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A NEW TECHNIQUE FOR THE INVESTIGATION OF HIGH ENERGY COSMIC RAYS.
Ph.D Thesis submitted by S. Kisdnasamy
December, 1958.
ABSTRACT

A technique has been developed for the precise location of cosmic
rays in a magnetic spectrograph. The technique uses the neon flash tube
. first introduced by Conversi and his co-workers. In this technique
lonising particles give rise to visible flashes in a glass tube
containing neon.

The thesis describes a systematic study of the flash tubes over
a wide range of parameter. Tubes have been constructed having the
properties required for operation in a spectrograph and a description
is given of the operation of a prototyfe spectrograph. The accuracy of
track location has been found to be at least as great as that in conven-
tional cloud chambers.

The theoretical agpect of the operation of the tubes is discussed
and a new mechanism is postulated for tubes filled at high pressures.

| The design and construction of part of the large spectrograph is

described.



CONTENTS
= .
1 PREFACE® -~ o | 1
i cmém I Introduetion 2
| CHAPTER II Cosmic Ray Speotrographs
i | 1+ Previous Instruments 5
| | 2. The Manchester Spectrograph 6
i CHAPTER III The Design of h_¥lux Spectrogr

of High Resolution.
4. General Design Considerations 9
2. The Experiments of Conversi et al
on the Neon Flash Tube 11
| 3. The Experiments of Barsenti et a1 = 12
CHAPTER IV . The Construotion of Flash Tubes end
- " the Assooiated Equipment.
1. The Filling System and Filling |
Prooedure 14
2. The Experimental Arrangement 15
N 3« The Electronioc Cirouits 15
CHAPTER V - The Charaoteristies of Low Pressure
| Flash Tubes
1. The Characteristics under
Investigation - 18

2, Experiments with Pyrex Glass Tubes 19
3« Reproducibllity of Tube

Characteristics 20




CHAPTER VI

CHAPTER VII

4. The Variation of Efficiency with
residual alr pressure

5. The Variation of Efficiency with Pressure
of Neon

6. Tllxe Veriation of Efficiency with pressure
of Argon

7 .(a) The Variation of Efficiency with Time

Delay
(b) Theoretical Analysis

8. The Variation of Efficiency with Rise Time

9.

10. After-flashing

131. General Remaerks and Conclusions

.The Develomment of the Prototype Spectrograph

-Page

21

21

22

25

26

3l

The Variation of Fffioiency with Pulse Length 32

33
34

1. The Experimental Arrangement and the Results 87

2.

1.

2.

3.

5.

Conclusions

The Characteristics of High Prggscé\n'e Tubes

The Description of the Appératus

The Variation of Efficiency with A~plied
Fleld for Various Pressﬁres

The Variation of Efficiency v th Time Delay
The Variation of Efficlency vith the Wall
Thicknegs of the Tube

The Effect of theClearing Field on the

Variation of Efficiency with Time Delay

41

46




Page

8, ldfe-time of the Tubes 47

7. Discussion and Concluslons 48
CHAPTER VIII Theo;'et‘ical Aspeots of the Mechaniem of

the Flash Tubes.
1. The Basic Dlscharge Mechanismg _ 50

2. The application of the Spark Theory

to Flash Tubes
" (a) Low Pressure Tubes 55
(b) High Pressure Tubes 56

(4

5. A Possible Mechaniam for the Operation
of High Preéssure Tubes 57
' 4. The Interpretation of the Results 61

CHAPTER IX . The Design and Construstion of the

Durham Spestro
R 1. The Design of the Tube Assemblies 68

2. The Construction and Aligment of

; the Tube Assemblies 68

3. General Remarks and Future Work 70
ACKNOVLEDGEMENTS 71
APPENDIX 72




PREFACE

i"his thesis describes the development of a new technique for the
detection of ionising particles and its use in an instrument for the
investigation of high energy cosmic'mys.

The development anﬁ some prelimina:y measurements on the character-
istios of the neon flash tubes were made by the author at Manchester.
The work was contimued in Durham by the suthor and his collesgues under
. the supervision of Dr. A. W'. V¥olfendale.

In what follows emphasis is placed on those aspects of the work

vhich were the perticular concern of the author. Acknowledgement is made
in the text to any specific contribution made by hls colleagues.
Some of the work described has been published by the author and his

colleagues, (Gardener et al 1957, Ashton et al 1958).
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CHAPTER I

INTRODUGSION

The existence of cosmic radiation has been knom since the early
experiments of Hess (1912, 15) and Kolhorster (1914-19). From more recent
meaMents made at high altitudes with mclear emulsions and counter
telescopes it has been established thet the primary cosmic rays entering
the esrth's atmosphere consist mainly of protons and miclei of the heavier
elements. The primary miclei are absorbed by inelastic collisions with air

nuclei. The absorption length for mucleons is ~120 g/cm2 and is consider-

0 CMZea:bly shortexr for ‘o( particles and heavier miclei; in consequence most of

the primary cosmic rays interact in the upper leyers of the atmosphere
(above ~ 50,000 £t.). These interactions give rise to the secondary radia-
tion consisting of micleons and muclear fragments, charged and neutral
T - mesons, and heavy mesons and hyperons. The secondary particles produce
further mesons and micleons by collisions with air muclei. The positive
end negative 7 - mesons have a mean-life of (2.56 + .05) x 10'-8 sec and
either decay in flight into - mesons and neutrinos or are ebsorbed by
muclei in inelastic collicions somevhat similar to those of the primary
' micleons, The relative probebilities of these procecses cen be evaluated as
follows.

If 4 is the mean life of the meson at rest its apparent mean life when
moving with a velocity /Gc is 2/ - /3) The everage distance traversed

by the meson before it dlsintegrates is tims
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‘vhere p is the momentum of the meson and m 1s the rest mess. For a

/- meson of rest mass 139. 65 + -.06 M.e.v. having an energy of g, G.e.V.
the distance zd is ~ 50 pg metres.

The probability of interaction of the J-meson cen be derived under
certain simplifying ayssmnptions.' It can be assumed thét the 7T~ -meson.s are
produced at e unique pressure level of 100 g/em2 below the top of the atmos-
phere corresponding to 15 ]dlanet?es‘ above sea level. The interaction
1ength)as ddetinct from the absorption length has been found to be -~ 60
g/cxn2 at low energles amd it is assumed that this result is applicable to
all er;ergies¢ The nean free path before interaction is then -~ 3000 metres.
‘Thus )since Zd ~50 py, metres, decay and interaction are equally probable
f‘or‘p&G ~ 20 G.0.v/s. This means that most of the /il -mesons with momentum
appreciably below 20 G.e.v/p and a cmall ﬁ'actAion of those above 20 G.e.v/,
decay into /u—-mesons.

Although the muclesr interaction of the /,umesbn is weak and most of the
fast ,Lmesans produced by 7=-decay reach sea level s the f‘ao‘t that the
/4,- meson is unsteble and decays into an elegtron and two neutrinos results'
in a loss of low energy /u.Q- mesons.

The neutral 7'- mesons have a short mean life of ~10~16 sec and decay
into two photons which in turn materialise in the presence of miclei to form
electron pairs and ultimately electron photon cascades.

The heavy mesons and hyperons are produced in relatively small mumbers

and are unstable, having mmerous decay schemes.




| L
of partioulsy relevance to the present discussion is the nature of

the cosmic mdiation at, or near,sea level. It is customary to divide

this radiation into two components, the hard and soft components, so named

because of their sbility or otherwise to penetrate moderate thicknesses

(10 om) of lead. The hard component consists predominantly of /L- mesons.

At low energies Ju= mesons came chiefly fram the 7C- 4 decey process. High
‘energy - mesons arise from the decay of /U= mesons end also from the

k/g,' 17t5 and perhaps other heavy mesons. The soft camponent consists meinly

of electrons and photons and cames fram the decsy of 7C°mesons, the decsy

of /a. - megons and ejection of electrons from oxygen and nitrogen molecules
by the energetic /lL- mesons.
"The hard component at sea level has been studied in deteil by many
' workers. In perticular the momentum spectrum and the ratio of positive to
s negative [i- mesons have been extensively imvestigeted. Such investigations
are useful in that they throw light on the basic interactions of the primar-
ies and vhen coubined vith underground measurements give informstion on
the energy loss of fast A~ mesons.
The work desceribed in this thesis concerns the design and construction
‘of an instrument for studying the sea level /1_-,-. mesons, especially the
determination of their momentum spectrum.




CHAPTER II
COSMIC-RAY SPECTROGRAPHS

IX, 1 Previous Instruments

Measurements of the ener@ speotrum have been made using two main
methods, viz: the determination of range and momentum.

Absolute measurements have been made of the flux of /J.- mesons as a
function of minimm renge for various condensed materials. Among the
early experiments of this type may be mentioned those of Wilson (1938) «x
‘and Ehmert (1957) who used counter telescopes under different thicknesses
of absorber. The range-energy relationship was then used to convert the
range spectrum to the momentum spectrum at sea level. This method suffers
from the disadvantages that the range energy relation is uncertain at high
energles and a rother low limiting momentum is set by the meximm thickness
of absorber available.

Blackett (1937), Jones (1939) and Wilsan (1946)}used cloud chembers
operated in magnetic fields to determine the mamenta of fast particles.

The differential spectrum of fast /L-inesons st sea level vas thus directly
determined. This method, too, has defects in that cloud chambers in
magnetic fields are inefficlent in making full use of the mognetic field
avallable. Furthermore, turbuleénce in the cloud chamber sets a cemparative-
1y low upper limit to the measursble momenta

In recent years the differential spectrum has been measured with

magnetic spectrographs in which most of the detecting elements are external
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to the magnetic field. Alikanian and co~workers (1947, a,b, 1948 a,b)&
Caro et al (1950) used counter spectrographs with one magnet and the
Manchester group, Hyems et al (1950), a symmetrical errengement of two
magnets. . The efficiexicy with vhich the aveilable magnetic field was used
in the latter instrument was 50% écmpared with 5% in oloud chamber work
(Hyams et al 1950). The principle of spectrograph operation can best be
disoussed with reference to one particular instzument ahd the Manchester
spectrograph will be taken as an example.

II.2. The Manchester Spectrogreph.
This instrument consisted of two large electromagnets each with pole

faces of area 30 em x 40 cm, with the smaller dimension vertical and the

pole faces separated by a distance of 9,5 cm., Three f:raya of Geiger
counters determined the points of intersection of the particle trajectory
- with the three planes aa', bb', cc'. A schematic diagram of the arrange-
ment is showmm in fig. 1. The shaded portions represent the magnetic field
regions. To exclude particles vhich in eny part of their trajectory may
pass through the iron of the. pole pieces, defining counters were piaoed in
each pole gap. The accepted event Qf the spectrograph tas thus a five-fold
" coincidence comprising discharges of one counter fram each of the three trays
a, b end o and one defining counter from each of the trays in the pole gaps
of the magnets.
The principle of operation can be seen by reference to fig. 1. The

angular deflection © of the particle in each of magnetic fields is given by
6 - /u’dg s 300‘/\Hd[
P T A
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where P is the radius of curvature of thevarticle trajesetary in om, p
the momentum of the partiele in o.v./; and [4df 1s the line integrel of
the magnetic field in gauss cm. It oan be shown that the safittal deflect-
ianB‘ 2= 40 & Thus the momentum of the partiole in terms of A is
/é . 3oo o _/ Hdl
] A
With the meximm value for [udlof 6 x 105 gavss am and counters of 4 am

alsmeter the maximum detectable mmentm is 50 G. e.v./e. The maximus

deteoﬁahle momentun is defined es 'che mementun for which the megnatie

deflegtion. |

In order to inoreese the maximm detectable momentum Ho]naé et al -
(1958) introfuced a flat cbuiid charber at saoh of the three measuring |

level &, b, c. The tracks in these cloud chambers had a width of ~1 sm

deﬂ:ﬁion 1s squal to the xm. o, umertainty in the measurement of tho

‘and it was posaible with careful temperature 'oontz‘ol to loeste the
. trajectory of - he particle with an overall uncertainty of ~0.8 mm

(I'oyd and Tolfendale 1957). With this new azfemganent the maximum
&eteeﬁble ncmentun was ~ 5% G, e.v/o.

| The use of two magnetsend the gecmetry employed in the Manchester
spactrograph restyioted the rate of partiélea to i hr™l. The limit to
the nuber of events in the latter arrengement was 'éet rather Ty the time
taken in the anslysis than the time for sullection.

