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ABSTRACT

& review has been made of the development of the neon flash
tute, from its introduction by Conversi in 1955, up to the present day.

Particular attention is v»aid to the problems which arose
from attempts to use flash tube arrays on accelerator experinents,
nanely the long sensiiive andtrecovery times of the tubes, and the
loss of efficiency at high event rates, caused by internal clearing
fields.

The problems arising from attempis to describe analytically
the flash tubé discharge mechanism are also discussed.

in investigation of the decay mechanisn of the internal

clearing fields has teen made, which i

icated that the effect nmay be

)
.
’ J

overcone by decreasing tne surface resistance of the outer wall of the
flash tube.

A descrivtion of a gamma ray detector, utilising fiash tubes
as tne detecting elements, interspersed with lead absorber, is
included. The energy and spatial resolutions are found to compare
favourably with those of more complex and expensivé detectors. The
+

problems arisinz from the use of this detector in the e* test beam at

the Daresbury Laboratory are discussed.
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1.1 Introduction

The flash tube was introduced by Conversi and Gozzini ( 1
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little. The flasnh tube is &
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vlaced adjacent to each other in a vlane, sandwichéd between two
metal electrodes.
P.V.2. tubing to prevent ghetons from one discharging tube causing
an acjacent tuwe to ignite. It is usuzl for the detector to consist

of many suca planes, the tube axis being orthosocval in alternate
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. against the window at the end of the flash tube. The probe is

1, e

connected to ground by a resistor, and dependins on the value of this
resistor, signals of 1 to several nundrea volts can be obtzine Thus

CAMAC compatible signals can easily be obtained (4_), enabling large
amounts cf data to be handled convenlently by on-line c¢omputer
techniques

hotomultipliers have also besn usec to output data from

from the photomultiplier is

W
@]
=
cF
>
£
c

flash tuoeu. The magnitude of
related to the number of tubes igniting. This method has applications
in extensive air shower studies (9 ), where the number of tubes

igniting is proportional to the energy deposited in the array.

Flash Tubes

Figures ([ ) to (4 ) show the effect on the efficiency of
varying the magnitude, length, risetime and delay of the high voltazge
pulse applied to tubes of 1.6 cm internzl diameter filled with 70% Ne
30 He. The efriciency shown in each case is the "internal efficiency";
this is the probability of & tube lighting up if a particle has
passed tnrouzh its gaskous volume, and is almcst 10C% under optimum
overating conditions. Another expression of the efficiency used is tae
Hlaver efficiency'; this is always less than the internal efiiciency
ancé is related to it by the ratio of the internal and external
diameters of the tqbes

As exvected, fig.( [ ) shows the efficiency to rise with

.(2) snows ihe effect of pulse leangth. Two

by

i

rising fielé strength.

or

'S
4]

types of vulse are usuzlly used, a sguare pulse from a delay 1i

P
it

an exvponentially decaying vulse, formed by discharzing a capacit

tnrough a2 resistor. Holroyd (5) found that for short pulses (aprrox.



0.4 microsec) large fiélds had to be applied to chtain even a2 faint
discharge, however for lzrger wvulses (apwnrcy, 4.0 microsec) the tudes
performed correctly. Fizure (%) shows the effect of the pulse
risetime. A slowly rising pulse will sweep charge to the walls of the
tube without initiating a discharge. Risetimes of up to 200 nsec. are
usually acceptable, depending on the width of the tube. Figure (;f)
shows the effect of varying the delay betwesn the passage of the

particle and the applicaticn of the high voltage pulse. It can be sezn

the

that for long delays the charges are lost {rom the gas, either to
walls, or by recombinatidn, thus lowering the eificiency of the tube,

Two other important properties of flash tubes are the
sensitive time and the recovery time. These determine the rate at’
which flash tubes can operate.

The sensiiive time is defined as the time after the rpassage

of an ionising particle for the detecting effiqiency to fall to 50C%,

The gsensitive time of standard tubes is about 1020 microsec. ¥eductiicn
of this time requires remcval of the firee electirecns in the gas. Thnis

can be achieved by addition of electronegative zases (Z#) such as

C COZ’ SF, stc. to absorb the free electrons. Alternatively a szz2ll

2’
alternating field (¥1C Vv, 50 Zz) (4_) will remove free electrons in a

few nsec. By these means the sensitive time has been reduced to about

1.0 microsec. (see figure (9))

The recovery time is defined as the time after the passaze

of an icnising particle for the reignition probability to fall to
5C%. The recovery time of a standard flash tube is rarely better ihan
30C msec; since the time required by one electron to diffuse to the

w2lls of the tube is only & few milliseconds, a sescondary eleciron

production process is indiczted. Phis will be discussed later. The
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recovery time has recently been reduced vy the addition of small
quantities of moleculzr zas {4), such as Lib, to about 0.6 nszc,

(see figure (6 )).

1.5 Use of Tlash Tubes in Cosnmic Zay Lxnperinents

There are many features aboutl flash tuobes winich suit then
to studies of cosaic rays, the most important being:

1) Flash tubes are simple, relatively robust, are reliatle
over long periods of time, do not reguire constant attention, ocrperate
satisfactorily over a wide range of temperatures and pressures, and
do not reguire a constant =supply of gas. They are apparently
unaffected by magnetic fields, although no pcsitive data is available
to confirm this.

2)IThe tubes are relatively inexpsnsive, the cost per tube
being independent of length. Largze arrays can be constructed and their
geonmetry altered to suit various reguirenents.

3) & wide range of readout is available, including a simple,
inexpensive cigitization system allowing on-line oreration and
electronic decision making. K

L) The tubes orerate efiiciently underAa wide range of pulse
paramsters (ie. low fields, relatively slow risetimes, long culse
lengths), electrical interference with other apparatus can be kept to
a minimum under these conditions.,

5) Good multitrack efficiency, sincs each flash tubke is a
séparate unit, unaffected by the presence of neizhbouring flash tubes.

Reasonabvle spatizl resolution depsnding on the tube width. 3-D track

reconstruction and the ability to offer a2 degree of energy resolution.



Cosmic ray experiments using flash tubes can be broa d1y

divided into two sections:

A) Those using fiash tubes bprimarily as track defining

devices, eg.:

Maznetic Spectrometers: in e: ann1e of thls is tne HMARS

experiment (6 ), which momentum analyses particles of energy ur to

6

5.8 TeV/c, using a 3CC ton magnet, with an integral 2dl of 8 x 10
gauss/cm. The rnadout system is of the electronic probe tyve.

-

Heutrino Studies: The Case-{itts-Irvine exveriment (7) is

the largest of this type, containinzg 50,000 2 i1 x 1.5 cm. tubes,
51tuaued 2 miles underground. & similar experirent was carried out at
the Kolar gold mines in India (8),.

Extensive Air Showers (Z4S): The flash tube's high °

‘muliitrack efficiency, and ability to cover large areas, make it very
suitable to ZAS studies. The largest detector of EAS is at Kiél.(q:),
the maip hodoscope being 31 MZ; containing 130,000 flash tubes, each
l cmin diameter_with an approxima?ely spherical inner volﬁmé, filled

with neon at 500 torr. The events are recorded vhotographically.

B) Experiments in which one or =more of the flash tube
parameters are varied to provide informatior about particular
properties (ie. charge, mass) of a varticle; egzg.:

Search for Feayv Primary Josmic Tavs: A balloon borne

experiment (10) has utilised the fact that ionisation densities

roduced by relativistic particles vassing throuzh a gas is
5 - - - -~ (=)
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atomic number will be detected with 100% efficiency.

Quari Searches: Ashton et al. (11) use the same concept to
search for fractionally charged quarks. Quarks should have a emalier_
detecting efficiency owing to their fractional charge, thus for long
delays a single quark track will cause less tubes to ignite along its
" length than a unitarily charged particle.

Enerscy Loss Feasuremen‘s-'Dig*ertv et al. (!2) have shown

]

that energy loss. by oar»1c1es of egqual momenta depends on the mass of
the oarticle..btudies of prutons and muons in the range 0.1 to 10
GeV/c with a delay of 50 to 80 microsec app ]1e4 to the flash tubes,'
have produced distinct curves for protons and uons, thus allowing

discrimination between particles-of equal momenta.

1.6 Use of Flash Tubes on Accelerator Exnerine »ts

It 1s w1tn tne application of flasn tubes to accelerator
experiments that their major'disadvantaves become abnarent, namely
the long sen51c1ve and recovery times. The snark cqamber, wnich made
its appearance shortly after the flash tube, ‘was -ound to have better
sensitive and recovery times and was generally accepted for .
accelerator experiments, despite-its éreater cDSt,Icompiekity and
less versatility. The adveot'of the MWPC-and otbe“ wire chambers.i
placed flash tubes fﬁrther into the oac“rround as a su1table detector
for beamline ewnerimente. | -

Work by Holroyd ( S) and Chaney ( 4) nas reduced the
sensitivetand recovery times sufziciencly for flasn tubes to be
con51dered suitable for op eration 1n the high background and rates

found on accelerators?
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1.6.1 Reduction of Sensitive Time

The senéitivé time may be reduced from 100 micrbsec; td.a
few microseé. oy the ;ddition of electronegative gases such as 02,
coa, CClh, SO2 or SF6' S?s.has the hizhest-capture cross section for
thermal electrons, and the addition of as little as 1 x 107 %% will
reduce the sensitive time to 2 microsec. (13).

Another method is to apply an alternating square ﬁave
'electri§ field across the tube to sweep out the free electrons (4 ).
The frequency of the applied field must be high enough to change
polarity pefdre the charges deposited on the walls have time to move
round the wall, and thereby back off the arplied field (as havprpened
with attempts to use a D.C. clearing field ( 5)).

Applied fields as small as 10 V/cu. reduce the sensitive
time to approximately 2 microsec. Of the two methpds cescribed, the
second is vpreferable since it z2llows a wider range of Operating'
conditions, whereas the sealed "doped" tubes will only provide one

value. of sensitive time.

4

1.6.2 Reduction of Zecovery Time.

ot

It would be thought that the recovery time could ve reduced
by the samé method as the sensitive time, however, exveriments héve
shown ( &) that the recovery time (of the order of 1 sec. or more in
nbrmal Ne-Ze tubes) was reduced by a factor of only 2, by ihe |
application of a 2C0 V/cm. clearing field. This is in disagréement
with the theory (I4) which predicts that all charge should be removed
byithe clearing field in apyproximately 50 microsec. Tais indicates'

that a secondary electron rreduction is talting place.

