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SYNOPSIS

Measurements of the electron drift velocity at rocm
temperature in pure molecular hydrogen have been made for the E/p
range between 4O and 360 volts.cm L.torr . Experimental conditions
were arranged to minimise the effects of space charge distortion of
the applied electric field, of secondary processes, and of the time

for initial equilibrium of the avalanche to be established.

The progress of single avalanches was monitored by photo-
multipliers and an electron-multiplier in a pulsed time-of-Iflight
method. The scattering of resonance radiation in the gas caused
erroneous results to be recorded by the vhotcomultiplier technique,

but the electron-multiplier measurements yielded reliable data.

The v_ values show fair agreement with those obtained

(3.46)

previously by Schlumbohm , but are higher up to a maximum of 17%.

It is shown that the relationship between v_ and E/p is given by the

expression

v_ o (E/p)°
where, if all the clectron-multiplier data is considered,
- -1 -1
v =0.,9 for E/p = 4O to 360 volts.cm .torr .

These values for v can be compared with those from (3.46), ranging from
1.65 at E/p = 30 to 0.5 at E/p = 1500. An adequate theoretical treat-

ment is not availablc for the E/p range covered by the present invest-



~-igation; at low E/p, theory shows v = 0.5.

Further data, of poor guelity, is presented for electron
energy distributions in the anode region of a glow discharge in
hydrogen, and for positive ion drift velocities in helium. The
development of a fast triggered ultra-violet light source is also

described.,
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INTRODUCTION

The importance of the encrgy distribution in all phencmena
associated with the motion of charged particles in o gaseous medium
has been rccognised at least since 1930 (2.15), and there has been
adequate consideration of the interdependence of the electron drift
velocity and energy distribution in most of the theoretical and
experimental investigations at low E/p, where only momentum-transfer
collisions need be included. At moderate E/p, many types of collision
are possible and the problem becomes difficult to manage theoretically;
reliable experimental values for the electron drift velocity are
available for E/p < ko volts.cm—l.torr—l, but little attention has
been paid to the determination of the electron energy distribution.

At higher E/p, up to 1700 volts.cm T.torr T for hydrogen, there has
been only one successful determination of electron drift velocities
(3.46), and no attempt has been made to measure the energy distribution
or to apply a rigorous theoretical treatment. Thus there exists a
need for electron drift vciocities to confirm the existing set for

E/p > 40, and for electron energy distributions in this same region.
These complementary data vould also permit a proper eveluation of any

theoretical solutions of the problem that might become available.

Conflicting measurements cf the first Townsend coefficient
o have led to uncertainty and speculation about the possible onset of
non-equilibrium conditions above E/p v 150 volts.cm—l.torr—l, a

situation in which a swarm of electrons, drifting in a uniform electric



field, never comes to equilibrium with the field and the gas, but
continues to accelerate until the anode is reached. In the measurement
of drift velocities, such an effect would be manifested by a dependence
on the drift distance d, and on the applied voltage Va’ for conditions

of constant E/p.

In this investigation, electron drift velocities have been
obtained, for the E/p range 40 to 360 volts.cm_l.torr_l, which
substantially confirm the existing values, and no evidence of non-
equilibrium has been observed in this region. A technique, potentially
capeble of determining electron energy distributions at high E/p, was

not developed sufficiently to yield useful data.

Chapter 1 introduces the basic physics of the Townsend
discharge, with the emphasis on pulsed single avalanches, and considers
the effects of diffusion, space charge and impurities on such avalanches.
There is no satisfactory theory available for the E/p range in which
this investigation was conducted, but some of the theories for low E/p
are discussed in Chapter 2., In Chapter 3, the methods for determining
electron drift velocities are classified, previous work is reviewed, and
the motives for selecting the pulsed time-cf flight are outlined. The
experimental procedures and apparatus, both for the principal
experiment in hydrogen and for a preliminary investigation in helium,
are detailed in Chapter L4, and a fast pulsed ultra-viclet source light

source is described in Appendix b,



In Chapter 5 the cerly helium data is briefly considered,
followved by a critical assessment of the electron drift velocity
values of Schlumbohm (3.46) and Dawson (3.58). Anomalous v_ values
in hydrogen were obtained in this investigation by a technique
employing photomultipliers, and much of this chapter is devoted to
determining whether these volues are real or spuricus. It is concluded
that resonance scatter of photons is leading to false data, and only
the independent values obtained by an clectron-multiplier technique
appear to be reliable. The electron energy meusurements cre briefly

considered, and the possibilities for further work are explored.