To inoreane the rate of collection of partielenl of hich mcmenta the

most obviocus solution is to inorease 'ths avallable s0lid angle by dispensing
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with one magnet. However, in order to achieve comparable mamentum
resolution, higher ecouracy of track determination is required. In the
next chapter there is considered in detail the design of en instrument
of high flux and high maximm detectable momentum.




CHAPTER IIT

THE DESIGN OF A HIGH FIUX SPECTROGRAFH OF
HIGH RESOIUTION.

IIX. 1. Genersl Design Considerations
The problem is to design a spectrograph)ﬁth a magnet of the Manchester

type )having a rate higher by a factor of ~.10 and s maximum detectable
momentum of at least 1000 G.e.v/c. The basic requirements of the instru-
ments are thus (a) e large colid angle of particle collection, (b) the
largest possible line integral of the magnetic field and (c) a high
accuracy of track locatiom in the detectors, The large solid angle of
acceptance and thus high flux is automatically achieved by using only one
of the deﬂectmg magnets and large areas of detection. Some increase in
the velue of the line integrals [Hdf is obtained by opersting the magnet
at a higher current rating, viz. 70 aftperes per coil at 30 k.w. to give =
central field of 13,000 gauss. - The problem therefore, reduces to finding
a suitable particle detector vhich could give the high acouracy of brack
locetion.

As particle deteotofsa any of the f‘ollowing can be used: Geiger
counters, cloud chembers, spark counters or scintillation counters.
The requirements of the detector are that it should heve a large area,
e high spatiel resolution, good time resolution end be of lov cost and
>s:lmple in construction and operation.

Geiger countere;}éf laxge area and adequate' time resolution are easily
constructed, but tr;ok location to 0,5 mm can only be obtained by many

overlapping layers of small diemeter (5 mm) counters. Since a very large
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mmber of such oamteré . 16 necded to cover an area 1000 anz, the cost
of the equipment will be prohibitive.
Cloud chambérs have high spatial and time resolution, but large flat

‘éham’bers present considersble diffioulties both in construction and
operation. A fundesmentel objection is the inherent instablility of the
cloud Qhamber. track leading to a variability in the maximum detectable
momentum, _
. The esrly spark counters of Pidd and Madansky (1949), Robinson
(1958) have been improved by Cranshaw end de Beer (1957). énnshaw and
de Beer have successfully operated a spark counter of area 100 em? to
locate the trajectories of fast cosmic ray particles. However, it is not
knovn vhether it is possible to operatc efficiently counterscf large area
(10,000 cu?) over long periods of time. Furthermore, spark counters are
not efficient in locating the trajectories of associated events. Again
vhen severel particles are incident on the aprrk counter the spark occurs
prefé;entially along the track of the particle having a higher specific
ionisation and consequently all the particles are not detected,
Seintillation counters of large area and good time resolution are
. easily éﬁnstruoted. But to obtain o high spatial resolution, a large
R mmber of small dismeter (5 mm) sointillators -is required. The cost of
the electronic equipment such as photamiltipliers ) stabilized power supplies
ete., vill be prohibitive.
On the other hand, the neon flash tube of Conversi et al (1965) in

which the spark is replaced by a localised glow diccharge appears to have
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many advantages. In this technique neon is contained in sealed glass tubes
placed between parallel, conducting electrodes. If a high voltage pulse is
applied soon after the passage of an ionising particle a vislble glow dis-
charge results. long tubes of small dismeter can be used and the flash
photographed. It is obvioﬁs that this technique is essentislly simple end
most of the spectrograph requirements are satisfied.

III. 2. BExperiments of Conversl et si on the
Neon Flash Tube.

Conversi's flash tube consisted of a thin glass tube, internal dia-
meter 6.5 mm, external diameter 7.0 mm, length 21.5 cm, containing spectro-
scopic neon at a pressure of 35 cm Hg. Four layers of tubes were placed

between aluminium electrodes. Two Geiger counters placed above and below

the assembly were used to select ionising particles traversing the sensitive

volune of the asmembly. The two~Ffold ooincideﬁoe of these counteré
triggered a pulse generator after a fev mi{:roseconés_ delsy (Tp), which then
applied a 20 XV pulse of 2 fusec duration to altemate plates. A similar
pulse of =20 kV was applied ssmultanéouszy to the remainder of the plates.
This produced an intense electrio field of about 10 ¥V/,, in the region of
the gas in the tube. Electrons formed in the neon gas by the passage of
the‘ ionising particle undergo acceleration in the field, and acquire suf=-
Af'icient energy to initiats a Towmsend digscharge which £ills the entire tube.
To prevent the spread of discherge to adjacent tubes by photoioniszation
each tube was shielded from the other by blaoic paper wrapping.

The main conclusions drawvn Trom Conversi's experiments were that only

tubes filled with spect;'oscopic neon and .pulsed after very short time
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delays (<2 /usec) could profitably be used.
III. 3. The Fxperiments of Bersanti et al.

Barsanti et al (1958), using the seme equipment as Conversi et al
have made more detaoiled measurements on the fubes particularly on the
variation of layer efficiency with various persmeters. The layer
efficiency (7) 1s defined as the ratio of the mmber of aingle flashes
observed in a layer to the mmber of single particles passing through the
layer. The veriation of efficiency with applied field strength (E), time
delay (Tp) and pressure (p) of neon were studied and their results are
showm in figures 2, 3, and 4. |

Pig. 2 shows the variafion of effioiency with the applied field for

. tubes filied with spectroscopic neon and e mixture of spectroscopic neon

and 2% argon, The mixture gives o longer plateau 3 - 10 kV/cm and a lower

threshold, The plateau is also found to be independent of the pulse length
and rise time.

Fig., 5 shows the veriation of efficlency with pressure of neon. The
efficiency is seen to inorease with increasing pressure reaching a maximm
value of 0,756 at ~35 am Hg after vhich there is e slight decrease.

The variation of efficiency with time delay is shown in fig, 4. It
is seen that the efficiency falls off repidly with incressed time delay.

The main reésults of Parssnti et al msy be summarised as follows:

(a) The efficiency increases with increasing value of the field

strength and reaches a 'saturation’ value.

(b) Argon lowers the threshold voltage and increases the length of

the plateau
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(c) There exists an optimm velue of the pressure of neon far

tubes of high effieciency.

(d) The effioiency falls off rapidly with increased time delay.

Thése workers repofted tﬁat the efficiency of tubes filled with
camercial neon was very low for time delays greater than ~0,3 Jaec
Further, they found it necessary to evacuate the tubes to a pressure of
105 mn Hg before £illing.

These characteristics are not setisfactory for the application
envisaged here. The cost of the neon would be very great and since the
time delays met with in the five-fold colncidence requirement of the
.spec’tromph would be of the order of 7 fusee the effiency would be very
low. As a result a gystematic investigation of 2ll the relevant pera-
meters was carried out, with the particular object of deasigning a flash
tube =suiltable for use in the spectrograph. Some theoretical analysis

has also been attempted where it concerns aspects of praotical importance.
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CHAPTER 1V

THE CONSTRUCTION OF REON FIASH TUBES AND THEIR
ASSOCIATED FoUTEMINT

IV. 1. The Filling System and Filling Procedure,
Since the range of filling conditions might be extensive e versatile

vacuum system was Trequired. The filling system is shown in fig. 5.

An oil diffusion pump assisted by a twoﬁ stage Cenco-hyvac backing /o~ ?
pump vas used'. to evacuste the system down to pressures of 10~ Smm Hg. -
Id.quid. nitrogen tre;ps were used to prevent merocury vanour entering the
“tribe aystem. The ultimate pressure obtainéd in the system vas measnméd
by fhe Mcleod ga;zge; the Pirani gauge was used in the early stages of
£i1ling to detect leaks in the system. The entire menifold was built into
an oven in order to outgas the glass tubes by baking prior to £illing.

The .spaqtrossoPig gas was stored in glass flasks of one litre capaoity.
Thé 'aa.ﬁnercial neon, centeined in cylinders, vms connected via a liquid
nitrogen trep and a barcmeter,

Since the major portion of the system was constructed of Pyrex glsss
it was found pogsible to obtain a vecwm of 1076 mm Hg within 50 mimites
of switching on the heaterc of the diffusion pump. With the camercial
neon cylinder comeocted to the system it was found possible to obtain a
vacwmm of the order of 5,10 rm Hg.

The rate of leskage of gas into the filling system under exactly the
.same Lconditions of filling wes determined prior to each filling. This value

wvas usuelly of —~107 5 vm Hg/min and under favourable conditions the tubes
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could be filled to 65 em Hg in less than half a nﬁmte. The pressure of
neon in the tubes vas measured directly by the Mananefer.

The tubes were chemically clesned in the usuel marmer by rinsing them
with chromic acid, tap water and distilled water. After flattening one end
they were sealed on to the manifold and evacuated. The tubes were then out-
gassed at 350% for sbout 50 mimites and allowed to coocl dom to room
temperature. ™he system wms flushed out once or twice with the gas under
investigation before filling the tubes at the desired pressure. Known
emounts of specﬁréscopic argon or ot_her(ﬂx'npurities' oould be introduced
befare 2illine them vAth the major constituent. After allowing sace time
for the gas to diffuse uniformly they were sealed of f and painted with

black cellulose paint.

IV. 2. The Pxperimental Arrengement
The spparatus shown in fig, 6 was used to determine the efficiencies

of the tubes. Six tubes of the some filling were plhoed in a horizontal
layer. Eight such layers formed the tube assembly. Thin eluminium plates
were uged s electrodes, alternste plates being commocted together., The
high vol‘cagé pulse tms applied to one set and the other set vas comneoted

to earth.
IV, 3. The Eleotronlc Circuits

The tube assembly was placed bstween a four-fold counter tle‘lescope
A, B, G, B, shovm in fig. 6, with the counting rate of 10 per mimte. An
jonising particle, on passing through the telescope, triggered a four-fold
coincidence unit. This produced a posi'ive pulse of 100 volts which was

WM e
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delayed by a delay line anc‘l then fed into & high voltege pulse generator.
The camera was also driven by a negative pulée from the same coincidence
unit,

The high voltage pulse vas produced in a menner similar to that
'described'by Conversi et al, An open delsy line ves discharged through a
thyratron (XH8) in series with the primary of e pulse trensformer. The
circuit used is shovm in fig. 7. The coupling between the small thyratron -
'(dV?9'7) 'and XH8 vas r'nadue by a coupling transformer using Ferrox-cubes
(M11lard Iimited) as the magnetic materisl to ensure a sharp pulse with a
rise time of a fraction of a microsecond, The deley Tp, between the passage
of the perticle sand the application of the pulse was controlled by a delsy
line shown in the figure . Variations in the height of the pulse applied
to the plates were effcoted by adjusting the tapping on the matching
resistor R. The rise time Ty could be adjusted by chenging the cepacity
of a high woltage condenser C. Diffevent values of the pulse vidth T
were obtained by verying the mumber of sections used in the pulse fomming
network. A typical pulse is shown in Fig, 9. ¢ is the pulse width at
75% of the peak height and TR the rise time to resch the same height.

' The choice of vrlues for the Mbles Tp end Ty was made bearing
in mind the values likely to be atteined in the practical application of
the technique., For investigations involving a mmber of layers of Geiger
counters several méters apart comnected in coinsidence to control the
operations of the flash tubes, delays of several (7 to 8) microseconds

between the passage of the particle and the generation of the coincidence
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pulse may occur. In addition, e relatively large velue of Tp is often
dictated .'bjr the necessity of applying the high voltace pulse to e large

array of tubes having considersble .eleotrOStatic capacity.