As yet no complete explanation of this effect has been
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found, but exveriments indicate (5§ ) that the induced élearing Tields
caused by charges deposited on the glass are of sufficient strength
fb-caﬁse localised Townsend'avaianches, producing photons_and
electrons. These photons, incident on the glass,-produce,mofe
secondary electrons, whiéh in turn avalanche. This process will
continue untili the induced fields have decayed to a valﬁe which will
not supﬁort a .-Tovmsend évalanche. Another ppséible explanation oflthe
. long recovery_ﬁime could be de-excitation of metastablg atoms, "however
the-lifetime of netastables in neon ()§) is twe orders of magnitﬁde.
too smal1,.and could not be entirely responsible for the long recovery
times observed. |

Chaney ( 4 ) found tliat by the additicn of 2% CH, o the gas,
the recovery time_was'reducgd to 0.6 msec.\Gther molecular zases (H,,
20 Op» CoHgs CyHig
chosen because of its avaiiability and cheapness. The additioﬁ of up.'

co ) also reduced the recovery: time, but CHq was:

to 2% CH, had no ill effects on the other properties of the flash

_ L
tube.

' No sétisfactory explanation has yéy béen found for the way
in which the mbleéular gases reducg fhe fecc;ery'time, bﬁt it is
thought that because Of-its.brdad absorption spe;tfum, the molecular -
‘gases aré able'tq ébsorﬁ'the photons responsible for prpdﬁction cf
the sec@ndary eIeétfons.' | -

_' No fglug'fog_;heﬁlifgﬁ;ﬁe of CH, in flash tubes has yet
been founa;llf-ié'expécted tﬁat fhelcg# molecule wi;l'eventually:be
.bfpﬁeh.down'by'the_action-of thé discharge,.necéssiﬁating the

. refilling of the tubes. However, tubes pulsed 106-times showed no

_increase in recovery time.



(10)

1.6.3 Rate Effects

Although the sensitive and recovery times have been reduceg
to acceptable valueés, a further problem arises when flash tubes are
operated at high rates.
| The problem is seen as a dropping off of efficiency as the‘

rate is increased. This is due to the hish electric fields produced
by cﬁérges_being deposited on the walls of the tube. Unlesslthese
charges can ve removed (by conduction over ihe bﬁrface of the tube)
before the next discharge, then the field will ;antinue to increase
until . an equilibrium is readhéd. The buildup of these fields can bg
reduced by: |

1) Reducing the H,T. pulse 1ength, thereby sweeving less
charge to the walls.

2) Increasing the surface conductivity of the glass, thereby
allowing the charges to decay aviay more ‘rapidly.
3) Reducing f@e H.T. pulse neight. (Since the effective

~

i eld is less tnan the applied Tield dLe to the reverse direction o

T
the induced field, any reduction of the H.T. pulse will probably
result in loss of efficiency.) |

45 Reduqing to a minimug the delay between the passage of.
‘the particle and the avpszlication of the high voliagzge pulse, SO_that
there is less chance of the ionisation due to the varticle being
swept away by thé,induced fields, (Probably very difficult, since, in
the extreme case of hizgh rate, the the indu ced‘field is of a
sufficient magnitude to sweep outl the majority of free charges in
less than 200 nsec., and the tubes will not {lash 2t.2ll.( §))

These 1nauceu charges also maniiest themselves in the form

of weaker discharges (caused by the backing off of the #.T. pulse),



(11)

and by an increase in the rate of spurious flashing (caused by
localised Townsend discharges initiated by the large fields).
The problem of the induced fields will be further discussed

in chapter 3.

1.7 Some Flash Tube Arrays used on Accelerators

Work has been caried out by Zreare et al. (/6) using
‘conventional flash tubes, made of Jena 16B low resistance glass, 0.5
cm in internal diameter, 50 cm long, filled with Ne (70%), He (30%

+ 2% CH,. These tubes were arranzed in 12 planes or modules, each

L
moduls containing 64 tubes, arranggd in two 6rthogonal seis of 32, to
provide X and Y coordinates. Sheets of lead, up.to 1.8 radiation
lengths thick weré placed between-éach module to generate showers in
the array when it was placed in a monochromatic positrpﬁ bean, of
energy C.5 to 3.5 GeV/c. Using phis setup, a mean spatial reéolution'
of * 3.8 mm., and energy resolution of 43% was achieved. The

problems arising from this experiment will be discussed in detail in
chapter 5.

The effect of induced fields at high rates was also-observéd;
it was found that at 30 events/sec. the efficiency dropped to L40%,
however, the chamber did not hafe the optimum H.T.'parameters fof
operating at these high rates. _

Conversi et al. (I7) have conducted a numbdber of experiments
using vlastic flash tubes. The advantages of using plastic instead of
glass are that the lower surface resistances available hel: remove
induced clearing fie;ds, and that the low Z for plastic materials
helps reduce coulomb scattering, #llOWing work with lower energy

particles.



-12-

The problems arising Irom using plasfics are that because
of its relatively porous nature, a sealed tube cannot be used, also
outgassing would poison the gas of a sealed tube causing the
characteristics of each tube to differ widely. Thus the tubes require
a constant gas flow through then.

Conversi found no variation in the sensitive time of his

J
tubes when the rate was changed from 0.2 to 2.0 events/sec., and

cites this as evidence that no clearing fields were being Built up.
No reduction in .sensitive time was ob;erved when & 50 Hz clearing
field was avplied, however, the sensitive time was increased as.the
gas flow was increased. This seems to indicate that in plastic flash
tubes electrons caused by the ionising particle are lost to
impurities emanating from the walls ratner fhan by diffusion to the
walls as in glass flash tubes.

An array of plastic flash tubes has been desizned to fit
around one of the intersections of the 1.5 GeV/c electron-pcsitron
storage ring at Fraécati. As yet no results of these tests are knovwn,
although further work is at present being conducted by Conversi at

CERN.

1.3 Conclusion

It is sesn that flash tubes ha#e enjoyed consideréble
sucess in their use in cosmic ray studies, and the problems arising
from their application to accelerator experiments have been well
defined, ahd in ameany cases solutions found by previous workers. A
deeper understadnding of the mechanisms of these problems and their
solutions will be achieved by fitting a quantitative déscription to

them. Attempts to do tais are covered in the next chapter.
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THE DISCHARZE MECEANISHS

-2.1 The Disciarge

~In this chapter a gualitative dgséription of the flash
tubg discharge mechanisms will be given, followed by zn account of
attempts to fit a quantitative dgscription to the diéchafge.

The basic discharge process is well understood, hoﬁever in
practice there arise manyvproblems, as discussed in chapter'l,'which
make the task of a complete quéntitative description very complex. As
yet no analytical theory exists which completely déscribes the

discharge mechanisn.

2.1.1 The Probability of a Discharzge Occuring

For a discharge td occur when the.high voltage ﬁulse'is
-appliéd it is neccesary for free_electrons to exist in the gas.

When a particle passes through a gas it will deposit some
of its energy in the gas. Taking a typical gas densitf of 1 mg/cmB,.
and an'energy loss by the particle in the gas of 2 Mev/gm.cma, then
the particle will deposit approximate;y 2 KeV in traversing a flash

The energy will be distributed in the gas in various ways,
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but the majority will be in the form of electronic excitation,
including metastable production, and in ionisation. =Zxcited atonms
produce resonant and non-rescnant photons. Resonant photons can be
neglected since these proceed slowly through the gzas (approximately
1072 cm/sec.) being absorted and re-emitted, and since the high
voltage pulse is applied for approiimately 10'5 sec. these can have
little effect on the_discharge.

Non-resonant photons proceed straight to the walls, where
they are absorbed and may produce photoelectrons. These photoelectrons
will be seen to be important to the vropagation of the discharsge
dovn the tube.

lietastable atoms decay with the emission of resonznt photons,
however, in the presence of very small quantities of arson the
metastables are de-excited vy ionising the argcen atom (Penning
effect), producing a free electron.

Of the ionised components produced, the vpositive ioﬁs will
play no part since they move so slowly, unless they are within a few
angstroms distance of the wall, where they may produce secondary
electrons by virtue of their potential.energy (1).

Assuming it requires 36.3 eV taé produce an ion pair in
neon, and that for muons in the momentum range 1.5 GeV/c to 10CC
GeV/c, the mean enerzy loss is 1220 eV/cm., then it can be expected
that approximately 33.6 ion pai;s/cm/atmosﬁheré will be produced in
neon by a cosmic ray muon (2 ).

During'the time between the production of thé-primary
electrons and the application of the khizh voltage pulse, there are
a number of ways in waich an electron may be lost from thé gas, the

most important being:
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1) Movement to the walls either By diffusion or by drift
under the effect of an electric field.

2) Attachment to electronegative impurities, eg. oxygen
molecules. These impurities may have been deliberately added to

reduce the sensitive and recovery times.

i
!
¢

!

i Of those electrons remaining in the gas, only those which
are a sufficient distance from the walls to allow the formation of

a Townsend avalanche, will take part in the discharge.

2.2 The Discharce

There are two mechanisms involved in the flash tube discharge,
the Townsend mechanism and streamer formation. The extent to which
each mechanism contributes to the breakdown depends principally on
the gas pressure, the magnitude of the -applied fiéld and the diameter
of the tube. The Townsend mechanism predominates in low pressure
tubes (1 atm. and less) and will occur at field strengths as low as .
1 KV/cm. Streamer breakdown requires much nigher fields, in order to
produce the large quantities of charge necessary for their formation.
In practice, when a tube discharzes, it does so, usually, by both

Tovnsend avalanche and streamer formation.

2.2.1 Discharse by Townsend iechanism.

.The Townsend mechanism reguires only one electron to be
present in the gas, at a distance ) the formative distance from the
wall,-to initiate an avalanche. The fermative distance will devend
on thé'gas pressure and composition and on the magnitude of the

applied field. It has been found (3) that for tubes of 1.6 cm.
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internal diameter, filled with 983% Ne and 27 He at 600 torr, using a
L KV/cm. field, that a formative distance of 0.75 cm. gave a good
fit of the expefimental points to.the theory.

With the application 5f the electric field, the electron
is accelerated to the positive electrode. In doing so it gains energy,
which is then lost by collisions with gas atoms. The energy imparted
to the atom may be sufficient to ionise it and produce further
electrops. By this method the avalanche grows, the number of electroms

produced in a distance x, being given by the Townsend equation
n = n_explxx)

number of initial electrons

where n
o

' t .. .
oL Townsend s 1s ionisation coeificient,

It can be seen from figure ( 4 ) that the higher the applied
field the more rapidly the avalznche builds up.

The discharge will cross the tube in times of typically
50 nsec. Once the electrons reach the wéll they are effectively'lost
from the gas, and the dischargé will cease, unless the initial
avalanche producesiéecondary avalanches. This is most likely to be
caused by photons from the ionisation process striking the glass walls
and causing photoemiséion. The photoelectric yield of glass is 0.0l
(4), and assuming that the number of photons produced in the initial
avalanche must be at least the number of ion pairs produced, then
there should te a copious supply of secon&ary'electfons to maintain
the discharge. Figure (8 ) illustrates this process, and it is by

this brocess that the discharge propagates down the length of the
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tube. The rate of propagation has been measured as 6.7 x 108 cm/sec.