The word "molecules" is frequently used in this thesis to
describe both atomic and molecular neutral particles when the
discussion is general, and it will be clear from the context whether

the term should be interpreted in its general or specific sense.

The relationship between the electron mebility u_ and the
drift velocity v_is v_=u_E (by definition), and between v_ and the
fundemental parameter E/p is v_ a (E/p)" (by experiment and theory),
where v = 3 at low L/p and v v 1 for the E/p range of this investigeation.

The resultant relationship u_ aE(V'l)/pV

is inconvenient, particularly
if the valuc of v is not known, and therefore the dependence of V_

rother than u_, on E/p is investigated throughout this thesis,
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1.1. Introduction.

This investigation is concerned solely with the motion
of charged particles in gases, particularly hydrogen, under the
conditions of a Townsend type of discharge. This is not to say
that the same type of motion does not occur in other classes of
discharge, but that a Townsend discharge was selected because the
quantities to be measured are well defined under these conditions,
and the mechanism of the Townsend discharge is clearly understood.
Considerable care is taken experimentally to ensure that the
conditions are those of the simple Townsend mechanism, and to

preclude any complicating conditions.

To precisely define a Townsend discharge is difficult,
but the most important condition is that the electric field in
the discharge region should only be that applied externally,
unmodified to any appreciable extent by ionisation space charge;
this condition can be imposed by keeping current densities to the
minimum practical value. Usually Townsend conditions also imply
gases at fairly low pressures of less than about 500 torr, and
uniform electric fields between plane-parallel or Rogowski
electrodes, the fields being either steady or pulsed, though these
conditions reflect the bulk of experimental work rather than
fundamental boundaries of the Townsend regime. It might be

mentioned that some of the concepts and terminology of the



Townsend discharge have been borrowed in the analogous field of

the study of the motion of charges in semi-conductors.

1.2, Primary Processes.

Consider a region of uniform electric field E wolts.
cm-l, bounded by two plane parallel electrodes of potential
difference Va volts and separation d cm, filled with a pure
gas at pressure P, torr, where P, is the pressure reduced to
0°C (Appendix I). If an electron appears in this region it is
accelerated by the field until it makes a collisien with a
neutral gas molecule; this collision may be elastic, or
inelastic resulting in excitation or ionisation of the molecule.
If the collision is elastic the electron will retain most of its
kinetic energy, losing on the average only 2l\dm/(M‘0-m)2 = 2m/M
per collision, and the instantaneous scattering angle of the
electron is expected to be isotropic. After an elastic collision
the electron will continue to acquire energy from the electric
field until it has sufficient energy to cause either excitation
or ionisation. For theoretical convenience, it is usually
assumed that, after an exciting or ionising collision, the electron

starts from rest. .
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Townsend's first ionisation coefficient o is defined as
the number of ionising collisions per electron per c¢m path length
in the field direction. Thus, if n electrons are released from
the cathode, either steadily per second or as a short pulse, the
electron current or number of electrons, respectively, at a

distance x from the cathode is given by

n =n exp (ax)e. (1.1)

if o is constant. This exponentially increasing bunch of
~electrons is known as an avalanche or, if o = 0, a swarm. It is
sometimes more convenient to express this in terms of conventional
current, I = %Dexp(ax), and if the initiating electrons are
released as a pulse, it is frequently useful to inwke the electron

drift velocity v to give

n=n exp(av_t).. (1.2)

This expression is not entirely sufficient, since it is probable
that the n, initiating electrons will not be in equilibrium with
the electric field and the gas, thus modifying the value of o
until equilibrium is attained; o, or more precisely a/p, is
only constant if E/p (Appendix 1) is constant. This deviation

is st easily taken into account by rewriting the equation (1.2)

thus



n =n exp [av_(t-to .. (1.3)

where to is a function of the time taken to come to equilibrium.
It is sometimes convenient to write this expression as
n=n expn(V-Vo), where n = o/E is the number of ionising

collisions per wolt.