CHAPTER V

THE _CBARACTERISTICS OF IOV FRESSURE TUBES

————- )

V.1. The Cherscteristics under Tnvestigation

The basic requirements of the tubes are that they should have a
high efficiency for flashing vhen a particle passes through the array
within the resolﬁng time of the apparatus (a few /a,sec) and amall mmber
of spurious flashes, i.e. flashes not due to the passage of a particle.
Two efficiencies may be defined, firstly the lsyer eﬁ’iciency (7see
¢hapter III.3) and secondly, the absolute efficiency, defined as the ratio
of the mmber of observed flashes to the mmber of rarticles passing
through the ges dn the tube. These efficiencies are a function of

number of parsmeters for example ;'{;he djmené'ions, the glass, the pressure

7
of the main constituent of gas filling and the pressures of the contsminants
added intentionally or unavoidably present and finally the characteristics
of the high voltage pulse,

The optimum diameter of the tube is found to be in the region of
5-7 mn. This value gives a high enough maximm layer efficiency and a
i‘easona'bly small mmber of layers is necessery o give the required spatial
resolution. The types of glass investigated were those commonly encounter-
ed viz. Byrex and Soda. Most of the measurements were made on Pyrex tubes
7.85 mn external diemeter 5.75 mm internsl dismeter and Soda glass tubes of
7.28 mm external and 5.58 mm internal diameter. The main constituent of
~ the gés used in the tubes was either speotroscopic or commercial neon. An

estimale of the constituents of the two grades of neon is given in Table 1.

(British myéen Co. speciﬁcatién).
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TABIE T

Consiidtuents of the Gag

Do ;’34

Cas Spectroscopic Commercial

neon nean,

(Nes) (NeC)
Neon 09.9%6 - 987

. Helium simgm o .

Nitrogen 1 v.p.m. 100 - 200 v.p.m.
Oxygen ~1 v.p.m. . £ 10 v.p.m, | -
Hydrogen ~1 v.p.m £10 v.».m. )

(v.p.m = volumes per million)

V. 2. Experiments with Pyrex Glass Tubes.

Frompted by the comparative ease of working with Pyrex gless 50 tubes
were filled i th cammerclal neon to a pressure of 65 cm Hg and tested for
spurious flashes by‘xapplyiﬁg rendom pulses to the plates. These were
o’btainedffcm o pulse similator vhich gave 10 pulses per mimute. It was

found thet at field strengths sbove 6K/, most of the tubes flashed
spuriously. The assembly of the tubes vas then subjected to 'gemiine’
pulses fram the four-fold coincidence unit., This time the epplied pulses
were éuch as to give field stzt'e‘ng’;hf;vof ~6 kv,.’cm; The tubes were found
£§ héve Zero efficiemy. A gimiler experiment was pxformed vdth tubes

made of Soda glass and filled with commercial neon to the same pressure.
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Of the 50 tubes tested only 5 % flashed spuriously below12 kV/,; thess
were rejected. Of the remeinder &5 flashed spuriously in the region
12 - 15 XV /om.

This difference in behaviour is nerheps due to the different
electrizal properties of the glass. The volume specific resistance of
Pyrex is lolsohmcm compared with 1013 ohm cm for Soda. Pyrex glass
has & surface z_*esisfivity 10° ohms and Soda 106 ohms. The velue of the
latter quantity depends on the presence of layers of impurity on the
surface. '

One explanation of the spurious flashing 1s then as follows: electrons
from esrlier iomisation by cosmio rays or natural radio-activity stick to
the walls of the tube. These should take a longer time to leak away in
Pyrex then in Soda glass tubes due to their difference in surfece and
volume resistivities. Thus, spurious flashes might be expeoted tobe .
more frequent in Pyrex glass since there will be more detachable electrons
on the surface of tubes made of this glass.

Since tubes made of Fyrex glass proved unsuitable, all subsequent

méasurements were made on Soda glass tubes.

%o f£ind how acourately the conditions of £illing could e reproduced
the efficiencies of two batches of tubes, filled with camercial neon to
a pressure of 65 ¢m Fg under \'rery'similar conditions, were measured. Fig.8
shows ‘tﬁe variation of efficiency with field strength for these batches,
It will be noticed that alithough the shapes of the curves are similar, one
is higher by nearly 9%. This iaok of reproducibility should be borme in mind
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when detedled cosparisens are mads.

The errors in the esperimental points are obtained from sn expression
derived in the Appendix.
Y4 The Veriats clency xith Resifusl Kir Presmme
Thvestigations wers earried out with tubes £illed with 65 am Hg

comnercial neon at & residusl alr pressure ranging from 10°5 = Bg to
1 ¥m Bg. e varia’ion of efficiency with field strength for various air
pressures 1S shown in fig. é, together with the charseteriatios of the high
voltage pulse. BExemination of the curves shows ﬁhat the offect of the
presénce of inoressing smounts of air is tvo-fold, Firstly, it reduces,
the meximm efficiency of the tubes at fisld strengths of 12 kV/g, and
secondly 4%t lowers the threshold volitage fofff high efficiensy of fiashing,
¥t ia inbereating to note thet ~ith tubes containing 1 sm of sir the
efficlency st field strengths of 4 XV/om is 35% compared with 18% for tubes
contsining 107 mm Hg of adr,

The refucticn in the maximun efficienty of the tubes is undcubtedly
due to the mresence of oxygen. It ia known that electrons become atteched
to oxygen weolecules and can thus be éffectively ranoved fiom ths sensltive

- volume Yy the time the pulse in spplied,

The rresence of the smell emount of argen (. 9%) present in eir could
explain the redustion in the threshold for high effisiency of flashing.

(See Vd, 6)\-

The meximum efficiencies at field sivengths of 12.2 KW/, ave given

ez a function of presm in fig. 10.
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No marked dif‘ferencés arc apparent betwden the efficiencies of the
tubes filled with camercial or spectroscopic neon in the region of overlap
40 cm Hg. The observed efficiencies are found to fit on a smooth curve.

It 1s also seen that there is a steady increase in efficiency with pressure
of gas. This increase in efficiency may be expleined as due to the increase
vith pressure in the mmber of primary ion pairs produced by the ionising
particle in the gaé, thus compensating and outweighing the loss of electrons
by vaerious mechanisms.

. Y.6. The Variation of Efficiency with Pressure of Argon.
It is known that the presence of a emall percentage of argon has a

profound effect on gas discharges in neon. Experiments were therefore
performed with various admixtures of argon, Twenty tubes were evacuated
to an ultimate pressure of 10~° mm Hg and filled with commercial argon to a
preasure of 1072 rmn‘Hg before f£illing vith commercial neon to a pressure
of 65 cm Hg. Efficiency measurements carried out on these tubes yielded
very low values (15%). It was therefore decided to use spectroscopic argon
as the contominant. '

Tubes filled with the usual pressure of neon and spectroscopic argon
up to a pressure of 6 mm Hg were found to possess efflclencies as high as
50% even at the lov field strength of 4 W/, . The result of the ..iciency
measurements on the various batches of tubes is shown in fig. .11. It is meen
from the cmrve's th#t the effiolency of the tubes at field strengths 11 - 15
- ¥V/em 13 highest for tubes containing commercial neon only and the
efficlency of tubes at low velues of field strengths of ~ 4 KV/gy 1s

highest for tubes containing argon at a pressure of 1.5.10"2 ma Hg (i.e. a
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fraction of 2.5. 10-5%7), Purthermore, there exists an optimum argon
pressure at vhich the efficiency is a maximm. The increase in efficlency
of tubes containing argon at 16&7 field strengths may be attributed to thé
increase in the total specific ionisation produced in the mixture of the
ges by the incident particle and the increase in the value of the ion~-
isation coefficient ,70(7; is the pro'ba;bility of ionisation by en electron
per volt potential difference). The first of these two effects han been
studied by Jesse and Sadsuskie (1952) vho measured the mmber of ion pairs
produced by en o= particle (5.29 M.e.V) fram polonium in an ionisstion
chamber containing succestively pure neon and WS of neon and argon.
They foﬁnd that with pure neon the mmber of ion pairs per polonium o -
particle ‘wa‘s ~ 146,000, whereas for a mixture ‘of neon + 0,127 argon the
mumber rose to. .205, 000. This effect was attributed to the presence of
metastable states in neon. Exeitation of neutral neon atoms (Ne) often
brings *hem fm‘ag a metaéta’ble_ sta}:fa (Ne*) of high energy eVp and long
life-t:l,me.;:-;l.‘/h;a argon atom (A); h;s an ionisation potential Vi < Vp. Thus
the metastable atoms of the main gas are able %o ionise the atoms of argon
in the folloving manner: .

Ne*t + A —>Ne+ At 4+ &

The oross-section for this process is large enough for small amounts
of argon to cause a considerable increase in the totsl ionisation produced
by the charged particle. |

A The variation of 70 vith inereasing smounts of ergon in a neon-argon ‘

mixture has been sumearised by Druvestyn and Penning (1940) as shorm in

o
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fig. 12. It is seen that for an ergon content of 10~%% the value of ]
for field strengths of 12kv/em is increased by a factor of three over
the value for pure neon. At field streﬁ@ths of‘ 6 kv/om the value of 7,
is »inqreas'ed by a factor of seven over that for pure neon. This increase
in the efficiency is again attributed to the presence of metastable states
in neon. In ‘he absence of argon atoms an electron requires an energy of
21.5 ev‘ (ionisation pdtential of neon) to produce further electrons
‘by ioniéing atoms of neon. In an argon-neon mixture, ho-ever, the excited
metastable states (16.55 and 16,62 e.v.) have enough energy to ionise
an argon atom (15.8 e.v.ionisation potential) by collision.

Az stated earlier it has been noticed that the efficlency of tubes
at field strengths of 11 - 13 kv/yy is highest for tubes containing
: cmemhl mveon‘only. This result is contrary to expectation and is
inconsistent with the recults of Conversi et al, who found that the maxirum
efficiency did not vary with the percentage of argon. It is possible
. tha§ the disorepency is not real but arises. from the 1éck.of reproduci-
’bility i‘eferred to before. Further experimentel study is necessary before
this é.ncﬁnal&us veriation can be explained. |

The increase in efficiency at lov field strengths in the case of tubes
filled with neon and air can now be understood. Itis known that air
contains about 0.9,'5 argon. This could therefore be responsible for the
snorease in efficiency of tubes at lov field strengths for' tubes filled with
_heon and alr.

Thether there is a reduction of maximm efficiency when srgon is
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present or not there is little to be gained by adding ergon to the gas

f£i1ling for the following reason. The intensity of the flash at low

fields, vhere the efficiency of the tubes containing argon is higher, is

in general too low for good photographic records to be taken.

" A study of the veristion of effioiency with time delsy is necessary
for two reasonst (a) the sensitive time of the tube and the consequent
probability of a flach motbeing “ue to the triggering particle is deter-
mined by this verdation, and (b) in operation the efficiency must not fall
appreciably by the time the high voltage pulse is applied. This variation

- k V. 7. (s) The yariation of Efficiency with Time Delay.

has been determined for tubes having a wide variety of fillings. The

constituents of the different batches of the tubes are given in Table II.

TABLE IT
Pressure of Pressure of ﬁeference
__neon cm Hg _conteminant mm Hg number

66.5 NeC 0.17 ergon 1
67.1 NeC 1.0 air 2
66.5 NeC 8 x 1075 air 3
85.5 NeC 1.5 x 1075 air 4
66,8 NeC 1.5 z 10*2 argon 5
46,1 NeC 3.0 x 107 air 6
43.6 NeS < 1079 air 7
84.0 NeS 5.107% air 8

/
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The delays chosen in the experiment were greater than 4 4 8e0 g nce
this was the chortest prossible delay expected in the spectrogravh. The
pulse height wes chosen to glve a field strength of 11 kv/qy the pulse
width being & Jusec. The results of the measurement are shown in fig. 15.
Comparison of the curves 3, 4 2 filled with commercial neon to 65 cm Hg
at various residusl air pressures show the inorerting rate of fall of
efficlency with time delsy for tubes with incressing amounts of sir. The
effect of reducing the pressure of neon can be seen by comparing the

chareoteristics of curves 4 end 6. At the lower pressure the fall of

efficiency i1s more rapid,

V.7. (b) Theorcticel Analyris.
In the interval between the nassage of the lonising particle through

the tube and the commencement of the avalanche) gseversl mechanlans are
responcible for reducing the mmber of electrons vailsble to initiate the
evalanche. The more imnortant of these ere (i) recambinstion (11) diffusion
of electrons to the glass walls and (111) capture end attactment to neutral
atans to form negstive ionc of low mobility. The contribution made by each

of these to the variation in efficiency with time delay 411 be discussed

“in turn.