(5) in tubes filled with Ne-He at 3 atm.

2.2.2 Discharge with Streamer Production.

The formation of streamefs requires very higb electric

- fields. These fields are produced by separation of the two charge
compo%ents, accentuafing the field 2t the head and tail of fhe
avalanche. The Raether criterion for streamer formation requires that
thé radial field prqduced by charge separation should be of |
approximately the same magnitude as the apylied field, and for this
to be so requires the produ;tion of approximately 1G8 electrons in
the'initial avalanche. To prﬁduce tris numker from a single electron
in a 1 cm. internal diameter tube filled at 5600 torr, requires an
external field of 5.5 KV/cm. However, this is an ovér-estimation;
since an ionising particle produces approximately 30 electrons, the
avalanche will be initiated by more than one electron. This has been
borﬁ?out by experiment ( 6 ). inother mechanism producing secondary
electrons and thereby lowering the field necessary for the production
of.streamers, in the Penning effect,'wbereby neon. atoms can be
ionised by excited helium atoms.

Figure ( 9) shows a schematic diagram for streaumer
production. As with the Tovnsend mechanism, the discharge is
.propagated alqng the tube by photo-procduction of secondary electrons.
The speed of propagation has been measured for 1.6 cm. internal
diameter tubes filled with He-He at 600 torr, and found to be
3.6 x 108 cm/sec. (5).

#hen viewed from the side a tube undergoing aanwnsend

discharze will be filled completely with a diffuse glow, the
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individual avalanches.being indistinguishatle. However, in a tube
which is discharging with the production of streamers, in@ividual
.streamers are clearly visible. The. distinet spacing is caused by the
distortion of the electric field in the region of é prarticular
streamer preventing the production of a strzamer close by. Hampson
and Rastin ( € ) have found the average spacing to be 0.45 ¢m., which

is in agreement with theory.

2.3 Termination of Discharge

The discharge will terminate when the amount of charge
deposited on the walls is sufficient to produce a reverse field
which lowers the effective field to a point where discharges can no
longer be maintained.

In order td back off a 10 KV field applied to a flash tube

11 electrons nmust be

of 5 pF capacitance, aprroximately 4 x.lo
deposited on the walls of the tube. This estimate is confirmed by
the observation that some 101-2 photons are produced in a discharge
(77).Bearing in mind that the number of photnns produced is in excess
of the number of ion pairs produced (8 ), then the agreement is
good. | | |
Studies of tne light outputs from Fflasn tubes have shown
thaf the duration of the discharge is proportional to the lengtﬁ of
the tube, and lasts for ébout the same amount of time it takes for
the discharge to propagate down the length of the tube, even though
the H.T. pulse is applied for much longer. This ihdicates that the

discharge is self quenching. Figures (/0 ) and (//) illustrate these

effects.
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2.4 Duantitative Description of Discharge iiechanism

The first successful attempt to fit a quantitative
description to the discharge mechanism was developed in 1959 by
Lloyd ( Q),.who obtained efficiency-delay curves, considering thermal
diffusion as the only means of removal of the primary electrons.
Further work carried out at Nottingham (6 ), Rome (10) and Durham (I1),
extended the theory to include the many other factors.which-influence _
‘the characteristics of the tubes. The following is a review of their

work, and the problems which remain to be solved.

2.4.1 Formation and Loss of Primary Electrons

As shown earlier, a minimum ionising particle will produce
approximately 33.6 ion pairs/cm/atm. 2long its path. Then, for a
particle passing a distance x from the centre of a tube, radius r;
filled with gas ét pressure P, the number of primary electrons

produced is given by:

n(x) = 2Pm°,/r2-x2

where m = 33,6 — atm.-l

Lfter a time t, some c¢f these primary electrons will be
lost from the gas through the following processes:

1) Attachment to electrcnegative impurities.

2) Recormbination with positive ions.

3) Diffusion to the walls of the tube.

L) Drift to the walls of the tube under the effect of an .

electric field.
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Process 2 can be neglected since m, and the recombination
probability are small.

Process 4 becomes increasingly siznificant as the rate of
flashing of the tubes is increased. However, an exact analytical
treatment is extremely difficult, and as yet, only a Monte Carlo
sinulation has been used with Any success to tackle this problen,
Process 4 has been neglected in_tﬁe preseht treatment, which assumnes
‘only processes 1 and 3.

Process 1 is of great significance, for only 0.1%
contamination with oxygen will reduce the number of primary electrons
by more than 50% within 20 microsec.

The probability of attachment to electronegative impurities

after time t can be written:

P(t) = nt,x) = exp(-bout/)) (1)

n(0,x)

where ¢ = % of impurities
b = probability of attachment
u = mean velocity

‘Ao=.mean free path

| ]
Process 3 can be accounted for by Lloyd s diffusion theory,:.

and equation (1) can be rewritten as:

P(t,x) = [exp(-bc-ut/lo) J exp(-ﬁZDt/ra)on(p_Z/r)dy (2)

Lp pay(pfr®x®
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where D= electron diffuéion coefficient
J, and J; = Bessel functions of order O and 1

P: roots of equation J_(x) = 0

To a first approximation only the first term of Lloyd's
expression may be considered, and using the relation:

/

i

D= Au/3
equafion_(Z) can be rewritten as:
P(t,x) = exp{- [Bbc/Mo'r (/Sl/r)a]Dt} - (3)

The use of the diffusion coefficient for thermal elecirons
for D,.is not strictly correct, since the initial velocity of the
primary electrons will be higher than thermal velocities, and-therefore
will suffer more initial collisions, resulting in a shorter-sensitive'
time. Lloyd has estimated the correction to be small, and in the

present treatment the effect will be neglected.

2.4.2 The Discharcge

As described previoqsly, streamer production requires the
enhancement of the applied electric field-by.the presence of large
nuzbers of seéondafy charges produced in the Towﬁsend avalanche. The
number of charges must exceed e20 (IZ ) and the avalanche must a&véncé

over a distance d, given by::

d = 20/



~ FIGURE 12 FORMATIVE DISTANCE FOR
| STREAMER PRODUCTION
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d is the formative distance for an avalanche to produce a
streamer, and therefore only elecirons shovn in the region S in
figure (12) can take part in the di;charge. The calculation of the
number of electrons present in S is complex (10), since initially
the electrons lie along the path of the ionising particle. However;
" for lpnger time delays, the distribution becomes more uniform, and

!

the number of electrons, f, present in S can be written as:
£ = S/ur® = 1-(2 ¢ +sin2g)/m (4)
where @ = arcsine(d_/2r)

Hampson and Rastin (.6) found that in high pressure tubes,
the probability of a primary electron initiating an avalanche iargé
enough to create a streamer, was small. The streamers are fprmed
séme time after tke initiel avalanche, whén-secondary electrons
(caused by photo-production in the glass).initiate- further'
avalanches and raise the number of free charges to the level reguired

for streamer production.

2.4.3 BEfficiency and Sensitive Time

The probability of the tube flashing, aﬁd therefore its
efficiency, depends on the anumber of priméry electrons, n(x), the
probability of these electrons being lost from the gas, P(t,x) and
the probability of thg remaining electrons being a formative distance
from the walls when the hizh voltage pulse it applied, f.

Assuming for simplicity a Poisson distributibn (it is

actually Landau), tais can be expressed as:
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m (x,t) = 1-exp[;n(x).P(t,x).§] ' (%)

then the efficiency-delay curve is. given by:

r

n(t) = jr;(x) ax (e
A |

Using the relation:

2 2
n(x) = 2Pm_|r -x“

and the equations (3) and (5), the sensitive time may be written as:

t_ = ln[(arPn, f/lna)/—x/r) ] | (7)
l}bc/moar ﬁl/r _]D

The dependence of ts on X can be removed by taking its

average value over X.

t_ = 1n(24rPm f/1n2) ' S (8)

[3b'c/a 2+ (ﬂl/r)2:| D

where A is a geometrical factor, which, assuming

ZerO £/1n2»1

can be evaluated by computing the average of
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1n(2rpmof/1-(x/r)2/1na)

and is found to be 0;75

The theoretical curves obtained using these equations do
not always give a good fit to the experimeﬁtalldata, the pre&ictéd
sensitive time being a2lmost doublé that observed (10). Possible
reasons for this discrepancy are: |

1) The fiqite rise time of the H.T. pulse sweeps eleétrohs
cut of the gas without initiating a discharze, effectively lowering
the value of f.

2) The presence of small guantities of electronegative
impurities reducing f. |

3)'The-presence of induced electric fields sweeping

electrons from the gas, also reducing f.

The degree to which each of these factors infiuence ) énd
ts are unknovn, and to describe them analytically would greatly
complicate the theory. Since f is subject to so many variables it is
more convenient to obtain a value experimentally and_insert it into

the egquations.

2.4;4 Recovery Time

. o : 8 -
Assuming that each streamer coatains 5 x 10~ electrons,
and that there are 2.5 streamers per cm. (section 2.2.2), then

immediately'after:the discharge, there should be approximately lO9

electrons/cc. in the gas.
The mechanisms for removal of charge. from the gas are the

same as those listed in 2.4.1. Fowever, since the charge density is
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- now very great, the recombination of positive ions and electrons can
nd longer be neglected. Brosco (10) ‘has derived a theoretical
expression for the recovery ﬁime,.considering diffusion and
recombination as the mechanisms of electron and positive ion loss,

which is shown bhelow:

X X X

4 —"t e

dx

B .x.dx = xD, © B, -§| ‘B B x.dx + 4ab, ek, [-Pt -P] x.dx (9)

o) 0

where B, (x,t), P (x,t) are the charge densities ét tine t, distance
x from the tube axis.
,»D_ are the diffusion coefficients for the
positive and negafive charges.
§ is the electron-ion recombination coefficient.

K, ,K are the ion and electron mobilities.

The first two terms describe electron-ion diffusion and.
recombination. The lzast term.describes thé effect of the radial field
caused by ambipolér diffusion, which cguntéracts the diffusion of
eiectrons to the walls.

Using the above equations it has been shown QIO) that
ambipolar di:fusion.occurs for a time Tl’ given by:
7= r® dnledd/r (10)

6D,  1+6D,/5Qr°

where d = (hea/KT)

Po = 2,(0) = p_(C-) charge density at zero time.
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hlso an additional time T2 must elapse before tre

feignition probadbility in a gas of volune Vl falls below 10%, and is
given by: '
T = r° |
5 =T ln 6VSE (11)
6D dr® 1n(10/9)

It is found that T2<< T1 and for most cases the recovery

time can be considered as that given by equation {10). For noble. zgases
the agreement between experiment and theory is gquite good.

If electronegative impurities are present in sufficient
quantities to dominate the processes responsible for electron
disappearance, then the recovery time is given by:

m
T_= 1n(P VAT 1
r n(O VA £/bcu) (12)
where the symbols have the same meaning as previously
assigned to them. However, this equation gives values of Tr
consideratly smazller than those found experimentally, and as yet it

is not understood why.

