346 1-6113 0-9892
3-0 50- 390 13-703 5-2650 2.4952 1-3648 0-8297
4.0 40-486 10- 756 4.0627 1-9114 1-0496 0-6311
5-0 33-689 8-7555 32958 1-5449 0-8394 0-5083
10-0 17-793 4-5114 1-6802 0-7834 0-4244 0.2565
P " 80°-90° 00°-100°  100°-110°  110°-120° 120°-130°  130°-180°
0 5.2814 3-7185 2.6867 1-9724 3-2860 0-9022
0 3-2410 2. 4596 1-9499 1-6056 36526 2.8088
10 1-3855 0-9929 0-7496 0-5923 1-2718 0-9398
2-0 07932 05650 0-4212 0-3305 0-7057 0-3275
2.5 06495 04589 0-3428 0-2687 0-5713 04278
5.0 0-3477 03865 0-2884 0-2259 0- 4800 0-1502
4.0 0-4158 0-2030 0-2185 0-1710 0-3624 09712
50 03346 02136 0-1756 0-1374 0-2016 02180
100 0-1686 - 1186 0-0884 0-0691 0-1467 01005

|
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