, (1) Recombination: If the mmbers of positive and negative ions per

cm® are n, end n_ respectively, the mmber of recombinations per
second is

N:dn n'......o...’-..... (i)

e e

where o r:!.s the co~-efficient of volume recambination and is 2, 10~7
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em don~1 sec=l for neon (Biondi end Brown 1949). It is known that
n, and n,. for a track at néar minimum ionisation in neon at 65 cm
Hg are each of the éz'der of 20 dons em™S, It iz thus apparent
framn equéﬁon (1) that the contribution to the electron removal by
volume .re‘can‘bination is negligible.

) _i’referential recambination , i.e. recambination of the
origiml members of the ion pair, will be more important but even
this effect should be small since the free electrons produced in
thé ionisation process have appreciable energy an? soen escape
fram the neighbourhood of the positive ions.

(ii) Diffusion of eleo‘h‘ons to the glass wmll.

In the interval between the passege of the particls and the

) . application of the pulse the electrons in the gas slovly 3iffuse
to the wglls where it is assumed they stick and do not contribute
to the production of the avalanche, Assuming that all the electrons
produced by the particle at time t = 0 are at the centre of the
tube, the mmber Nt remaining in the tube after time ¢ = fD can
be caléulated. |

_ If Mo ions are concentrated at the origin at t = o then after
time t, the mmber 'between x and x+ dz is

N, dx = (4a.'bl')z | ( 43{:)&[&

where D is the diffusion coefficient, It is easily shown that the

corresponding mmber in an elmnentaz:y amulsr ring is

No

4.Dt
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Thus the probability @P of finding an electron in this ares is
| s
dP=—L— e ot . dr
22t

- Por a tube of raditis R having an eleotron at its centre at

time t = o the probability of the electron still being in the
tube after t seconds is glven by

R r? - &Y
P . e 4Dtl Tl) - /- e D¢
) 4Dt |

o

Taking the following values, R = 0.98 cm, D = 8.4.10° am?/" seq,
and t = 5,106 seq, for a typicel flash tube, the value of the
probability is found to be o, 373.

If the production ls assumed to take place not at the centre
but along e diameter then equation (1) may be written

P =</ - ex/S ——@—t)f (—Ri.)
B2 4 2t 4Dt
where{C-.TDt—) is a geametrical function.

In actual fact the electrons are produced along paths of
various lengths. This can be allowed for to a first approximation
ty using for N, the mmber electrons produced on the mesn path
1engfh Z . This mumber must be reduced still further, however,
because electrons produced near the wall might not be expected to
initiate an avalanche on acceleration. (Conversi et el 1955).

If the effective insensitive depth of the counter is written as
8 ‘then the internal efficiency of a tube for recording sn ionieing
particle 1s approximately
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’7(’3) =90 [ 1- em {‘-Nt(.l-—.f:)}]....'......(z)

where 7 (0) the efficiency at zero time delsy is given by

7(o)=1-exp '—n-<1- —jf__—‘-)] ..... cevees (3)
and is the probability of at }east one ion pair being present in
the sensitive voiume. n is. the average mumber of primary ion peirs
produced along the meen path length § is found by extrapolating
the experimental curve ( 7 , Tp) back to T = O and then using
equation (2). fThe velue of i_ chosen is such that (1)2 is equal
to the intermal oross sectional ares of the tube. The value of
& so found 1s 1.4 mm. '
The theoretiocal curve has been eveluated by Gardener (1957)
for the tubes filled with NeC at 65 cm Hg at a residual eir
pressure of 6,107 mn Hg. The totel ionisation has been derived
fran the work of Jesse and Sedauskis (1952) vho found that about
26.'2 €.V, of energy are required to liberate an ion pair in neon,
and the aata of Eyeions et al (1955) which gave the most probable
total-energy lit;emted in the form of ionisation in neon. At a
mean momentum of 1.G. e.V/y the most probable total si;eeif;o fon~
isation in neon at 65 cm Hg pressure is about 21 ion pairs lper
em. .Plg. 15 shows the theoretical curve, marked T. It is seen
that this agrees fairly well with the experimental curve for
delays up to 10 Iu,sec. Above this value the divergence becames
increasingly marked. The Einstein theory of diffusion should
preﬁict %oo high a value for the concentration of the electrons in

the tube as it includes electrons which have diffused past the

boundery and heve then diffused back again. (Lloyd (1958) has
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" worked out.the problem rigorously using the equation for the

(1i1)

analbgous problem of heat conduction. He finds good agreement

betﬁeen aliperiment and theory over a wide range of pressures

efter determining the diffusion coefficient from the observed

veriation et one pressure only

Fleotron:Attachment.

’i’hé presence of gases having high eleotron attaciment prob-
abilities are responsible to a =smell extent for the removal of
eleotrons. FElectrons produced by the ionising particle may attach
themselves to neutral atoms to form negative ions of low mobility.
The most common impurity introduced intentionally was oxygen. In
this case the electron attachment coefficient h at thermal energies
18 ~2.5.10~% FPurther, it is known that as the electron energy
is increased l\ falls to a minhimm at about 1.3 e.v. then rises to
a8 mazimm of 5.5.10~% at 2 e.v. (Healey and Kirkpatrick, quoted
by Healey and Reed, 1941). After a delay of 10 /lk-sec the mmber
of electrons attached to oxygen molecules in a tube conteining
1 mm of air is about 10%. A qualitative explanation of fig. 13

is thus possible. The fall of efficlency with time delay is more

'rapid for tubes containing air where the attachment is important

" and for tubes filled at low gas pressures where h is camparatively

C—
—————

low. Tt is interesting to note that with a time delay of 2 fumseo
the efficiency of the {tubes containing 1 mm of air is virtually as

high as that for those with an air pressure less than 105 m Hg.
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V. 8. The ymristion-of Ffficiency with Rise Time -

The electrostatic capacity of the tube assenbly has a marked
:, influence on the rise time of the pulse. Values of oapacity of 1000
p.f.s. were found to increase the rise time by chout 2usec. Since the
array of tubes to be used in the big spectrograph has a capacity of this
order i% was decided to investigate the veriation of efficiency with rise
time, |
The various batches of tubes marked 1-8 (see Table II) were tested
for their variation of efficiency with rice time of the pulse. The
results and the characteristiocs of the applied pulse are shom in fig. 14.
Exemination of the curves 3, 4, 2 for tubes filled with commercial neon at
66.5 om Hg and residual air pressures of 6,0,10~5, 1.5.1073 and 1 m Hg
respectively chows that with increasing rise time the effilolency deoreases.
‘The rate of decrease of efficiency with rise time is greate~t for tubes
containing the highest percentage of air. This is due to the increased
probability of electron attachment" during the rise time (f the pulse as
‘the electron attachment coefficient has a resonance fcxelectrons :n. the
region of 2 e.v.. V
The reason for the lovering of efficiency with increasing rise time

may be seen from the folloving appréwimate analysis. If w is the drift
velocity produced by the field E, then over a ﬁde range of field strengths
the drift velocity is glven by '

| . WEKE teeeesersescoasee (4)

where k 1s a constant ~2,30° for E in kv/cp end w is in cm sec™ 1.

If the leading edge of the pulse is given by E =« t where o is a constant
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then the time taken for the electron to drift to a di,stance s is given
by ' ‘ :

t:(-%%) P, (B) |
For the maximm £ie1d strength of 11 lcx}/c,n, rise time of 3 fsec end tube
rndius 0.28 cm ve £ind o = 4.1 % 106, Using this value of  in equation
(5) we have t = 0,26 /Lsec. In this time the applied field rises %o
1.1 kv/cm. It is knom that the' variation of mean excitation energy ¢
with E for pure neon is such that € inareases up to a plateau of 12 e.v.
at £leld strength of 5.0 kv/om (Bossi and Staub 1949). At a field strength
of 1.1 kv/gp € ~9 e.v. This value is significently below the meximum
value and the mumber of edotrons with energy e ove the ionisction potent-
ial (Ql;e'e.v.) can be expected to be considerably reduced. Therefae

~ same reduction in efficiency is expeoted for the value of T considered

(2 Iu-sec).

V.9. The Varistion of Eificiency with Pulse Iength

The efficiency of the tubes vas studled for two valuesof pulse length:
2 and 4 pocc. To difference was found for the tubes filled at’ lover
preséures. A reduction would be expected when the pulse length is shorter
fhan the time taken for the electron to traverse the tube. This time mey
be celoulated ucing the drift velooity of the electron at field strength of
11 k\r/‘}m For a tube of dlsmeter 0.58 em *he time taken is n, 0,05 /usec.
This assumes & squsre pulse. For a pulse with I = 2 /(sec the time taken
| ig ~ 0.4 Iu.sec. Gonseq_uently no'apbreciable variation would be expected

for pulse lengths in the region 2 ~ 4 /u,sec gl nce these axre in excess of



this value,
V:10. After-flashing.
If & flash' tube is subjected to a second pulse a short time after

the Vzlniti{al flash has eccurred there is a finite probability of the tubé
f‘lashingagain This phenomenon was studied quantitatively in the follé:'j.:}g
marmer. The tubes which flashed at the passage of an ionising particle
through the assembly were noted. After a short intervel of time the
asgeni'bly was éu’bjected to a's:’unilar high voltage pulse. Then tubes that

~ f£lashed for a second time were noted. This procedure was repeated for
several hundred particles. The time interval 'between the application of

| the firot and second pulse was varied from 0.5 to 10.0 seconds. The
probebility of flashing as o function of time intervals is given in fig. 15.
It is noticed that tubes filled with cammercial neon at high precsures have
a 'dead time' of about 10 seconds vhereas tubes containing mixtures have
shorter dead time of the order of. 1 seq.

. The reason: Tor the phenanenox;x of after flsshing is that considerable
time ?gs taken for the very large number of eleéh-oné, produced in the
avalariche to be effectively removed from the gas in the tibe. The probability
of a few electrons remeining after a time lapse of a seoond is thus high.
The mechanism of removal of electrons are those given earlier. Inﬁnediately
’ aftér the avalanche recambination is most important. Then most of the
electrons have been removed the 6‘ther' two mechanisms become important.

'.{‘hig phenomenon is use_:f‘ul in cosmic ray studies for two reasona:
(a) Thg infomation. given by an array of tubes after traversal by a selected
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particle can be rotained by repeated flashing so that, for example,
& camera shutter may be opened after the passage of the particle, and
(b) under certsin conditions the individusl flashes are weak - the
photographic image can then be enhanced by fepeatea flashing.
V. 11. General Remsrks and Conclusions

The work described in these chepters was undertaken to find a
suitable flach tube vhich would work with high efficiencies at long
delays and could be mass-=produced. As a result our investigations were
confined mostly to tubes filled with commercial neon and operated at
time delays grez_iter,than 2 fusec. The characteristios of tubes filled

F GFen e

with spectroscopic neon were determined et one pressure anly : 35 cm Hg.
In sﬁite of the rather different conditions of the experiments
reportéd here end those of Conversi and collasborators the results show
agreement in a mmber of agpeots:
(i) The maximm efficiency of tubes containﬂ:g spectroscopie
neon at a pressuré of 35 cm Hg 1s consistent with thatif‘omxd
by Oonwversi et el for the same time delay, after allowence has
been made for the different wall thickness of the ‘ubes.
(11) The effect of adding argon is to produce a reduction in the
threshold field strength for high efficiency of flashing. (Fig
'8 and fig. 11 of Barsantd et al).
(411) There is no difference in efficiencies for pulse % ngths of 2
and 4 /(,sec.

An important result found by Barsenti et al wos the slight decrease
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in the officlency of tubec containing spectroscopic neon at 45 cm Hg,
fig, 5. Tt is probable that the apparent reduction wes due to statistical
fluctuation. In our wrk the efficiency vas found 10 increase with
incrence of pressure up to the ‘highesf: pressure used.

The increase in efficiency with prescure is due to theincreased
num'bez; of electrons produced in the gas by the ionising‘particle. The
values of the primery (P.5.1.), end the total specific iondsation (T.5.I.)

for different pressuras is given in Table IIL

TABLE .