2.4.5 Induced Clearinz Fields

Holroyd (1l) has used a Monte Carlo method to investigate
'the effects of electron drift caused by the electric fields of
charges adhering to the tube walls. Considering only the formative
distance, drift and diffusion, efficiency-delay curves were obtained
for -various values of formative distance and drift velSCity. Fron

~these results, and experimental dataz, a value for the amount of
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charge deposited on the walls was ascertained.

The Monte Carlo approach is a simpie one, and such a
treatment could include a2ll the major-effects influencing the
performance of flash tubes, provided the probability of their
occurrance is known. This approach may be the only practical way of

fitting quantitative descriptions to the observed behaviour,

2.5 Conclusion

There does not exist an snalyticsl descpiption which will
successfully describe all major mechanisms involved in the discharge
of a flash tube, although individual éffects under a narrow range of
conditions can be predicted quite well by theory. It is probable that
a complete quantitative desc;iption of the discharge is_only possible
using a Monte Carlo approach similar to that used by Holroyd.

The problem of the induced clearing field is the maost
_difficult.to describe analytically, probably because little is known
definately about its formation and decay. The work that has been done

on this problem is described in the two following chapters.
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INDUCED CLTARING FIZELDS

3.1 Observaiion of Induced Clearinz Fields

The effect of induced clearing flglds was first reportec
by ?ickersgill (1), who observed that the efficiency-delay curves
diffeped according to the length of the hizh voltage pulse used. It
was sliggested that polarisatioﬁ was taking.place in the glass,
effectively backing off the arplied H.T. opulse, thus lowering the
efficiency.

Clearing field effects were also observed by Crouch (2},
who noted that the mégnitude of fhe effect derended not only on rulse
lengtz, but also on rate,-température,_hﬁmidity and pulse shape, a
bipol#r pulse considerably reducing thae efféct of the fields, as did
high temperatures and humidities. The evidence indicated that the
effect was due to charges dsyosited on the walls of the tube,
producing electric fields, which required times of up to minuteslto'
decay, depending on the ;arameters mentioned atove.

The quéstion as to whether the clearing fields are caﬁsed
by polérisaﬁion in the glass, or by chargé devosited.on the glass
surface was resolved by Hampson and Rastin ( ), who observed that

clearing fields were only vbuilt up in %fubes which had discharged, and
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that tubes which had been subject to the same high voltage pulses,

but had not discharged, showed no clearing field effects. This
associated the clearing fields with the procduction of larze quantities
of free charge. Further evidence was provided by the fact that the
magnitude of the clearing field effect depended upon the resistance:
of the glass_tqbe, supporting the theory that the fields decay by
conduction of the induqed charges, either across the glass surface,

or through its volume, .

Whilst studying these fields, Folroyd (4 ) noticed the
presence of a long term clearing field, t;king several days td decay
away. No satisfactory explanation nas been found for this long term
effect, but it was suggested that it may be caused by polarisation of

the glass, or by electrons trapped in the glass surface.

'3;2 Formation of Induced Clearing Fields

Extensive investigations of induced clearing fields have
been made by Holroyd ( 4 ), who, by extending the work of Crouch and
Hampson and Rastin, was able to make guantitative conclusions
concerning the nature of the clearing fields. Unless otherwise stated,
all results quoted in this chavter were obtained by her, using
1 metre tubes, internal diameter 1.6 cm., filled with 983 Ne, 2% He

at 60 cwm.Hg.

3,2.1 Short Term Clearing Tield

The short term clearing field is caused by charges
resulting from the discharge being depositecd onto the walls of the
tube., This produces an electric field across the tube, which reduces

the efficiency by sweeping out the primary electrons, and "backing
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off" the applied high voltage.

The electrons from fhe discharge will Se removed completely
from the gas in times of 100 to, 200 nsec., adnering fo the tube wall
nearest the positife electrode. The more massive positive ions move
relatively slowly, and depending on the length of the hnigh voltaze
pulse, a proportion of them will be swept to the wall nearest the
negative electrode, to which they will adhere. Those positiﬁe ions
.remaining in the gas éfter the removal of thg applied high voltage
pulse, will then drift under the influence of the attractive force
due to the electrons, and the repulsion due to the ions, to the wall,
where they will quickly rgcombine with the electrons there.

The amount of positive charge depositéd on the walls will
depend principally on the length and magnitude of the high voltage
pulse. The variation of efficiency as a function of delay, for
‘various pulse Iéngths, is shown in figure (13). If accordiﬁg to Lloyd's
theoretical treatment, diffusion was the only mechanism for the
renoval of the primary electrons, then the efficiency should not
change with pulse length. However tle decrease in efficiency
indicates the presence of another mechanism (the induced field) which
_removes the vrimary electrons more ravpidly than by simple diffusion,

Comparing these experimental efficiency curves with‘those
showing efficiency as a function of delay fer various drift velocities,
obtained theoretically fronm anonte Car16 simulation using diffusion
and drift (see chapter 2), it can be seen that the magnitude of thé
observed clearing fields decreases with increasing delay, as is to be
expected.

~Figure (/§) shows the variation of clearing field with

efficiency for different high voltage pulse lengths. This was obtained
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by first comparing the experimental efficiencies at a certain delay
with the theoretical plot of efficiency versus @rift velocity, for
the same delay, thus giving 2 relationsnip between deléy and drift
velocity. Using the data of Pack and Pheips (5), the field necessary,
and therefofe the number of charges required, to produce this drift
velocity can be fouﬁd.

The data of Pack and Phelps refers to pure neon, énd the
above treatment assumes the relationship between field and drift
velocity is not significantly different in pure neon, and the 98% Ne,
2% He mixture used in the tubes.

A method of finding the drift velocity independently of
the data of Pack and Phélps was devised by Stubbs ( 6). Using
_experimental efficiency delay curves obtained for 3 different values
of applied alternating field strength, a theoretical fit was made to
'one of these curves using a Monte Carlo tecﬁnique, thch assumed an
-alternating drift velocity. From the drift velocity which gave the
best fit, values were obtained for the drift velocity associated
with the other two fields. Using these two derived velocities good
fits were made to the otner two efiiciency-delay curves, indicating
the validity of the method. Thus the value of the drift velocity’
for a particular field xmay be found, avoiding the assumptions about
the gas mixture made in using Pack and Phelps' data.

The maximum induced field was obtained using a pulse
length of 4O microsec., beyond which the field did not increase
significantly. This must represent the tiﬁe required to swéep out
the largest numbe; of positive ions to the walls. Tﬁis.is conéistant
with the valué of 80 microsec. ziven by the data of Pack and Phelps

for .the drift velocity of positive ioms in a2 field of L KV/cm.
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The short term'induced field is found to be independant of
the magnitude of the applied field. This result is surprising, since
the amount of charge produced increases as the intensity of the
applied.field increases, and therefore larger fields can be expected.
Also the drift velocity of the positive ions increases, depositing
a greater proportion of charge on the walls in a given time. No

- satisfactory explanation for this result has yet been found;

3.2.2 Decay of Short Term Clearing Fields.

The induced clearing field will decay by conduction of

the electrons over the surface,or through the volume of the glass,
thus recombining with the'positive ions trapped in the glass surface.
The time constant, T, of the decay will be determined by the
resistance of the zlass and the capacity of the tube. Holroyd found
'fhe capacitance of the tubes to be 4.25 pF, and the volume resistance
of the soda glass was measured as 5.3 x 1&%(2. The surface resistance
of chemically clean glass was found to be 5 x 1ol§f), although vzlues
as low as lO%C)were recorded, depending on the amount the glass
surface was contaminated. Assuming tha;-the inner surface cf the flash
tube was relatively clezn, dué to its method of manufacture,'a value
of 2.7 seconds was calculated for T.

" A glass with a lower resistance, which still maintains
good mechanical prdperties is "Jena.16Bﬁ, this has a resistance of
approximately 6 x 10191 at 21%¢ (7) and is now used for tubes which
are operated at a high rate (9 ).

The induced clearing field will decay according to :

V = VO ex?(-t/t)
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where V = field at time t

<3
\

field a2t time t = 0O

s
n

‘decay costant = RC

The magnitude of the clearing field is provortional to the
amount of charge deposited on the tube walls, this can be written

as:

where s = rate of deposition of charge

n = number of electrons

A
]

decay constant

Using these two relationships, Holroyd ( 4) derived an
analytical expression.for the quantity of cha}ge deposited, and
therefore the strength of the clearing field. It can be seen below,
that the expression predicts correctly that @he strength of tﬁe

clearing field is prorortional to the iength.bf’the high voltage pulse.
V & RCV 7) (T /t)(1-exp(-t/T))

where V = clearing field
RC = decay constant of high voltage pulse
= initial field

efficiency

A 3
]

decay constant of charge

t ='time.interva1 between flacshes
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Figure (14).sh§ws clearing field/efficiency as a function
of high voltage pulse length.-It can be seen that the curve is flat
beyond about 80 microsec.; this is becauge all the positive ions
have been swept out of the gas, which is in agreement with the data
of Pack and Phelps.

Figure (I5) snows clearing field as a function of efficiency
for 3 different hizh voltage pulse lengths. Straight lines are
~obtained for each pulse length. For fhe rates at which the clearing
field effect becomes appfeciable, exp(~t/T) tends to zero, and the
constant of propqrtionality in the above equation can be found for a
particular pulse length. |

Figure (16) shows the interval between flashes as a
function of layer efficiency, the efficiency falling fast for iﬁtervals
of less than about 10 minﬁtes. From the theoretically oﬁtained curves
of efficiency as a function of delay, for different drift velocities,
shown in figure (!/7), it can be seen that the drift felocity must
fall to approximately 103 cm/sec. for it to have no appreciaﬁle effect
on the efficiency. This corresponds to an induced field of 10_? V/cm.
If the induced field does not fall tolapproximately this value beforé
the next event, then there will bé a loss of efficiency. This marks_'
the fhreshold beyond:which rate effects will become appareht, as was
shown in figure (/). The degree to which tne induced field affects
the efficiency will depend also on the delay in_applying thé high

' voltage pulse.

3.2.3 The Long Term Clearinz Field

The long term clearing field appears to be of an entirely

different nature to that of the short term field, however, as with



FIGURE 17 , .
EFFICIENCY AS A FUNCTION OF -DELAY FOR: -

DRIFT- VELOCITIES .OPPOSING THE APPLIED FIELD.

100

10| -
(6)
B - (3) "l( ) | .
| (6
| : o | ' L
nE 10 100 1000
| Delay (micro.sec.) | | |
(1) v=10° cm./sec. '- (&) V= 104 em. [sec.
~ (2)'v=5x10* cm. /sec. (5) V= 4x10° cm./sec.