A qualitative model readily shows that a/p must depend

on E/p, since the energy acquired by the electron per cm
travelled in the field direction is determined by E, and the
distance between collisions is proportional to 1/p, so that the
energy gained between collisions, and therefore the number of
ionisations per collision (which is proportional to a/p) will
be some function of E/p. Townsend (19Q1 )l'l confirmed
experimentally that a/p = f(E/p), and von Engel (1956 )1'2 and

Smith (1965)1'3 have shown that

a/p = A.exp(-B.p/E)

in agreement with experimental data for a number of gases over
the approximate range E/p = 100 to 800 volts.cm-l.torr-l(for
hydrogen A = 5, B = 130 for E/p =150 to 600, and for helium
_ _ - 1.4 . .
A=3,B=34 for E/p =20 to 150)" " . This expression was
derived by consideration of the average energy of the electron
swarm, but it is more rigorous to use an energy distribution

(Chapter 2). Emeleus, Lunt and Meek (1936 )l'5 assumed a



n/n,

2
d cm

Fig. 1.1

The varietion of log(n/n ) with the

interelectrode distance d.



Maxwellian distribution to obtain the expression

_g.- = 1-33}(1(_)__ (V) 3/2 a'(V).exp - 3V. . dV,
P v
- 2V
V.
1

where V is the mean electron energy in eV, a'(V) is the number
of ionising collisions per cm of actual path at 1 torr by an
electron of energy V, and Vi is the ionisation potential. This
showed some agreement with experimental data for the diatomic
gases hydrogen, oxygen and air, but not for the monatomic gas
argon. Blevin and Haydon (1957)1'6 later used this expression
to show good agreement with the experimental values of Blevin,
Haydon and Somerville (1957)1'7 and Rose, DeBitetto and Fisher

)l .8

(1956 for o/p in hydrogen over the range E/p = 30 to 150 volts.

-

-1 -1
em  Jtorr .

l.3. Secondary Processes.,

There are two reasons to suspect that the mechanism
detailed above does not fully describe the Townsend process.
Firstly, if experimental values of the ratio log(n/no) are
plotted against d for constant E/p, as in fig.l.l, a straight
line is not obtained for large values of d. Secondly, it is
observed that it is possible to obtain a self-sustained discharge

whilst rigidly maintaining Townsend conditions, and also that, if
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all external restraints are removed, the current in the gap will
increase rapidly with time under certsain conditions until it is

no longer possible to maintain the potential across the electrodes.
The simple expressions previously stated predict a linear

1og(n/no) - 4 graph, and that n is proportionzl to n_ et all times.

As a consequence, Townsend modified his equation to
include the generalised secondary ionisation coefficient vy,
defined as the number of secondary electrons produced per primery

electron, leading to the modified expression

expav (t=t )
n'=n - = . (1.1)
°© 1.y [expo;v_(t-to )-1]

at constant E/p.

There are six possible classes of mechanism whereby

secondary electrons might be produced, namely

the interaction of

positive ions b
l> { gas
photons r with the
. : { cathode
excited molecules | .