The primary end the totol specific fonisation in the gas for

- ‘ dii‘i’erent prassures. )

Pressure
in 66.5 | 60.0 | 50.0 | 40,0 | %0.0 | 25.0 | 20.0
am Hg

P.S.I. 10.5 9,48 | 7.80 | 6.31| 4,73 | 5.9 | 5.16

L - 21,0 | 18.95 | 15,80 | 12.12 6.45 | 7.88 | 6.31

o

Using these valués in féquation (2) the layer efficlencies are calou= -
lated. Teble IV gives the obgerved and calculated layer efficiencies for

_ various pressu.-es.



&364

‘Comparigon of t he obsexrved pnd the geloulated efficiency for
' different pressures '

Pressure 7 ,
in 66.5 60.0 | 50.0 40,0 25.0 20.0

em Hg

Galculated
" Iayer 6L5 57.8 51.9 45.8 27.0 20.4
Bfficiency :

%

Observed _
layer 82,0 59,0 50. 5 41.0 28.0 18.5
Eff’i%iemy -

The gxgsreement between the obaerved end the caloulated efficiencles
indicate the con_'ectness of 'Ehe assumptions. It may be noted that the
value of § used in equation (2) is O,l/g em. This is nearly a third of the
mean path length L . |

Gontrary to the observations of Bersanti et al it 1s found that
cammercisl neon can be used in flash t:ubes.. With the hig;her pressures
used in our experiment the impurities in commercisl neon are not important
in reducing the efficlency and much longer time delays can be folemted.

‘As a result of the experiments désaribed it hasbeen found possible to -

produce h‘l’bes of high efficiency which cen be mass~produced cheaply. Por
exaxﬁple a tube construoted of Soda glass f£illed with camerd al necn et

65 cm Hg end & residual air pressure of 10~5 mm Hg has an internal

efficlency of 80% for a time delay of 3.7 /L-sec.
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| CHAPTRR VI

THE_DEVELOIMENT OF A PROTOTYPE SPECTROGRAPH

V1. 1. The Experimentel Arrangement

Before the particle detector described in the previous ohai)ters
could be usefully epplied to the location of the trajectory in the large
magnetic spectrograph it wms considered desivable to construct a prototype
spectrograph and to study in detail its characteristis.

The schematic diegram of the prototype spectrograph is shown in fig.
16, It was first operated st sea level without the megnet vith the object
of studying such aspeets as the accuracy of particle location and later
with the magnetic field to measure the underground manentum spectrum.

Four tube arrays and associated Geiger counters served to trace the
trajectories of the high enefés}?imrticles st sea level. The array consisted
of five layers of 15 cm tubes rigidly mounted 8,0 mm apart between parallel
‘eleotfodes. The tubes were s{’;g}ggered at an angle such that no particle
entering within the engular é.c;eptame of the instrum-nt (+ 10°) could
pass through the dead space. The scattering wos reduced by réplacin.g the
_centrsl regions of the electrodes with aluminium foil. Since the object
6:(‘ the experiment was to determine the limit to the spatial accuracy of
“location of the particle trajectories it was necessary to acoept only fast
pe;rticles (p > 800 M, e.V/,) for vhich displacement in the apparatus by
. geattering wes smell, Thus a low momentum cut off was imposed by danmding
further penetrstion of 55 cm of lead.

The tubes used in this experiment were filled with eammercial neon
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. _at 65 cm Hg and the residual air pressure was estimated to be 105 m Hg.
The éhamoterisﬁés of the high voltage pulse applied to the ~lates after
2.0 )usec, rise time 0.5 ssec and pulse length 4 fsec. Under these
conditions the intéamal efficlency of the tu'be:s v,;as 70% and the layer
efficiency 5% | |
The accuréoy of location was determined fram messurements made by
Ashton (1958) of the an-le & between the apparent trajectorics in4A B and
C D for e large rumber of particles. The distribution of this angle
after co;'reoﬂon ‘for ascattering geve the noise lovel or *no field' limit
of meagurenent, Hee.surenents;éf' the track directions were made by three
methodss . | |
(1) The centre of gravity of the array formed by the centres of
the tubes which flashed at each level was calculated and the
inslination of the line joining the appropriate pairé vas
A determined. | |
(ii_){ A full-seale diagrem of the tube essembly wes drawn and cotton
fibre ad,jﬁsted over its surface to give the best estimate of the
track location, |
(1i1) The photographic records were projected on to a rotatable sereen
ruled with olose parallel linegand the ddrections of the line
determined vhich sstisfied the condition thet the sum of the
distances fram the centres of the flash tube imagesbo the line
was a minimum | |
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In each metﬁo& when o tube tas observed to flash in such e position
ac to be inoompatible with the trajectory defined ’by other tubes this
flash was réjected. Some coaments can be mede on these methods. Method
(1) has the advantage of being comple tely objective, but scme information
preséné in the record is not used., For example, the uncertainty in
-de'hérmining the centre of gravity of the 4tubes thet flached in the array
A ig reduced if fhe approximate direction of the trajectory is kmown from
information cbtained from the tubes that flashed in the arrey B and vice
versa. Method (1) is subjective tut has the advantages thet not omly
tl;e exaited tu'bes‘buﬁ also the gaps between the sensitive regions can be
uged to locate the mjeétories. Method (I3i) on the other hand relies
on the excited tubes sinoe these aré the only images visible on the £ilm,
A basio ascumption is that the image accurstely represents the end of the
tube, and with carefully constructed tubes this condition is satisfied.

A1 the photomraphs teken in this experiment were measured using
methods (1) and (1ii) and e smeller mumber with method (1). It was found
that method (1) géve poor resulis and that there wms little difference
between the resulés of (1) and (iii). Method (iii) is quicker to epply
and is indicated for application vhere a hich particle rate is encountered.
On the other hand, method (ii) gives useful sdditionsl information in that
the displacement of the trajectorles at the centre of the field region
cen be found, and this emables an independent check on the ‘accuracy of
location to be mede,

The r.m.s. of © found from the measurements with the present apparatus



15 0,85° ¢ .02°. This vslue conteins oanpunenfs arising from (a) the
scattering of partioles in arvays B and 0 (b) the error of setting the
measuring device 4(c,ross wire étc) on the best estimate of the m;]ectozﬁ
(e) the error of interpretation, i.e. the differehce between the estimated
end the true trajectories, and (@) the traversal of the epperatus by more
then cne partioie. Of these causes (c) and (d) need further smplification. -
Here (c) refers to casea where one or more of the tubes discharged /sere
not traversed Ey'the icm:l.sing’ partiblg itself. fro‘ba'bly the most
important contribution arises from unrecognised knock-on electrons e. g.A
a case when a fast particle passes through the inéengitive region of ons
tube and an associated knock-on electron passeé_'thrﬁugh the next tube such
that a systematic &ifference betwoen the best estimate and the trus
tradectory camnot be recognised. | | F

The con‘bri‘bu“on from scattézing and errcrs of setting are lmown

aind‘ thus the error from ’che canbination of {c) amd (d) can be determined.
.Writing (se’ O ren f'or the root - mean - square deflections due to
the scatteri.ng sett:mg and the remsnining ceuses we have 0’“ = 6,229,

6 = 0.14°, glving 6 rem = 0,20 + +03°. It is usual to quote the
uncertainty as that of position at a singié level (e.g. the middle of each
array) and this can be oalculated, but it must be borne in mind that this
~‘uh¢ez*tainty is less than would be found if the single level alone were

" observed on account of the information on direction given by the combined

data fram the two levels.
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The required r.m, 8. error is given hy

:L.(rem N
6 2

Where 1 is the separation of ecch pair of the measuring levels.
The result is
S - (0e2+ 20 m

Vi. 2. Conclusions
4 compaxison can be made between this method and the oloud chanber.

In a cloud chamber at nomsl preséures the inherent track width for cosmic
ray particles is ~. 1 nm, being delermined by the diffusion of the ions
before thelr fixation. by the condensation of the condensant. It is
possible to determine the centre of the track to within ebout 0,2 ma, but |
to this uncertainty mmst be added that arising fram gaseous distortion.
By careful tempereture control distortion cen be reduced, but both shart
and long term variations in distortion produces dlfficuliies. In the
Manchester high-energy spectrograph (Ho.lmes et al 1955) olctd chembers
‘were used as detectors and the overall uncertainty in irack location was
shm:n in a subsidiery experiment by Lloyd et al (1957) to be sbout 0.8 mm.
Further 'reduction by more cereful tempersture control is presumably possi‘ole
ut the location uncertainty in o cloud chember is inherently varisble
and in that respect zlore is inferior to the flash tube arrey with its
constant geometrical uncertdnty. It is apparent that e further refduction

in the error of location can be made in the flach tube array by increasing
the mmber of layers, an upi)er 13m:1t being set by the maximum tolerable
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scattering uncertainty. Sime further inoresse 1s also possible by the
use of tubes having higher internal efficiency and efforts were made in
this direction before constructing great mumbers of tubes required for the

Durhsm spectrograph.
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CHAPTFR VIT
THE CHARACTERISTIOS OF HIGH PRESSURE TUBES

VIL 1. The Deseription of the Apparatus
The fact that the experimental curve )fig. 10 jof the variation of

efficiency wifh pressure of neon showed a steady increase up to 65 cm Hg
encouraged the investigation of tubes filled at pressures higher than one
atmosphere. Since it was found in the expériments desoribed in Chapter

5 that air pressures up to 10~% mm Hg gaveno appreciable reduction in the
maximum efficiency of the tubes, the process of baking the tubes was
dispensed with. The £illing system was modified (fig 17) so that tubes
could be immersed in liquid nitrogen prior to sealing off. A trolley
capable of movement along the length of the manifold cazﬁes the Dewar
flask containing 1iquid nitrogen. The Dewar flack is raised by a pulley
| system so that suitable lengths of the tube could be immersed.

The pressure of the neon in the tubes is evaluated in the following
marmer. If lo is the length of the tube (from the flattened end to the
constriction) and if 1, is the length immersed in liquid nitrogen, then
the following relation holds between the pressures of the gas before and
after sealing.

pi 11 + (10 - 11) Pi = pf_ lo

(273-195.8) 273 + 20 275 + 20
vhere pj is the pressure of gas in the tube while itis immersed in liquid
nitrogen and p F is the final pressure vhen the tubes attain room temper-

ature. The temperaturesof liquid nitrogen end the toom are -195.8° o
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end éO° o respectively. It will be seen that with almost total immersion
(14 = 1o) the pressure attéina‘bl‘e is 8.8 W vhere A" 1s the atmospheric
pressure. At a later stage a check was made on the values of the pressure
evaluat,e_cfl_'in‘ this mainer by determining the preséxre of the neon in the
mbes'."éxpérﬁegta-lly. It was found that the caloulated velues were within
5% of the experimental value. Three batches of tu't;es were filled at
pressures of 3, 2.2 and 1.3 atmospheres. A f‘urther batch of tu'b_es at 0.8
- atmospheres was included vhen the efficiencies were measured.

Since the area of the stacks carrying the flash tubes in the 'b:l.g
sPeofiograph s tol be 7000 em?, the electrostatic capacity of eight layers
vould be of ~2 -« 5 thousand p.f.s. This comparatively large capacity
would cause a considerable increase in the rise time of the high voltage
pulse and consequently reduce the efficiency of the tubes. To obviate
this difficulty it was decided to pulse the stacks from separate generators,
This demsnded the use of e large mmber of hydrogen thyratrons (XH8). The

/ prohibitive cost of the latter favoured theii-' réplacement by trigatrons
(CV 85). The cirouit ezr;ployed is shown in fig. 18. A 0.5 Jrsec delsy line
discharging through the hydrogen thyratron produces the necessary trigger
pulse of 3.kV for the trigatrons. Several trigatrons were operated from
the sa.‘tﬁe trigger pulse. The 100 K resistor served to prevent the quenching

of the trigger voltege across the trigger gaps.