(3) V= 2-5X_10" cm. [sec. - (6) V= 0cm./sec.



FIGURE 18-- | CLEARING FIELD EFFECT DURING AND AFTER
o | HIGH EFFICIENCY RUN.

60 I =

T | I

184
O

La.yér éfficiency (%)
&~
o
l

30}~ | .-
| |
20 1 i ot ! 1

0 50 100 150 200 250 300

Time (hours)

I Te'rmina'tion_ of high efficiency run.

.\‘.-



-35-

the shoft term field, the effect only occurs if the tube flashes.
Holroyd demonstrated this by using a triggering system which only
covered one side of a broad array-of flash tuves. The system was
operated at a high rate of 1 flash per tube per minute, for several
days. The tubes in the array, which lay within the volume covered by
the trigger system, flaghed much more frequently than those outside
the trigger system. Those covered by the trigger system weré found to
"have an efficiency of 35%, while those outSide, had an efficiency of
L447%, showing that the long term clearing field is also due to the
actual discharge.

It can be seen from figure (18), that the field is oniy
ﬁroduced by running at high rates for a number of days, and that the
recovery times are egually 1ongf

Unlike the short ferm field, the long term field is affected
b& the pulse ﬁeight, becoming predominant about 6 KV/cm. in the case
of Holroyd's tubes. This is shovn in figﬁre (19). The effect may
exist below 6 KV/cm., and may possibly be observed if sﬁfficieﬂt time
is allowed for the effect to build up.

Two poss;ble expianations for the long term field have
been offered: . | |

1) Polarisation in the glass. It may be that the minimunm
energy needed to cause polarisation requires fields greater than
6 KV/cm., which would ex?lain why the fields becomg apparent only
above this field value..Little information is available at the present
on the polarisation prope;ties of glass.

2) Trapping of electrons in the glass. :ost glass surfaces,
" unless kept under stringent conditions, will é&uire a thin layer of

water on their surfaces. Energetic electrons may penetrate this layer
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and become trapped in the glass, Because of the greater resistanée
of the glass than of the water layer, they will move much more
slowly;.and requiré loﬁger times t0 recombine with the positive ions.
This process will occur only when the electrons %?uire enougﬁ enerzy

to penetrate the water layer, which would eaccount for the dependence

- on applied field.

]
i

However, when tubes which exhibit the long term clearing
field effect, are operated with a high voltage pulse of the opposite -
polarity, the effect of the cleariﬁg field disappears immediateiy.
Presﬁmably it is cancelled out by the short term field of the following
disgharge. This seems to indicate that the long and the short term |
fields are of ﬁhe same polarity, which would not be the case if the
long term field were due to polarisation, which would produce a field

of the opposite polarity to that caused by charge separation.

3.3 Removal of Clearing Fields

The degree to which the short term clgaring fiélds affegt
the efficiency of the tubes depends on the number of positive ions
deposited on the walls of the tube, the rate at which the two charge
compoﬁenfs can recombine, and the delay in applying thgvhigh veoltaze
pulse. .

The nuﬁber of positive ions swept o tze wall can be-
reduced by malking the high voltage pulse length as short as possiblé,
without impairing the discharge.

Folroyd (4 ) has investigated ways of increasing the rate

of recombination of charze; by increasing the surface conduction of

the inner surface of the glass tube, either ty the addition of water
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vapour to the gas, or by coating the surface with stannic oxide.

Clearing field effects would become neglizible for most
applicatiops, if the resistance of the glass could be reduced to
about lO?fz. If the resistance is reduced further, the glass would
screen the gas from the applied field, reaquiring higher fields to
be aprlied if the efficiency is to be maintzined. It may be for this
reason that some of Holroyd's stannic oxide coated tubes, wﬁich had
'a resistance of 10‘*.(2, dié not flash at all. The tubes which were
observed to flash, did so spuriously, probaply because of
.irregularities in the oxide surface producing localised high fields,
resulting in field emission. The results of the tests with coated
tubes were ineonc;usive.

The addition of small quantities of water vapour (0.04 mm.
Hg pressure), caused an increase in efficiency at high rates. This
may be due to induced fields, too.small to affect. the efficiency
noticably, changing the attachment coefficient. Also it may be that
at high rates the surfaée cnaracteristics of the glass may be
modified, absorbing large guantities of water vapour.

The characteristics of the tubes containing water vapour
iaproved with age, as more water was absorbec by the glass, lowering
its resistance.

.Tubés which contained liquid water showed a high rate of
spurious flashing, which was probably caused by high fields develorping
across the gas-water boundary giving rise to field emission,

All tubes contdining water vapour suffered a loss of light
output. This is Because the water molecules have a high attachment
coefficient, mopring up the electrons produced in the discharge. The

effect of the addition of water vapour on the digitisation pulse is



-38-

unknown, but since the operation requires a coupling between the gas
plasma, and the probe, any reduction in'the density of the plasma is
-1likely to reduce the probe output. |

No definite conclusions can be drawn from these tests,
since the concentration of water vapour was not accurately controlled,
and the water used had an unknown quantity of oxyzen dissolved in
it. |

Bipolar ringing puises, obtained by the use of an inductive
load in the R.L. circuit, was found to be a simple way of reduéing
the clearing fields. The glectrons are still swept to the wall,
mostly during the first half period of the pul;e, but the positive
igns just oscillate about their mean positions, and drift back to the
electrons after the removal of the high voltage pulse.

Using bipolar pulses at rates of 1/10 sec;/tube, the
efficiency-delay curves obtained coincided with the theoretical curves
-of Lloyd, which assumed only diffusion. This in&icates that no
clearing fields were built up.

Problems may be encountered using a ringing pulse with high
pressure tubes, which require a fast rise time to be efficient. Llso
if may prove difficult to apply such ringing oulses to large arrays,
because of their large capacitance. These problems may possibly be
overcome by using two separate pulses of opprosite polarity, separated
by a few hundred nsec.

The effect of using alternétely applied pulses of opposife
polarity may prove effective, and is at.present being investigated
at Durham,

The early observations by Crouch ( 2Z), indicated that

contamination of the outer surface was also important, conditions of
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high humidity completely removing all traces of induced clearing
fields. This is supvorted by experimental results presented in the

next chapter, and is the subject of present investizations at Durham.

3.4 Conclusions

The mechanisms qf the short term fields are reasonably
well understood. ilthough an acceptable solution has yet.to:be found,
it is possible to work at reasonable rates (50/sec.). without too
severe a reduction in efficiency, using low resistance "Jena 16B"
glass, This has been born? 6ut by tests with an array in the Daresbury
positron beam (9).

No satisfactory explanation, or solution has been found
for the long term clearing field, althoughk the problem is not as
sevgre as the short term effect, since it requires running at high
rates for long periods,

During investigatiohs into the mechanism by which the
induced fields decay, it- was fouﬁd.that large variations in efficiency
_occured if the contamination of the outer surface of the tube was
varied. This éupports the observations of Crouch, and represents a
possiblé means of reducing the clearing fields. The results of these

éxperiments are presented in the following chapter.
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CHAPTER 4

EYPERIMENTAL INVESTIGATION OF DECAY COF CLEARING FIELDS

In the previous chapter the nature of the induced clearing
field.was discussed in the light of preéent knowledge. It was assunmed
that the fields decayed exponentially due to the movement of
electrons over the glass surface. Volume conduction will also be
involved in the decay of thé fields. In an attempt to clarify the
extent to which each process is involved the following experiments
were carried out.

Investigation of the decay of the clearing fields is
complicated at room temperature by contamination of the'surfaces of
the tubes, mainly by water vaﬁour. For this reason it was decided
to make the observations at elevated temperatures where the effects
due to surface contamination will be less. ilso, by making
observétions at different temperatures, the variation of T, the
decay constant, with temperature, may be found and compared with the
variation of surface and volume resistance with.temperature.‘This
will give an indication of the extent to which each process is
involved in the dgcay of the clearing fields.

From the values of T obtained at high temperatureé (4000

to 100°C) one is able to extrapolate to a value of T .at room
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temperature, which is free from the effects of surface contamination.
Comparing this value with the experimental value of T at room
temperature, an estimate of the effect of surface contamination can

be made.

4.1 Measurement of Decay Time (T) of Intérnal Clearing Fields

The internal clearing fiélds result'from.charge séparatidp
during the application c¢f the hiéh voltage pulse. These charges are
swept to the walls of the tube, to which they adhere, producing an
electric field which backs off the applied field, as shown in figure
(20).

The effective field inside the tube (EF) is given by:

= E-

vhere E = applied field _
EB= bgcking off field

Within a few hundred nsec. the effective field has fallen
to such a low value that it can no longer maintain the discharge,
which then ceases. The chargeé remaining on the glass will then move
round the walls under the.influence of the electric field, with a
tihe censtant (T ) which depends on the res;staﬂce of the glass, and
the capacitance of the flash tube. |

By applying'an extergal clearing field of variable frequency .
and.magnitude, and observing the effect on the efficiency of the

tubes, it is possible to obtain a value for T.
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4L.,1.1 Determination of T

Figure (21) snows the externaily applied square wave field,
and the resultant field inside the tube. The fesultant field is
aﬁtenuated due to the intrinsic capacity of the tube, and assuming
an exponential decay, the flash tube behaves like a "high pass" .-

- circuit, the effective field decaying with time constant T.

!
/

i For very high frequencies (T <{T.), the field is éhanging
fﬁster than the charges can move tb counteract it, and the effect of
the attenuation will be aegligible, resulting in an almost perfect
square wave.

The detecting efficiency (47) is dependent on the field
strength across the inside of the tube (E-E;), at the time of
traversal of the ionising particle. The higher the field, the greater
the number of primary electrons swept to the walls before the
application of the high voltage pulse.

For a square wave field, which is attenuated (ie. U= T),
the detecting efficiency will be increased, since the field is
reduced. Measuring 77 for a large number of events, such that ﬁhey
are randomly distributed-over the whole cycle, will give a larger
value of 7] than if the field were unattenuated. Increasing the size
of the half period (Tj, the efficiency will increase, until
eveﬁtually the appiied field is effectivelyID.C" and the internal
efficiency is 1C0%. In this case the field is coﬁpletely_ﬁacked off.

Considering the attenuated waveform shown iﬁ figure (Zl);
it is possible to postulate a square wave field of the same half
ﬁeriod (T) and of magnitude VE; which if applied internally across
the tube, would give the same efficiency as the attenuated wafeform.

The value of V, can be found by applying a high frequéncy'
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square wave (T << T ), which is not attenuated. Knowing the values of

Vo and V_ and assuming a relationship between Vo’ V., and T can be

E E
found, then it should be possible to calculate the value of (.