VIL. 2. The Variation of Efficiency with Field Strength
The efficiencies of the high pressure tubes were measured for field

strengths ranging fram 3 kv/gy tp 7 kv/op. The assembly of tubes and the
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experimental arrangement were aimi;ar to the one desoribed earlier.
 Effioienoies at field strengths higher than 7 kv/om were not measured
a3 the odneta.noy in thse plateau region is well-known.

Pig. 19 ahowé the variation of the layer effiociency with field
swenééh. " The meximum layer effieiency of the tubes containing neon at a
preséﬁre of 65 om Hg and 10'5 mn Hg air was 4O% for a pulse having U= 3.5
l@g-éeo.. .'l"hie is rather lower than the values found earlier but is not
statistically inconsistent, It is interesting to note that the maximum
effioienocy .of _tubes containing neon at 1.3 70 om Hg 13 57% whereas the
_ qorresponding values for tubes containing neon at 2.2 7/ and 3.0 /7 om Hg are
as- high al?ﬁ%. . These reuulta'oiearly demonstrate the expected trend of
" increasing efficienoy with pressure. |
o Another iméprtant feature of the curves is that the efficiency for

the different tﬁi:e's reaches 90% of the naximum value at the seme field
strength of ~5 kv/om indiceting that the significant quantity is not
E/p bufc"simply E. The significance of this is discussed in the next
ohapter; |

Sqme photographs of the flashes obtained by Mr. H. Coxell and the
authox; ‘are shown in Plate 1.

| m. s 'rh'e'Vgr_;ation of glloieng with Time Delay

The maximum’ efficiencies of the tubes at time delays varying from 4
bto ZA J-=8ec were measured. Here"again the range of the delay times ohosén
was d;otéted by tf.hé values expeoted in the speotrograph. The reaulfa are
shown in fig. 20. | They indioate that high pressure tubes have a slower
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rate of fall of efficiency with time delay. The 5 /U tubes have an
efficiency of A 60% at time delb.ys of 24 stec canmpared with 3% for tubes

containing neon at 65 cm Hg.

VII. 4. The Varletion of Ef‘fioiem;z with the Wall-thickness of
" the Tubes

The advantages of using thin walled tubes in the spectrograph are
that it reduces the total dead space in each arrey and the ocourrence of
flashes. from knook on electrons. - _

Efficiency measurements wore made on campound tubes consisting of
three sections each having nearly the same internal dismeter but different
wall thicknesses (0.4 mm, 0.9 mm and 1.V2 -mm). Each 'tube’ contained the
same gas at 1.5 " cm Hg. Fig, 21 shows the variation of absolute effidency
for the three thicknesses. |

The 307 difference in ebsolute efficiencies between the medium and
thin: tubes ic most unexpected. This result seems to indicate that the
glass thickness plays an important role in the discharge mechanism, A
postible mechaniem that could account for this difference is discussed
in VIII. V4. |

| VIL.S. The Effect of the Olearing Field on the Bfficiency of the Tubes.

It is apparent fram fig. 20 that at high pressure the efficiency falls
off slowly with increasing time delay Thus the sensitive time of the high

pressure tube defined as Tq j 7 (t) at is very long. For example at
a pressure of 2,3 atmospheres Ts 39 /L sec. Thus if the particle rate is

high an appreciable fraction of accidental flashes will result. Efforts
‘UA’\ vl ‘i
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were therefore madeAto reduce Ts by aéplying a clearing field across
the‘ eleotrodes. This procedure is analogous with that in the cloud
chamber vhere the clgaring field sweeps out unwanted ions arising fram
pm-eépam;ion particles.

The efficilency of the tubes was measured for varicus time delays
when & steady potential was maintained between the plates of the tube
assenbly. The olearing fleld used varied fram 70 volt/sy to 2 kv/gg:
The experiment was also repeated with the polarity of the steady field
reversed. The effect of the clearing field on the efficiency was barely
noticable even for large values of Tp viz 20 - 5’) /L-sec.

It can be shown that for a field sﬁ‘ength of 2 kv/em the transit

timé of an electron across the tube is less than 0.5 Juseo end & consider-

sble reduction in Tg should result. It is diffioult to ezplain the results
oy fhé' preSeiﬂ: gas discharge mechanism. The sigrﬁi‘icénce of this result
is diéeussed in some detail in Chapter VIII.

VII. 6. Idfetime of Tubes.

. Flash tubes containing a pure imert gas such es neon might be
expécted to have an almost infinite life-time. However, impurities present
in the gas filling and others in‘l';roduce& f‘ran the grss wall by the impact
of ions could reduce its life-time, “An experiment was therefore carried
out in whioﬁ & set of tubesof previously measured efficiency was subjected
to pulses at the rate of 1 per second for 13 dsys. A 10 millicurie ) -ray
sourée (Ra-Be) produced flashes in the tubes for about 70% of the pulses.

The total mumber of flashes was about 106 for each tube. The efflciencies
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were measured Again at the end of the experiment. The characterlistics

of the pulse were Fyg, = 10 k"/cm Tp = 0.6/«,sec, T = S.S/u,sec.

TABLE V..

The veriation of efficiency with the 'life!of the tube

Time delay 4 40

Percentege '
Efficiency 7.5 + 5.7 47.0 ¢+ 2.8
at start.

Percentage
Efficiency
after 106 pulses| 94.5 ¢ 5.4 85,5 4+ 2.9

Table V shows that there is no significant difference in the efficiency
for short delay. 4imes but at 40 psee there is a reduction of aebout 1%%.
This reduction is .perhaps due to the appearance of small amounts of ~eclu-
ded gases from the wall of the tube or a change in the struoture of the
glass under contimious bombardment by neutrons and }’- rays. This ohange
in characteristios is, however, unlikely to be impartant in practice.

VII. 7. Discussion and Consclusion.

To facilitate the choice of optimm pressure an investigation has been
made of the possibility of establishing & universal relation between the
effiéienoy and seme function of time Gelay snd pressure. The single para-
 meter ‘I‘D/p wBs féund to be applicable and fig, 22 shows the variation of

(ebsolute effioiency) with Tp/p In addition to the efficiency measurements
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made in the present work those of Conversi et al for a pressure of 20 em

Hg have also been included. The resul‘be shcm in fig. 22 therefore refer

40 a pressure range of a factor of 10 end it is apparent that the simple
relation 7)< '(g;_m) vhere f is an unimowm fundtion holds to-a fair
approximation over this renge. The efficiency for a given time delay cen
now fﬁe detezﬁined to a fair accuracy for pressureé between 20 cm Hg end 5
atmospheres and to a lesser acchréoy for pressures outside this range |

| The significance of‘ the fact that TD/P appéars to be the operative
perancter, when the remaining peremeters Epsy, Tg and Y are kept constant )
may be seen from a consideration Qf'the simple theory discussed in Chapter

V.7 (b). There it was shown that for short tims dela:ys'?(TD) is given by

7(%)57(0){1‘ -N(l-g) )(<’DTD) |

The diffusion coeffioient D is proportion 1 to 1 and therefare Tp
‘o¢ D Tp end since we have found (TD) is & function on.'],v of Tp at cl;nstant
R, this must be interpreted as indicating thet n (1 - _§_) do;g not depend
on the gas pressure. However, 1 is proporticned to p alr—zd so the length
~ of the track eﬁ‘eotive" in producing an avalanche rust fall with decresasing
pressure. '.'fhis feot together with the other difficulties mentioned earlier
indicates that the mecherdam of the discharge at high pressures (- > 0.8
atmosphere) is probably different from that atlow pressure.
In the next chapter the various mechenisms of spark discharge are
described and their relvance to the present messuranents considered.
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CHAPTER VIII

' THEORFTICAL ASPECTS OF THE MECHANICM OF THE FLASH TUBE

VIII. 1. Basic Discharpe Mechandsms.

A detailed study of the variation of the ourrent between parallel

pla,pe eleo;!;rodes' ;'Ln'a‘ gas as a ﬁnction of the applied volta-e wa?fnade
by Townsend (1939). He introduced the fundamental coefficient et to
define the mumber of electrons produced per centimetre in the path of

a single electron travelling in the direction of the field. The electrons
‘80 fqhned gain energy from the field and produce additional electrons by
vcolliié_i_on. The resulting currént in the space betweenthe electrodes is
given y ,

o 'N:'ih‘: Z e *d ..........‘.(6)

where d 1s the d;lg’l;ame between the eleotrodes and 2, the current produced
'by the extemal source of 1light falling on the cathode, Equation (6) was
founﬂ to 'be val:ld for ljmited values of the ﬁe]d strength. #hen the field
strength was imreased beyond s certain limit the current increased at a
more rapid rate indicating that secondary mechanioms occur. The secondary
ioniseltion in the gap has been attributed to various causes. The most

proba‘ble of these is the secondary emiscion of electrons from the cathode
by the dmpact of the positive ions and ‘photons. If 7 is the number of
electrons released fram the cathode per indident positive ion then the
resulting ourrent is

= =< d
2 @

A similar equation has been derived by Ioeb (1939) for the case where
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secondary emission from the cathode is caused by photon impact. The
current ig thgn x d.
= 1 €
Z = (“ /,(_)d se0ssbovevy (8)
«-oegfe ]

where ® is e number of photons produced by an electron per cm in the

field direction, g is the gecmetirical factor giving the fraction of photons
created in the gas that reach the cathode, /u:!.s the absorption coefficient
~ of the photons in the gas and € the fraction of the photons which produce
electrons that suoceed in leaving the cathode. Equation (8) can be shown
to be very similar to equation (7). Thus we may represent the current by
equation (6) where ¥ may represent one or more of the several secondary
meschaniems. ‘ |

The value of (e — 1) is zero at low field strengths but increases
as the field strength is indreased until we have

)'(e «d‘ I) cirereneeiiies (9)

when the denominator of equhtion (7) becomes zero and the equation becames
indeterminate. This condition soccording to Townsend defines the sparking
- threshold. It has been observed in sll casesof breakdown that ¥ €%@ )1

and tlus the Townsend criterion reduces to

y‘rxd.
e =

It has been shown by Loeb (1948) that if Ye X9 . 1 the alscharge is given
by equation (7) but the current is not self maintained, i.e. the current
reduces to zero if the ewbermal source of rediation is removed. For Ye X d
= 1 the mmber of additional ion pairs produced in the gap by the passage
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of one electrom is large enough for the iesqltant positive ions to
release another from the cathode and thus to csuse a repetition of the |
process. The discharge is then gelf sustaining and cen contimc in the
a'bsence‘ of the source. Thus Yexd = 1 defines the sparking threshold.

Ir 76’“1 > 1 the discharge grovs more rapidly due to the cumuletive effect
by successive avalanches.

The Towmsend criterion Jé'@ = 1 has been found to be in agreement
with experiments for breakdovn of gases at low pressures. On the basis
of secondary electron production by positive ion bombardment one expects
a formative time due to thc low mobility of the posiiive ions. Much higher
speeds of formation have been observed in studies of long sparks at
atmospheric pressure and 4in the breakdovn of gaps‘ subjected to impulse
_ voltages. Further, in the study of spark discharge between a positive
point and a negative plane, the 1!1@11156 breakdown voltage.appears to be
independent of the cathode material.

Various modifications to the Townmend theory have been put forward by -
‘d4fferent workers, A theory of the sperk appliceble especial]y to sparks
occurring between gaps at atmospheric pressure and sbove —as proposed by
Meck (1940) and independently by Raether (1940). This theory has been
elaboreted by Loeb (1941), Meek, (1941) and others and is generally referred
to as thé streamer theory of the esperk. This theory imvolves the assumption
that the lonisatien prmesses' is dependent only on the gas. An elestron from
the ¢athode in moving a distence xin the direction of the field ¢reates

an additional &% ions: In short gaps of ~1 am the first electron avalsnche
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;Leav‘es behind a dense oloud of positive lons nesr the anode. For values
of o = 17 there are sbout 1.2,107 ions nesr the anode. Such a
distribution of ions does not constitute a breakdown of the gap. If we
‘assume the positive ions to be concentfatea in a sphere of radius T the
£1e1d strength due to this space charge at the surfsce of the sphere is
q € /F? where q is the mmber of charges in the sphere and ¢ is the
electronic charge. The mumber of cherges is equal to & 7x T S N where N
1s the density. Thus the field produced by the space 2harge is

By = % rr Ne€

The density of ions, N, cen be shomn to the equel to« " Y/aT ? and the
expression for Ep becomes

Ty =

X
€ e tvsvessscvsnsevie (10)

T
Now ¥ is the value caused by electron diffusion in crossing the gap and is

3] B

given by T = J Bt vhere D is the diffusion coefficient ond t = _x
KE

where k is the electron mobility and E the applied field strength. Thus
equation (10) reduces to

o X

E., & 4/ EX &

D

K E
Fram o consideration of the ratio 11% for electrons Ioeb (1941) end Meek (1941)
show that E  can be written in the form |
B_ = 4/8 € eqx (11)

(1010 2 Ao \ &

————

¥ 7
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Where A is the electron mean free path at 760 mm Hg, £ is the average
fraction of energy lost per impaet and p is the pressure in mm Hg.