Therefore the proceedure to find [ is:

1) Apply a square wave of magnitude Vo for vgrious T, and
measure the efficiency. |

2) Apply high frequency calibration;square wave (T <<T)
and find the value of VE' |
3) Knowing Vi calculate Tj from the mathematical

relationship between the attenuated square wave énd the equivalenﬁ

sguare wave,

4;1.2 Relationship Between Attenuated and Equivalent Souare Wave Fields
The following relationship was derived by Chaney ( | ) and

was ﬁsed by him to obpain vaiues of T for tubes heated to lOOOC.
Assume for simplicity that the induced fields decay

exponentially; this can be written as:
v=v e t/T

o

where V° = aprlied voltage at time t = 0

For the attenuated and equivalent square wave fields to

give the same efficiency over a large number of events we need:

T ' dy
fp dt =J P_ dt
I B _

0 o]
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‘( P_dt =P T
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where PI(t) = probability of detecting one event at a
given time t in the attenuated square wave field.
and PE = probability of detecting one event in

equivalent square wave field — a constant.
now Pr(t) e V. (t)

where VI-=.electron drift velocity in the attenuated

internal field

and PEN VE , & qonstar_xt

therefore ~fj.vl dt = VE T

where V = voltage

X = fielé strength

P = pressure of gas
K =.eiectron mobility
A

= a constant

m
S
therefore f VZ gt = VE% T
o
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Substituting, V= v_ o /T

I

T . 1
we get J (Vo e“t/-E ) dt = Vo

(8]
: 1 -
giving vE’} = 2V 7T (1-e T/2T

T

Knowing Vos Vg and T it is possible to calculate T.

For simplicity the above relationship is rearranged to give
a universal curve of h&,ﬂ%)%'as a function of 2T/T. This curve is
snown in figure (22). Values of T are obtained from plots of
efficiency as a functiqn of aprplied clearing field frequency, and
values of VE are obtained from plots of efficiency-as'a fuhction of
the magnitude of the clearing field. A fit can then be made to the

. i
curve by iteration.

4.2 Lvvaratus

A1l results given in this chapter were obtained using 1.8 cm
diameter tubes, 50 cm long, with 1 ma thick walls. The tubes were
made from S95 soda glass, and filled with 70% Ne, 30% He. Thin black
polytnene sleeving was used to prevent photcons frﬁm one discharging
tube causing adjacent tubes to ignite.

The tubes wefe arranged in 3 layefs of 6 tubes per'layer;
the layers being separated by the electrodes in the standard'manner{
Coémic rays were used as a source of ionising particles, ziving an
event rate of apvroximately 9/sec. This could be varied by inhibiting

the logic for a knovn amount of time after each event.
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FIGURE 24 oven containing digitised flash tube array



paralysié

- "—"'_"'—_"—'_'j

|
| discr discr. I

T ' l |
| | o -
i O ——scint.
| - coinc. '
| | ¢
| g " _ —
R, - scalers Q
| 1 ,.
1 ) ] scint.
; delay trigger |
| .
| |
| “high- triggerironf—i— .
| voltage ' | B
| supply
| I
- e e e

- FIGURE25 . the logic




HI

1000 pF

OOCCO

00000
®

s guean  Gumee  Goemwen  Sw—

FIGURE 26

——

e

5, 3.3Ka

1K

== 0.1yF

=

|
spark gap 1Mn§ I
SRS =l
l

high voltage pulsing circuit

QOO

_naclearing
field




46~

4L,2.1 The Oven

To investigate the variation of T with temperature, the
tubes had to be maintained at a constant temperature for long periods
of time, with a minimum temperature variation over the tubes! lengtﬁ.

- To fulfill these criteria an electriczlly heated oven was
constructed, and is shown in figures (23) and (24&)., Using this oven,
températqre ranges between 20°é and 110% were obtainable, with a
'variatign of less than 2°C over the length of the tube.

The tubes were observea thfough a perspex window at one end
of the oven; .all results.were recorded in this manner. Althoughn
facilities exi;ted_for digitised ouﬁput, difficulty was experienced

due to electrical pickup in the scalars.

4.2.2 Logic and Pulsing Systems

Cosnic rays were used as a séurce of ionising particles, the
passage of a cosmic ray being detected by pléstic scintillators, with
an active area of 4 cm. x 4 cm., placed above and below the flash
tube array. The logic used to trigger the array is shown in figure
(25)., The inherent delay of the apparatus was approximately 250 nsec.
This delay was increased by means of a GG200 gate generator to obtain
times of 1.0, 2.5 and 4.0 microsec. between the passage of the
donising particle and the aprlication of the high voltage bulse.

A high voltage pulse of up to 15 KV was obtained by discharging
a lOOOpF capacitof across a 3.3 K resistor. This produced an.
exponentially decaying pulse, with a decay coastant of 3.3 ﬁicrosec.,
and a rise time of épproximately 50 nsec. The switching action was
provided by a standard triggered air spark gap, as.shown in figure

(26). The whole of the pulse generatinz system was enclosed in a
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metal box to reduce electrical interference,

4.2.3 Generation of Square Vave Clearing Field

For the purpvose of this experimént it was necessary to
generate a2 square wave field of variable magnitude (O V to 50 V),
variaﬁle frequency (O to 100 Hz), with a fast rise time.

This was achieved using the circuit shown in figufe (27).
An integrated circuit timer provided a positive going pulse of period
10 microsec. to 1 hour, and magnitude of 4 V. This was inverted by a
709 operaﬁional amplifier, to make it drive two switching transistors,
giving a square wave of up to £ 50 V.

Difficulty was egperienced due to electrical pickup flipping
the polarity of the pulse. This was overcome by screening the circuit
in a metal box, using a filtered mains power surply, and use of a’

"low pass" filter on the output to the hish voltage plates, isolating
it from the high frequeqcy.ringing of the high voltage pulse.

r

4.3 Variation of T with Temperature

Using the arparatus described above, sraphs of efficiency
as a function of apovlied clearing field voltaze and frequency were
obtained for a range of temperatures between 20°c and 100°C. These
are shown in figures (28) to (35).

Using the method described in section 4.1, values ¢f T
were obtained for each‘temperature. The fit obtained using thesé
values of T, to the graph of (VE/Vb)%'as a function of 2T/T is
shown in figure (22).

Assuming a value of 5 pF for the capscitance of the flash

tubes (2 ), and using the relationship
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Table 1

Temperature (°C) . T (sec.) R(L)
20 ~0.18 3.6 x 10°
. 12
40 _ 10.41 2.08 x 10
60 0.88 1.76 x 10t
80 0.3k 6.8 x 10°°
10
100 ~ 0.075 1.56 x 10
Table 2
Surface Treat:nént"l - T (sec,) R(ND)
l ‘ Not obtainable Not obtainable
2 0.013 2.7 x 10°
3 0.15 3.1 x 10°

See page 48 for definition.
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values of R, the resistivity of the glass may be found. These are
shown in table (1), with their corresponding values of temperature
and T.
| Figure (36) shows volume resisiapce as a function of 1/T,
obtained by direct meazsurement by Breare for S95 soda glass-(S ). It
‘can be seen that for temperatures of 40°C and above, a goodqagfeément
is achieved. The slight diécrepancy is possibly due either to the use
of an incorrect value for the capacitance of these particular tubes,
or to the fact that it is possible to obtain discrepancies of up to
2% in the resistance of different samples ofls95 soda glass (4 ).

The values obtained for T at 20°¢ showed a much greater

spread than for those above QOOC, and were ur to 2 orders of

magnitude below the value obtained by Breare.

L.4 Variation of T with Surface. Contamination

To investigate this effect, the outer surfaces of the tubes
were subjected to varying degrees of contamination. It is difficult
to measure, or control the exact amount of contamination of the tubes
during experimental observétions. Even in the sealed environment of
the oven, fhe effect of water vapour condensing onto the previously
"clean" surfaces of the tubes, can be seen as the efficiency steadily
rises over periods of a few hours.

The tubes wefe contaminated in the following way;

1) Heated to 100°¢ for 36 hours, in a sealed oven containing
silica gel.to remove water vapour from the air. |

- 2) Placed in a steam filled enclosure for 4 hours, then
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left in a damp atmosphere for 12 hours, such that water was constantly
condensing onto the surfaces.
. (o) , . -
3) Heated to 90°C for 8 hours to remove the excess water

vapour from the previous treatment.

The results of these 3 surface tréatments are shown in
table (2). If process 1 removed all the water vapour, then at 20°C,
T should be approximately 25 sec. and the charges should back off
the applied field at a frequency of about (.15 c/sec., However it was
not possible to obtain a relationship be;ween applied clearing field
freguency, and the efficiency, the experimental points appearing to
be_randomly distributed between efficiencies of 20% and 40% for
frequencies between O0.04 and 10 Hz, No explanation for this failure
has.yet been found.

Process 2 produced very low values of T and R, which is
consistent with the fact that the surfaces contained large arounts
of water vapour.

Process 3 produced a valué_of R an order of mazgnitude
higher, as expected, since a large prqportion of the water had been

driven off.

4,5 Discussion 0of Resultis

It can be seen from figure (36) that for temperatures of
40°C and above, the values of R, obtained from T:, follow closely
the volume resistance curves obtained by Breare. It should not be
concluded from this that the fields decay by conduction through the
volume of the glass, since for clean glass, the volume reéistance

and surface resistance are aluost equal. 2lso, very little electron
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conduction takes place in the volume of the glass, conduction
consisting mostly of a drift of the sodium ions through the glass
structure (5). Therefore it seems reasonable to conclude that the
fields decay by movement of charge over the glass surface.

Since the charges are deposited on the inner surface of the
flash tube, it would be exvected that only the conductivity of this
surface is of importance. Also, since the flash tube is seaied, the
amount of contaminants available to be deposited on the inner surface
is fixed, and it would be expected, therefore, that the values of T
obtained after heating the tubes, and allowing them to éool, would
be always approximately the same.

| However, it has been shown that the value of T depends on
the degree of'contamination of the outer surface, as was indicated
by the results of Crouch (4 ). Since T was determined by observation
of the efficiency, which in turn is influenced by the magnitude of
the clearing field, the results indicate the presence of an additional
field? opposing that due to the charges deposited on the inner walls.
This additional field, whose magnitude is d=pendent on the resistivity
of the outer surface, must be due to charges residing on the outer

surface of the flash tube.

L.6 Succestions for Further Investigation

Investigation o§ the effects of outer surface contamination
would be greatly simplified if a way could be found of controling fhe
amount of contamination on the surface. The use of water vapour
requires a careful control of local atmospaeric conditions and is
therefore impractical. & conducting substance in a solution of

varying concentration painted on the outer surface is one vossibility,
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If this conducting layer were opaque, it would a2lso serve as a means
of screeninz the tubes from the effects of an adjacent tube
discharging.

With a surface resistance of lO7 to 10817 , very little
variation of U with temperature should be found, assuming that the
conducting layer is unaffected by temperature.

The -dependence of efficiency on pulse length, magnitude
‘and repetition rate should also change, as will the sensitive and
recovery times. It is exvected that the tubes will have characteristics
similar to those predicted by Lloyd, who considered diffusion as the
only means by which the primary electrons coculd be lbst from the gas.

It will also ﬁe necessary to investigate the degree to which
the conducting layer screens the gas from the apvlied high voltage
field, and a lower limit found for the surface resistance, beyond
which efficient overation of the tubes would require an impractically
high voltage.

Assuming that the results of these tests show that
decreasing the outer surface resistance of the tubes, has no
detrimental effects on the tubes'! characteristics, it should then be
possible to overate flash tubes at the high rates found in accelerator
experiments, without the loss of efficiency caused by internal

clearing fields.
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CHAPTER 5

PROBLEMS ARISING FROM THE OPERATICY OF A FLASH TUBE

CEAMBER IN THE DARES3URY LABORATORY e' TEST BE:M

The problems.discussed in this chapter are those which
arose whilst investigating the performance c¢f a flash tube chamber
in the Daresbury Laboratory et test beam. The purvose of these
investizations was to determine the feasibility of using flash tubes
as a detector for high energy gamma rays. The use of high energy
positrons to sinmulate photon induced showers of the same energy is
justified by theoretical (1) and experimental (2) results which show
oniy small differences between photon and electron induced showers.

The research is being conduc?ed by workers at Durnam (3; 4)
who have found that the degree of spatial anc energy resolution
obtainable with the flash tube chamber, make it highly competitive

with other forms of gamma ray detector.

5.1 Detection of Gamma Rays.

A photon may be detected by recording the interaction
products produced when it vasses through an absorbing medium. These
interaction products will consist principally of electrons, positrons

and secondary photons, produced by the rhotoelectric effect, Compton
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effect and pair production, depending on the energy of the incident
photon. These three interactions, and the enerszy range in which they

predominate are shown below.

Photoelectric y+A A"+ e” 0.01 MeV to 0.5 MeV
Compton Y+e =y + e 0.1 MeV to 10.0 MeV

Pair Production J+ A 24 * e" + e~  1.02 MeV and higher

To determine the energy of a photon it is required that the
photon and its interaction products are totally absorbed within the
sensitive volune of the detector. For energies below 1 MeV, semi-
conductor Si and Ge'detectors are used (5, 6). Photons of energy
between 1 MeV and 100 MeV are detected using inorganic crystal |
scintillators (7, 8). However, beyond these energies the interaction
products of photons are no longer physically contained within the
sensitive volume of the detector, which therefore ceases to provide
Ia measure of the total energy of the incident photon. To record the
energy of photons above 100 MeV requires much greater ambunts of
absorbing material than can practically be provided by the above
mentioned detectors.

Above a certain energy, the interaction products of the
initial photon may be sufficiently energetic to produce further
finteractions, develoving into a shower. This multipiication process
continues until the energy of the final interaction products falls
.below a certain threshold level, beyond which no further
multiplication can cccur, and the shower ceases.

‘ Beyond 10 ieV pair prodgction is the dominant interaction

process, and it has been shown that the total number of electrons
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produced in a photon induced shower is proportional to the energy of
the initial photon (1, 9, 10). Most gamma ray detectors beyond the
energy range of the inorganic crystal scintillator make use of this
relationship, by being sensitive to the number of electrons produced

in the shower. These detectors have two common forms:

1) Composite constructions of electron sensitive &etectors
sandwiched between layers of absorbing material. The shower is then
sampled in depth, and the outputs of trne individual detectors are
sumned %o give a measure of the energy of the incident photon.

.The electron sensitive detecting elements may consist of
strips of plastic scintillator (11, 12, 13, 14), or a Cerenkov type
material such as lucite (11, 15). Alfernatively, spark chambers may be
used as the detecting elements. Detectors of this form have an
additional advantgge, not only do they give 2 measure of the energy of
the incident photon, but study of the shower shape will provide some
»spatial information about the original photon. It is inio this
category that the composite flash tube detector falls,

2) Homogeneous devices, such as the lead glass Cerenkov
counter (16, 17, 18, 19}, which in effect continuously samples the

shower developed in a block of Pbr by means of a photorultiplier

2’
tube attached to one end of the lead glass block. A crude degree of
spatial resolution is achieved by constructing a matrix of such blocks,

each with its own pnotomultiplier tube.

rizure (37) shows a conmparison of the energy'resolution

(FWHM) of the a2bove mentioned devices, as a function of the incident
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photon energy. Also shown are the latest velues of energy resolution
obtained using the composite flash tube chamber (4), which is seen to
iie between the best resolving composite spark chamber, and the
poorest resolving Cerenkov/scintillator devices.

As a device which offers somendegree of spétial resoliution,
as well as energy resolution, the composite flash tube detector,
although in an early stage of development, is generally supérior to

the composite spark chamber iype of detector.

5.2 A Gamma Ray Detector Utilising Flash Tubes

The following is a brief descripticn of the protoﬁype of a
gamma ray detector currently being developed at Durham.

The detector was of the total absorﬁtién type, consisting
of 8 flash tube modules, to sample the shover, interspaced with sheets
of lead. Each module consisted of 2 orthogonal planes of 8 tubes per
plane, providing X, Y coordinates of the shower position. The two
‘planes of each module were separated by a common high voltage electrode,
and coﬁtained between two earth electrodes. A space was provided
between each module for. the insertion of up to 2 radiation lengths of
lead. |

A total of 128 tubes were emrloyed in the chamber. The tubes
were constructed of S95 soda glass, 1.6 cm. internai diaméter, 50 cnm.
long, with 0.1 cm. thick walls, and were fiiled with 70% Né, 30% He
+ 1% CHl+ at 600 torr pressure. ¥ith the application of a 30 V/cm. :
alternating clearing field, the tubes were found to have sensitive and
recovery times of 1.0 microsec. and 7 msec. resyectively. The tubes
were sleeved in thin PVC tubing to prevent. rhotons from one discharging

tube causing adjacent tubes to flash.,
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The ends of the tubes were seated in an aluminium base block,
which held the digitisation probes, consisting of a 6BA brass screw
and a 2.2 KN resistor, against the face of the tubes. The outputs of
the digitisation probes were fed directly intc eight 16 bit CAHA
pattern unifs, where they were stored, until being read by a PDP 11
- computer. The data was output in the form of paper tape.

! The readout was very susceptible to electrical piékup fronm
the high voltage pulsing system, and reguired that the chamber and
pulsing system be completely enclosed in an aluminium case.

| An event was recorded by a coincidence between suitabiy
placed scintillation counters. This in turn wes used to fire a
trizgertron svark gap (20) by means of which a2 high voltage pulse was
applied to the electrodes. This pulse was formed by discharging a
6,000 pF capacitor across a 330f) resistor, producing a field of

6 KV/cm., with a decay time of 2.0 microsec.

5.3 Problems issociated with the Energy Resolution of the Chamber

The energy of the incident photon is characterised by the
number of flash tube ignitions, however, this does not give a direct
measure of the energy, and it will vary from one detector to another,
according to the geometry of the detector. Therefore it is necessary
for all detectors ﬁsed in shower sampling to be callibrated in a beanm
of known energy.

Figure (38) shows the mean total of tubes igniting as a
function of the incident vositron energy. It can be seen that abbve
-1 GeV the curve departs from the linear relationship-one expects from

theory. There are two main factors contributing to this:
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1) The shower is not contained ingide the detector, but
leaks out of the sides and rear of the chgmber. Leakage from the rear
of the chamber is particularly high in cases of high incident varticle
energy and swall quantities of absorber. This is illustrated by
figure (39) where with only one radiation length of lead between the
modules, a significant proportion of the s@ower escapes from the rear
of the chamber at hish energies. Corrections for this loss can be
made by integrating the two radiation length curve over 14 radiation
lengths, producing a curve which is more linear, and in better
agreement with the lonte Carlo predictions for the number of electrons
produced.

2)’As the energy of the incident positron increases, sc does
the density of the shower it produces; this is illustrated in figure
(40). With the large diameter tubes used in the prototype module a
poor sensitivity to individual electrons is tc be expected. This is
illustrated in table 1, which compares the predicted numbér of
electrons in & shower with the number of tubes which flashed.

Thé electron sensitivity may be improved.by increasing the
distance between the absorbers. This would necessitate a longer
chaméer, but would also help to reduce the 1éakage from the sides and
rear of the chamoer. Further increase in electron sensitivity mz2y be
achieved by using smaller diameter tubes with thinner walls, Howevgr,
a practical limit is soon reached, since smaller diameter tubes
require nigher gas vpressures, which, if the tube is to be sufficiently
robust, requires that the wall thiékness te increased, eventually
becoming comparable to the internal diameter of the tube. This results

in Yarge insensitive volumes and 2 reduction in the layer efficiency
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of the module.

Further improvement in resolution may be obtained by
sampling the shower_in several different projections. This is achieved
by increasing the number of sampling planes after each layer of
absorber, thus making the total number of detected electrons less
suscentible to fluctuations in the spatial structure of the shower,
Figure (38) shows a third resolution curve, which was obtained by
using only one layer of flash tubes after each layer of absorber. It
~can be seen that the use of two orthogonal layers gives a 30% increase
in energy resolution.

Since, from figure (41), the mean number of electrons at any
target thickness is small, large fluctuations in Fhe number of
detected electrons can be expected, resulting in poor resolution. This
situation can be improved by sampling the shower more frequently, ie.
by decreasing the absorber thickness and increasing the number of
deteéting modules,

The resolutions achieved using the prototype chamber are
ghown in figure (42). The energy resolution is defined as the full
width of the frequency distributions of the total number of tube
ignitions, at half maximum. From this definition, and from theoretical
considerations, the resolution should improve as 1//E. It can be seen
that up to about 1 GeV, this relationship holds, resolutioné of 36%
and 463% Ybeing achieved for 1.0 and 2.0 radiaiion lengths of lead
respectively at 1 GeV. Beyond 1 GeV, errors are introduced by shower
leakage from the sensitive volume of the detector, and the

insensitivity of the tubes to individual electrons.
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5.4 Problems Associated with the Spatial Resolution of the Chamber

The spatiél resolution of a gamma ray detector is a
difficult quantity to measure, since it depends very much on the
methods used to anélyse the data. In the case of the flash tube
detector, the method used was to determine the centre of gravity of
the shower in each detecting module, and fit a straight line to the
points obtained (21). However, electrons produced a2t large léteral and
'longitudinal distances are subject to greater fluctuations than those
produced near the core of the shower, and must be weighted such that
their contribﬁtion leads to small errors in the determination of the
shower axis.

The lateral weighting factor was cbtained by assuming that
the distribution of shower particles in a particular module may be
represented by a function of Gaussian form, ffom wvhich a weighting
facto? for each of the shower defining tubes could be obtained.