Equation (11) in the case of air becomes
X x

-7
E = &5 7 x Io Vous/c,m

o €
* G
This field sugments the externmally spplied field E, the magnitude of the
— .
the total field becoming Er+ E,
Accompanying the cumlative lonisation of the first avalanche 18
a larger mmber of excited atoms and molecules. The excited atoms emit
radiation which is absorbed by the gas. The photo-electrons produced in
this process if they happen to be suitably situated near the space charge
ere accelerated towards it and produce smaller avalanches which feed into
the positive space charge. In this way a positive apace charge develops
tovards the cathode as a self-propagating streamer. The veloclity of these
streamers have been observed to be ~ 2.107 cm/sec. When the stresmer
reaches the cathode the space betﬁéen the elwWes is rendered highly
canducting and a spark ensues.

The conditions nece-ssary for a streamer to develop depend on the pres-
sure of the gas anc the absprption coefficient of the photons in the gas.
If the firast avaelanche is diffuse and broed, end the absorption of the
photo-electrically active radiations small, streamer formation is unlikely.
According to Loeb (1941) the condition for sparking in a parallel-plane
gap is obtained fram equation (11) by setting Bp = E = E where E, is the
sparking threshold. For alr the sparking threshold can be cbtained fram

equation (12)
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sl e Dl 4
o(dfé;e_;_ = M- 46 ¢+ eT+; e’; (12)

4 A . b
vhere d 1s the separation betveen the plates and the pressure of the

eir, '

Since the theory for the foreakdom of the gaps vwhen small particles
of insulating materials such as porcelain and rutile,are present on the
electrode surfeces is different from those outlined above, a brief sum-
‘mary'of' the mechanism supposed to be responsible for their breakdown is
given. The study of Slepian and Berkey (1943) ghowed that the time lag
of the gap is reducedlby the presence of particles of average iinear
dimensions between 0.002 end .OL5 em. It is considered that these
particles cause localised intense field distortions at the electrode
surfaces so that the rate of electron emission from the cathode is
increased. It is also reported thet in same experiments a pre-breakdorn

" corona is followed by the spark. It has been suggested that the rsdiation
emitted from mimite corona discharges a£ the projections could cause
photoicnisation in the gas and bring about the ultimate breakdoim of the
gap.

' YIIL 2. Appliostion of the Spark Theory to Flaeh Tubes.

(2) Low Pressure Tubes.
The curves of figures 2 and 8 show that the efficiencies of the low
pressure tubes attein 90% of their maximum velue at a field strength of

~5 %v/em - This we shell term the sparking threshold. If a spark is to
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occur under these conditions, the Townsend criterion e Y | mst be
satisfied. In evaluating the value of ) necéssery to satisfy this criterw
jon we shall sssume the values of o for pure neon es there are no
published results An camercial neon. This is justified as we are only
doncerned with the oxders of magnitudes of the quantities involved. For
tubes at 65 cm Hg, E/p = 7.6 volts/mm and _%(_ = ,0204 giving «xd = 7.9

vhere d is the diemeter of the tube. The Townsend criterion gives
' 7.9 3
}/ e = Y 2.7x00 >

Thus the valne of ) must be ),5.10'4. In thé cage of impulse breekdom
the contribution to Y canes only from the impact of pho'tons on the cathode.
From Geiger counter studies 4t is kmown that sbout 100 to 1000 photons
liberate 1 electron ‘ram the calthode. Ir we‘gsstﬁne a similar value for
glass the discherge in the low pressure tubes can cccur according to the
Townsend mechanism,
| (b) High Pressure Tu'b.es.
_ Fig. 19 shows the sparking threshold to be also sbout 5 KV/gp in the

pressure range (0.8 = 3.0) 70 Corresponding to the velue of ;‘: = 2.2

volts/omfmm o(d has & value 1.08. If the Towmsend criterion ;.5 to be
satisfied in this case J has to aésﬁe values > 0.5, & value 50 times
that cbgerved for metal cathodes like copper. Thus it is unlitely that
Towngend's meéahnism can o:pergté in the high pressure neon tubes.

With the help of equation (12) we can caloulate the sparking threshold

for the high pressure tubes. Equation (12) for neon is given by
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£s

.o(d . Aje _/%. = /37 + 4/e y:

| d
R

The value of Es wﬁich mekes the L.H.8. of the above equation approximately
~equal to the R .H. 8. 13 found to be ~ 13,1 kv/cm. Thus the approximate
sparld.ng threshold for 3 /U tubes is 18 kv/ However, sparks can ocour
at 5 kv/gy if there is a source of el ctrona other than those produced

in the gas.

VIIL 3. A Possible Meohanimm for the Qgemtion of Higg
Pregsure Tubes.

In the search for a source of electrons to sustain the discharge
on is led to examine the porfion of the glass tube in which the incident
perticle creates ion pairs. A fast /u.me.scm produces ebout 3,000 ion
padrs in the wall (0,9 mm) of the glass tube. The eleotrons in the medium,
under the action of the electric field can move towards the surface of the
| glass tube and bulld up 2 surface charge. The existence of such a phenamenon
- has been observed in the study of semi-conductors bambarded by nuclemns and
electrons. Using electronsof energy ~ 1 M.e.V to boambard semi-éonductors |
such as germanium orystals Rittner .(19@8). end: o:thers.have .o'bserved |
conductivity pulses vhich giece_,;j with time. - These pulsgs,have been obseeved
t6 last for ~ 10 Iusef'o‘.‘ _They have -’algo observed a decrease in the resistance
of the crystal by a factor of 10. In the case of glass this effect may not
_be so pronounced due to the i':eouliar structure of ghss.
We shall assume that such a surface charge can be produced in the giass



and then shall treat the case where the incident psrticle passes along
the dlameter (d) of the tube. If Nyz is the mmber of electrons

produced in the glass at the instnt the ionising perticle passes through,
' the mmber left in the glass after a time delay Tp can be expected .to be

given by
' Lr

N e G S e e (13)
/° | |

e )
vhere ¢, may be termed the relazation time. When a step pulse E volts/em

45 applied the electrons drift tomrds the imner surface of the tube and
tuild up a surfece charge. If the combined electric field due to the
surface charge and the external field is sufficiently high (>V,) riera
émission of electrons tekes place. As the electrons come out of the surface
the surface charge deoresses and when a certain number. has succeeded in
entering the gas the emission ceases. The mmber emitted can be assumed

to be a function of the electric field E,' the rumber of electrons avail-
able in the glass, and the duration of the pulse ( ). Those electrons
céﬂing out first will be accelerated in the region of the intense localised
field and can produce further electrons by ionisation. Thus to a first
approximation we can take the mmber of electrons near the region of the
localised field to be given by sz’

T2 | x'dx

F Ngeei_:E,'Z’ e
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whére F is an unknown function, x is the value of the Townsend co-
efficient in the region of the looalised field and 4 x the extent of the
| localised field.
Each of the e electrons is now dravm towards the anode and produces
further eleotrons in the uniforn field E where the Townsend coefficient
i assumed to be of. Thus the mmber of electrons in the first avalanche

- is

A
o~
b}
&
X

To this must be added a certain mmber contributed by the electrons

produced in the gas by the ionising particle. Al the lapse of time Tp

the mmber of electrons left in the gas is given by

v (-5
ﬂa

where & = ‘R and D is the diffusion coefficient. (See Chapter V. 7.(b)).

4»7‘

We con assume these to be accelerated across the seme distance d as those

produced in the glass. Thus the total mumber of electrons produced near

the anode in the ﬁrst avalanche is
~-T b’
P~ «x'd=x

N—F(Ne Er)e’ 4 N(G-2 ;‘*R?;)ﬁ(i):j'4)
s ge ) + i““d)('— 124
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This is also equal to the mumber of positive ions produced near the anode.
Following Meek (1954) we can assume these positive ions to be confined
within a sphere of radius T = /Z_Dt- wﬁere t. is the transit time of the
first avelanche. Accomparwing the avalanohe is a large mumber of photons.
The photo electricelly active radiations produced is assumed to be a

fraction of the total mmber N,. Thus the mzm'ber of photons radiated
within the (useful) solid angle in the direction of the cathode is given

by

de
J( Ns = 4 TC

<]

whete J[ ils a mmerical constant and @ N 1= the solid angle of that part
of the sphere fae:lng the cathode.

| If the absorption coefficient of the phoiong in the gas is /athen' the
mmber of electrons produced within e distance ¥ and T + Dxg is to a first

epproximation given by

: '~/LA7C2
f N d—Q (/ —_ €
2 4/(

where sz is the region over which the space charge field extends. Mach of

these electrons is now accelerated towards the positive space charge and
produces further electrons. If o ‘is the Townsend coefficient in the com-
bined vector field of the space charge and the external field, the mmber

of positive ions produced near the space chsrge is equal to
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dx,

f q,ndx
a

o ’ -/quz._
N:__J[Nﬁl_f_z_ /- € ] e .- - - (15)
. 2 S 4w -/

H°

b )

The candition necessary for the streamer to propsgate itself is N > 1L
If N has o large value the probability of the streamer failing to oross
the gap 4s mmall, and if N is less then 1 the probability islarge. Thus
the probability that the streamer vill nob develor when § positive ions
are produced ls given by e-N The probability of the streamer developing
undér the same conditiong 4s 1 - e“N., Since a flash is only observed

if stremmers develop we can write the probability of a flash occurring as

7_,<, - e‘N) AU ..‘(IA)

where 7,is thus the absolute 'efficienoy of “he .tube.

7 where

VIII. 4, Interpretation of the Results.

On the basis of this mechanism an attempt is msde to explain the
oharacteriztics of the high pressure tubes. The mcst importent results
to be explained are the following:

(2) For the pressures investigated viz. 0.8 7T to 5 7 the spariing |
threshold is ~ 5 kv/y, and is found to be independenf of the pressure
of neon.

(b) For a given time delay the efficiency increases with increase of

pressure.
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(¢) The efficiency decreases with increasing values of time delay.
() The efficiency depends on the pulse width and the rise time.

(e) There 45 no significant reduction in the effioiency with a
clearing field of either polarity.

N (£) The maximm efficiency for thin walled tubes is lower than the
corresponding value for tubes of greﬁter wall thickness.

AThése results can be understood on the model described above. The
emiscion of eleotrons from the gls ss cammences vhen the localised field
strength attains a value » Vo. The magnitude of Vo depends on the surface
charge and the applied field E. Thus we can expect the threshold for
emission of eleotrons to be independent of the precsure of the gas,
though at very‘high pressures a small mmber of electrons may diffuse
back to the surface of the glass. |

“For a given time delay Tp and field intensity E the efficiency 7 can
increase with increase of pressure due to the rapld increase of the absorp-

tion coefficient /LL As already noted the value of . ;for E/P < 2
does not affect the expression (16) by an appreciable amount.
. Prom equetion (18) it is seen that the variation of efficiency with
time delsy Tp i:c exponéntial . in character.