The longitudinal weighting factdr was Obtained by
determining the standard deviation (& ) of the distribution of
fluctuations of the calculated shower centres for each modulg, about
the real centre..The real centre is defined by the tube which ignites
in the first module (indicating the point of entry of the incident
positron) and the fact that the incident beam was varallel to petter
than *o0.4°. This provided a weishting factor (1/& ) for each module,
which was then used in the least squares fit of the shower centres of
each module. .

From analysing the data in the above manner, and expressing
the resolution as the width of the aistribution which contains 76j¢ of
the data. The apex and angular deviations obtained are shown in table

II. This gives a spatial resolution of between 1.0 and 3.0 cm., and



TABLE I

Comparison of predicted number of electrons in a shower, with the

number of tubes which flash.

Nunmber of

Energy{ Target Thickness Expected Ho. Sensitivity
(GeV) |(Radiation lengths)|of Electrons|F.T. Ignitions (%
0.5 1.0 16.7 9.7 58.1
0.5 2.0 10.0 6.4 63.9
1.0 1.0 3l.4 13.4 42,8
1.0 2.0 20,2 9.8 48.7




Percentage of data lying between given limits obtained at a range of

TABLE TI

energies using a weighted iterative fit.

i Energy (GeV)

% of Data Lyinz Between Fixed Limits

Apex Deviation Angle
(cm) | (éegree)
2 radiation lengths of lead target
¥0.5 .. *1.5 +1.5 * 2.5
0.5 bl 73.4 35.7 L.l
1.0 49.8 77.6 31.6 55.0
2.0 54.2 78.0 35.8 62.2
3.0 55.7 76.6 43.0 63.6
1l radiation length of lead target
0.5 58.3 79.7 0.1 5.3
1.0 18.0 85.2 37.7 69. 4
2.0 63.6 34.5 49.9 82.1
3.0 6l.2 82.3 5C.5 75.3
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an angular resolution of approximatély 5%. However, since the locaﬁion
of the incident particle is known from the first module, to ¥ a tube
diameter, (0.8 cm.), which lies inside the resolution range, it is
expected that tne spatial resolution is better than 1.6 cm.

Fizure (42} compares the above results with those obtained
by other workers, using comparable devices such as syark chambers as
the detecting elements. It can be seen that the spatial résoiution
is comparable to that obtained using the best svark chambers of the
current limited type (22). It is.clear from the above results that
great improvement in spatial resolution will result from using

smaller diameter tubes.

5.5 An Improved Gamma Ray Detector

Having defined the criteria necessary for good energy and
spatial resolutions, an improved detector was constructed (4). The

improvements to the chamber design can be summarised as:-

1) Increasing the number of modules, thereby increasing the
sampling frequency, and enabling the amount of target material between
the modules to be reduced,without increasing the likelinood of the

shower escaping from the chamber.

2) Increasing the overall chamber dimensions, thus reducing

lateral and longitudinal shower leakage.

3) Decreasing the tube diameter and wall thickness, thereby

increasing the sensitivity to individual electrons.
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The basic design features of the detector were changed very
little, The number of modules was increased to 12, each module
containing 2 orthogonal planes of 32 tubes, making a total 6f 763
tubes. The tubes were made from low resistance Jena 163 glass, 50 cm.
long, 8.2 mm. internal diameter, with 0.5 mm. thick walls. Thg tubes

were filled wvwith 70i% Ne, 3035 He + 2% CH, at 2.3 atmospheres pressure.

L
The mean internal efficiency of the tubes was 98%, tﬁe recovery and
sensitive times, 0.6 ms. and l.4 microsec. respectively. This should
allow repetition rates of 1 KHz, however, the upper limit is likely
to be dictated by the induced clearing fields.

The data aquisition programme was improved by interfacing
the PDP 11 with the Daresbury Laboratory IBM 370, a2llowing data to be
stored directly onto disc, and later transfered to magnetic tape for
analysis. The increased number of tubes meant that the data could not
be directly fed into the PDP 11, The outputs from the digitisation
probes was used to set latches. The states of these latches after
each event was read into 3 CAMAC input registers and the latches
reset. The data was then processed by the on-line computer. An
improved high voltage pulsing system, using a ceramic thyratron was
developed, which enabled the chamber to be pulsed at a higher
repetition rate.

The initial programme of work was to repeat the previous
investigations, and to compare the performances of the two detectors.
These results are surmarised in tables III and IV. | |

From these two tables it can be seen that the chamber is
capable of giving an average energy resolution of 44% FWHM and a
spatial resolution of about 8 mm. over the energy range 0.5 GeV to

2.5.GeV. The improvement in the spatial resolution is in agreement
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with that expected by reducing the diameter of thg tubes. However the
energy resclution shows little improvement; this is unexpected, since
the increased sanmpling of the shower, the improved individual electron
sensitivity, and the reduced shower leakage, should all help improve
the energy resolution.

One explanztion for this poor energy resolution is that the
tubes at the centre of the modules, which are heavily weighted in the
lshower analysis, had a 1oﬁ efficiency. This occurred because the nigh
voltage pulse, used during the determination of the tubes' elficiency,
contained a fast rising 20 XV spike. This spike (initially thousght to
. be due to electrical interference on the oscilloscope) caused normzlly
efficient tubes to flash svuriously. These tubes were replaced by
apparently normal tubes, which when operated under the correct high
voltage conditions (no spike) were found to be inefficient.

One simpvle way of determining the spread of the efficiency
of the tubes is to scan the bveam several times across the chamber.

Enother effect influencing the verformance of the detector
has ¢ome to light during further investigation of the efficiency of
the tubes. It has been found (23) that the stréngth of the
digitisation siznal is critically dependent uvon the distance of the’
flash tube wall from the high voltage electrode. This effect is at
present under investigation, but preliminary results have shown tnat
increasing the separation between the tube wall and the hig voltage
electrode by 0.6 mm. reduced the digitisation pulse from 4O V to
about 2 V. | , \

_Although a measure of the distribution of tube-diaﬁeters has
yet to be made, it is known that variations of 0.6 mm. are not

uncommon. Consequently the digitisation pulses obtained from many



PABLE III

SPATILL RESOLUTION OF CHAMBER

Energy of Positron (GeV). | X Direction | Y Direction

0.6 Radiation Lengths of Lead BSetween each lModule

0.5 4 4
1.0 3 3
1.5 4 L
.2.0 3 3
2.5 ' 3 3
3.0 4 4
3.5 6 4

1.2 Radiation Lenzths of Lead EBetween each Module

0.5 : 11 1y
1.0 11 1 1
1.5 11 11
2.0 9 9
'2,5 9 11
3.0 8 8
1.8 Radiation Lenzths of Lead Between each iodule
| 1.0 ' 16 16
2.0 9 55

3.0 B VA 7




TABLE IV

ENERGY RESCLUTION OF CHiMBER

Enerzy of Positron {(GeV) Resolution

0.6 Radiation Lencths of Lead Between each ¥odule

0.5 L3
1.0 Lo
1.5 42
2.0 : 46
2.5 40
3.0 L
1.2 Radiation Lengths of Lead Between each iodule
' 0.5' 68
1.0 _ 47
1.5 38
2.0 39
2.5 . 42
3;0 35

1.8 Radiation Lencths of Lead Between each rodule

1.0 55
2.0 35
3.0 28
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tubes will not be of a sufficient magnitude to set the integrated
circuit latches, resulting in a loss of efficiency.

Viays of modifying the detector to allow for the variation in
tube diameter, ensuring a constant separation between the high voltage
plate and the tube wall, are being sought. However, closer tolerances
should be specified for tubes used in future detectors. This is not
an unreasonable request if it is ensu;ed that all tubing used comes

from the same production batch.

Although the chamber was ovperated at a number of different
rates, in view of the problems aiscussed above, the results should not
be considered as conclusive. It was found that at an event rate of
50 per second, the efficiency dropped by between 10% and 14%, which
may be & result of induced internal clearing fields. This will be

investigated during future tests.

5.6 Conclusions

Tests carried out with the prototype chamber have shown that
a detector consisting of flash tube detectinz élements, interspersed
with lead absorver, offers é degree of spatial and energy resolution.
comparable to that achieved with the best current limited spark
chamber-lead absorber type of detector. The performance of the
detector depends principally on its ability to contain the electron
shower, and on the individual electron sensitivity of the flash tuBes.

An improved detector was built, satisfying wmore fully the
avove criteria. The performance of this detector fell short of that
expected, due to errors in determining tae efficiency of the tubes,

and to an unforeseen effect arising in the digitisation system. The
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problems are now understood and are being rectified. Future tests will

provide a more reliable measure of the detector's performance.
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CONCLUSICNS.

The flash tube, which was among the first of the current
generation of detectors to be developed, has played a significant
role in thne field of cosmic ray physics. The flash tube has many
commendable features. It is simple and robust, allowing large
sensitive volumes to be obtained witﬁout undue cost. Because of its
elémental construction a flash tube array has a high nultitrack
efficiency, and also allows the geometry of a detector to be readily
mocdified to adapt to the changing requirements of an experiment. A
simple method of digitising the outputs has been developed, which
does not rgquire any amplifiers or sophisticated electronics to
interface it with the conventional computerised data aquisition
systems currently in use.

However, the flash tube had three characteristics which
hitherto has rrevented its use on accelerator counter experimenfs,
namely, long sensitive and recovery times, and a loss of detecting
efficiency with hizh event rates.

Short sensitive and recovery times are reguired oy

accelerator experiments, decause of the high background radiation and

the need to overate at hizh rates. The recovery and sensitive times
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have been reduced to.a millisecond or lesé, and a few microseconds
respectively, by the appliéation of an alternating clearing field, and
the addition of small cuantities of methane to the gas mixture. These
times are well within the requirements of most accelerator counter
experiments. |

The drop in efficiency at high rates has been shown to be
due to internal clearing fields, caused by charges, resulting fronm
the discharge, adhering to the inside walls of the tube. The use of
low resistance Jena 16B glass increases the rate of decay of these
fields, allowing an event rate of up to 50 Hz, without undue loss of
efficiency. Experiment has shown that the effects of these internal
fields can be further reduced by decreasing the surface resistance of
the outer wall of the tube.

L prototype gamma ray cdetector has been built, using a
composite construction of flash tube detection elements, sandwiched
between lead absorbers. Although this detector was of a relatively
crude design, it was found to have a perforrance comparable to similar
detectors using current limited spark chambers as the detecting
elements. An energy resolution of 36% FWHEM and an angular resolution
of about 40 being obtained.

From the criteria for good resolution, obtained with the
prototyve detector, an improved detector was constructed, using
smaller tubes and having a larger number qf cetecting elements. The
perforzance of this improved detector fell short of expectations, This
was due to faults in the high voltage vulsing system, affecting
efficiency measurements, and a hitherto unsuspected effect arising in
the digitisation s&stem. These problems are now understood and further

tests should give a true indication of the detector's performance.
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