~ Then a step pulse is applied the emission of €lactrons Aces not take
plw_§.MEMntWously. The time taken for the emission to cesse glepends
on the rate at which the surface charge deore‘éses. AThttls, if the duration
of the applied pulse ic mede less than the time taken for ihe =mission of

electrons, the efficiency will decrease. Barsanti et al observed the
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eff‘ioiéncy to decrease for pulse widths < 2 /.a,seo. With a slowly rising
field the eleotrons that ere emitted when the localised field is > Vo
'will produce a smaller mmber of additional ions then those nroduced at

& later instant vhen the applied field has risen to a higher value, Thus
the total mmber Ny of positive ions produced at the anode will be smaller
then those produced when 8 step puise is applied. The efficiency vAll |
therefore decrease vflth -increase of Typ. |

The Pinite velue of efficlency obtained fo;' time- deléys of 20 Li-sec
with a olearing field of 2 kv/ep 1s easily seen. For clearing fields

< 2 kv/en there is no @igsion of electrons ﬁ'cm the glacs whereas all
the elm&om prodllc;eq in the gas are removed. The electrons formed in
| the gless will drift towards the éﬁrﬁacé and probably remain there intil
& sultable pulse (E >2 kv/cm) is applied.

Equa'bion (14) shows clearly how the effioclency can vary with the wall
th’:!.ok:neas‘of' the tube. The reduotion in efficiency at low field strengths
fo:- the 1.2 mm walled tube (see fig. 21) may be due to the partial shielding
- of the electric -field by the glass dielectrioc.

Visual evidence showing th;e existence of filamentary discharge
closely resemb:ing streamers is obtained vhen the tube is photographed
' transversely during o flash.

_ In the experiments described in Chapters V -nd VII the iozﬁsiﬁg
particles were mainly f-mesons passing through the tubes vertically down-
wards. The applied fleld was also in the vertical.direction. If tl}e
Gieotricxfield as pm'pendimﬂar to the direction of the particlé '_the_re
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should be a deorease in the effioclency of the tubes as there can te no

| .emission of elsctrons from the glags for verticel particles passing

: along‘the diemeter of the tube. An experiment was therefore made to

measure the efficiency of the tubes with the electric field in the hori-
zonfal direction while the incident particles were confined to within

+ 10° cﬁ' the senith. A decrease of 9.0+ 1.3% was noticed. The expected
50 decrease was not observed. This may be due to the fact that the

. horizontal lines of force on entering the spherical surface of the
dielectric are refracted a‘b varying angles to the radius of the tube.

The direction of tﬁe £ield inside the glass niay thus not be horizontal.

However, direct experiments are necemsary to show that the initiatiné

electrons leading to later ionisation by collisidn arise fram the
_aisturbéd region of the glass. Cloud chamber experiments similar to

" those performed by Raether (1957) with glass plates covering the
electrodes could prove the existgnce of such emission processes.

In.'fzénclusion it appears likely that the streamer mechanism plays at

least scme part in the functioning of the £ sh tube. Some further
experiments are desirable, but a very detalled examimtion does not seem
profitable since in general the ﬁmdamente.l parameters of the discharge
(ionisation coefficient, absorption eocefficient, diffusion coeffiocient,

etec.) are not in genersl accurately lmovn for the experimental conditions

used.
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CHAPTER IX
THE DESTGN AND CONSTRUGTION OF THE DURHAM SPECTROGRAFH

IX. 1. The Design of the Tube Assemblies

The experiments on the precise location of particle trejectories

- carﬁed cut with the prototype spectrograph desoribed in Chapter VI

showed that an oversll'uncertainty of (0.62 + .10) mm could be cbtained
with five layers of tubes in each array. In order to decresse this value
it was decided to use eight layers of tubesin each array. Itwas necessary
that the flash tubes in the four arrays should be srranged in such a manner

as to give the minimum positional uncertainty for the location of cosmic
rays incident within + 16° of the vertical. In order to find this optimum
arrangement and the minimm possible value of the positional uncertainty
the folldwing procedure was adopted.

, Circles to represent the internal sectiomal area of the tubes were
drawn on graph paper. There ware eight layers niarke;l 1, 2, 5..... as shorm
in fig. 25. The horizontal separation between the centres of the tubes was
8 mm, the vertical separation being 11 mm. To begin with the tubes were
staggered in the simplest mammer, the centres of the tubes in the even layers
lying midway between the centres of the tubes in the odd layers.

Since it had been found ~reviously that the internal efficlency of the
flagh tubes waz nearly 1007 it was assumed that a perticle intersecting
a tube diameter vould fire that tube. With this assumption any ionising
particle, representsd by the line PQ, incident on the stack at an engle @
to the vertical would fire the tubes shown shaded in fiz. 25. The mmbers
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Fig— 23‘:'
A Seotion Mireugh the Tubes in the Assembly.
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of the leyers containing these tubes was noted dowm in a table constructed

as shown
TABLE VI
o° Tubes Zero | L.H. RE| Ainfm [rms A
_ discherged , . mm.
2| 1,5 5 6,7 8| 100 |98.5 | 101.5 3.0
o| 2, 4, 5 6, 7, 8| 27.5 [ 27.0 ]| 28.5 2, 25 5.5

The intersection of the line PQ v th the scale at the bottam of the
soale in fig, 23 @ve the zero reading noted in colum 3. The line FQ was
then moved parallel to itself until it either missed one of the tubes
noted in coluin 2 or .just intersected any new tube. This critical position
of the line PQ gave the readings in colum 4. The line was then moved to
the right until the ab-ve oriterion was again satisfied. This reading rme
noted in column 3. The difference between the last two readings ;ives
the value of A the overall uncertainty for the ray PQ. Nine feadings were
taken for each value of © and the root mean square of A calculated. The
above procedure wvas reveated for various values of 6. The r.m.s. value
of A for the various angles is shown in fig., 24, greph I, curve I. The
scale is twice full size. The velue of A for 8 = 0 is exactly 4 mm. It
is found from the mﬁh that the r.m.s. A varies between vsles of 1.9 mm

for © = 4° apd 2.5 mn for © = 10°. The mean walue of r.m.c. A is found to
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be 2.2 mm giving a vélue of 0,31 mu for the standard deviation in the
actual arrangement, This is the standard deviation of the mid point of
the range bf A about the true position of the trajectory. | '
In order to improve on this vdlie and also to give a reasombiy fht ~
oﬁrve over the range -10° to + 100, the measm’einéntgévere repested vith -
the top four layers displaced to the left by 2 mn. Curve II, Fig. 24
shows the results of these measurements. An asynmetﬁ woe found in the
curve between the rays incident on one side of the vertical to that on the
other. In an attempt to get rid of this asymmetry the measurements were
repeated with the four central layers displaced to the left by 2 mm.
The results of these measurements are shown in curve III, Fig. 24,
The latter curve poésesses the desirable feature of being flat over the
region + 10° and also gives a lower viue (0.29 + .06) mn for the standard
deviation. ' |
In theory, s purely randam ordentation of the tubes should give not
only a nearly flat curve but also a lover value of the standard deviation.
To test this a subsidiary experiment was performed. Pins were fixed on
a portion of a metre rule shomm in fig. 25, the space AB representing
the internal diemeter of the tube and the space BC the deed space which
included the walls of two adjacent tubes and the small air gap between
them. Elght of these were used to represent the eight leyers end were
placed one behind the other on a board A. Another board B with pins
P,P1. Py, fixed as shown In fig. 25 was usell to indicate the directions

of the incident particles.
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To begin with the different layers were adjusted so that on looking
in the direction cf eny of the pihs P} P, Po P, .....es.0. eto. the
separation of the projections of the pins (on board A) on the scale ves
2 minimm., The position of the nearest pin in each layer from the edge
of the board A was noted. The board B was now placed vﬁ.f:h pin P
coincident with the position X, and the separation between the pins when
viewed along the directions P P, P2 P, eeeenenes etc. was noted,

These give the viies of A the positional uncertainty for different values
of 8. These measurements were repeated for the different positions Xg, Xg...
The root mean square value of A for each angle & was plotted to give
curve IV, graph II.

This same positioning of the tubes was now ‘reproduced on greph paper
and the r.m.s, A obtained as described earlier. The results of these
measurenments are shown in curve V, graph I1. Examination of the curves
iiid and V shows that the velues of the st#rﬂard deviatioﬁ of the r.m.s, A

in both caases agree closely. PFurther, it shows that staggered tubes are

ag satisfactory or even better than randamly orientated tubes. The former

armnga#ent wa.s therefore 1ncorpor§ted in the actual experimental arrangement.
IX. 2. The Conptruction and Aligment of Tube Agsemblies.

As in the prototype there are four measuring lsyers A B C and D.
The arrangement of these is shown in fig, 26. The Wbe assembly C ia
deseribed in detail ss the frames A and D are very similar to B and C,
their only difference being in size.

A rectangular ﬁamewgk 56 x 33 x 13 c:ni3 ,shown in fig. 27,%5 first
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eonstmci;,eﬂ. The slots to carry the tubes are milled in strips of
Ldural) and fit into grooves on a %" plate, the latter being fastened to
the front and beck pia’deé of the ﬁ'amevﬁrk. The centres of the slots
were separated by (8.0 + .01) rm and the vertical separation between

the eentres of the grooves vas (11.5 # .Ol)rm. Te profile of the dlot
vas guch thgt selected tubeg having external dismeter tetween 7,85 mm '
and 7.15 mm rested only on two points of the slot. Two layers of tubes
were contained within one pair of the eRtmdes. These were of 10 'thou'
aluminium sheets held taut between four brass rods. The high tension
plates were well insulated fram the framework, the earthed plates being

~ comected djrecfly t5 the fremewark. An isametric projection of the tube
assembly C and a oross-scotion of the slot carrying a tube are shown in
fig. 27. A photogreph of the assemblies B, B and O and the acompanying
electronic equipment is shown in fig, 28.

It is essential that the t_ubes in the varicus Ivels be parallel to
one another. To achieve this é line perpendiculer to the tubes situated
symmetrically to the faces of the framewak wap drawn on the framework. In
the region of intersection of this line with the grids G, , Gy, two polnts
were. ¢hosen, The co-ordinates of these points were known accurately with
- regpect of the grids Gy end Gy. Holes of 2 mm diameter were drilled vith
these points as centres. Two plumb lines forming e vertical plane

pez;pendicﬁlar to the Geiger counters in the different levels pasced
through the holes in the four freméworks. By moving the fremewo.k until
the plumb lines hed the same co=ordinetes with respect to the grids Gy,

Gy eto. the tubes could Le made parallel to one another within 3 4 'thous'






-70-'

' The frames contsining the tubes in the four levels were kinematically
located in the conventionsl aanner. .

A mirror system (Pig. 26) N, , K, M5 ensbles the flashes of the tubes

in the levels A and B to be photographed on the same film,
s 3o General Rems d W

Using the value of the standard deyi#tion for the ovarall uncertain-
ty obtained in Chapter IX. 1, the maxixum deteotable momentum of the
speotrograph is estimated to be ~. 600 G.e.v/e. The displacement of any
fast partiole due to seattering in the instrument is - 4¥ of the dis~
placement due to the defleotion in the magnetic field.

In oonolusion it mey be said that the prototype spectrograph
described in Chapter VI has been operated successfully in Nottingham, and
measurements of the momentum spectrum of 1,000 particles have been made.
The Durham Spectrograph is nearly raa&y and it is expeoted that measure-
ments on the spectrum and‘ ths positive - negative ratio of fast partiocles

will soou be made.
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APPENDIX T
Statistical Treatment of the Flach Tube Data.

The problem is to derive the best estimate of flach tube efficiency
and its standa";j-;'.' deviation. Consider the case where we have a layer of
tubes and singlé cosmic rays passing through. If in an experiment there

are 'a' flashes and 'b' blzinks then we define the layer ef‘ficiency)7,as

_._'_-—————"

I Ry
Now a and b are both distributed according to Polsson statistics so that

the standard deviatimof a is /& and b is /. Thus ve have

/- b
a,d,[__. Az[a.

-4

2 a?

—
P

5','0{5"__4_0_-

a b a

—
-—

' b
i.e. substituting for a we have




-] B

dn ,db, daere small differentials in calculus notation and we

square and add independently to find the standard deviation

i.e.

158 da®> |
< Z _> </— 2[< +<C;
But | \
<clé"> I and <dd> = ——{—-
—> =6 az *

b
Sinoe‘ the standard deviation of a is J;- we have y
0[7 [ S
[-7) 7/ = ¥
7 ( 7) ,/7 b Jao

Changing the notation to n flashes ocut of N frames we have
dy =277 /1))
| o ’\/‘,\7‘

Thus the efflolency is given by
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