Gas processes arc not normelly of importance, since positive
ions do not acquire sufficient energy in moderate electric fields
to cause ionisation, and the probability for photo-ionisation by

recombination photons is small (section 5.4.1). Excited molecules
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have very short lifetimes, 10-8 sec, which make such a

process unlikely except for metastable statcs, for example

He* + He > He' + e,
™ 2

However, all three classes of cathdde process are
important, positive ions readily ejecting electrons from a
metal surface 1if eV, > 2e@ , as will incident photons if
hv > @ (@ is the work function). The work of Schram et al
(1966)1’9 on the incidence of multiply-charged noble gas ions
on a copper-beryllium surface showed that y is approximately
linéarly dependent on the velocity of the ion, and is
independent of the charge, implying that it is the kinetic
rather than the potential energy of the ion that determines
the value of y. Photon action is importent whether the photons
arrive directly, and therefore virtually instantaneously at the
cathode, or are delayed 1in the gas by the process of resonance
radiation (section 5.5). Whilst most excited molecules still have
too short a lifetime to be effective, the millisecond or greater
lifetimes of metastable states make them highly efficient

producers of secondary clectrons.

The hydrogen molecule has no metastable states (the 2P
state of the hydrogen atom is metastable, but the lifetime of the

atom is short and the probability of incidence at the cathode is
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small), so the mechanisms that must be considered are the incidence
at the cathode of photons and positive ions. The relative proportions
of these processes are not of importance in this work, but a qualit=-
ative measure can be obtained by observation of the variation of vy
with E/p. As E/p increases up to a value of about 150 volts.cm_l.
torr-l, there arc relatively more ionising than exciting collisions,
so that an increase in y with increasing E/p would indicate
predominantly positive ion production of secondaries, & decrease

in vy photon produced secondaries. It is possible to evaluate

the relative contributions of the secondary processes by measurement
of the formative time lags (f.t.l.) of slightly overvolted pulsed
discharges. The magnitude of the f.t.l. prcvides an immediate
indication of the predominant secondary process, values in the

-1

10 ' sec range indicating photon ection, in the 10"5 sec range

positive ion action, and in the milli-second range metastable
action, for overvoltages of a few percent and anode-cathode

separations of a few centimetres. An analysis developed by

l. - . »
Bartholomeyczyk (1940) 10 , and later refined end modified by

1.1
) 1

Davidson (1953 s Permits an accurate evaluation of the relative

contributions of the secondary processes, but it is necessary to
know which processes are active and the values of a,y,v and v

+

uppropriate to the experimentul conditions,and the overvoltage
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is restricted to less than 5% of the sparking potential. This
analysis has been criticised on the grounds that no allowance
is made for the effects of space charge, which must be

present at least during the final porticn of the f.t.l. periocd,
but it appeurs that a satisfuctory alternutive in this respect
is not at present aveilable. The Davidson-Barthcolomeyczk
analysis has been successfully applied to the study of

secondary processes in hydrogen, helium, neon and argcn1'12'41q

1.4, Self-sustained Currents and Paschen's Law.

[

The threshold conditicns for a self-sustained current
and for sparking or brecakdown are the seme, 2o self-sustained
current normally implying the use of external restraints to
prevent the current from increasing to a velue where syece
charge effects become significent, and breakdown that the
current is allowed to develop until the sourcc of potential
fails. For either to occur, it is only necessary that the rate
of productioun of secondary electrons should at least be equal
to the rate at which electrons are removed from the discharge
region, or that n should be indepcndent of n_. This condition
is fulfilled if the denominator in equetion (1.4) is set equal

to zero, i.e.
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1 - y[exp av_ (t-t ) - 1] =0 (1.5)

Thus, neglecting to’ a knowledge of a and y for the experimental
conditions permits v .t, and thus d to be calculated for the
onset of breakdown; at this velue ds, the potential across the

gep V, = E/p.pds is known as the sparking potential.

It has been established experimentally that VS is a
function of (pxds) only, this relaticnship being known as
Paschen's Law. The Paschen curve for Hydrogen (fig. l.2) is
typical of that for most gases in that, as (pxds) increases,
Vs decreases sherply at low pxd%, finds & minimum in the
region of & few torr.cm, and then increases again less
steeply. It is important to specify the cathode material and
condition as well as the gas when presenting Paschen curves,
since the appearance of Yy in equation (1.5) means that
breakdown is dependent on the nature of the cathode surface.
Leviations from Paschen's law have been reported (e.g. Davies,

Smith and Myatt (1961)>°%7 1.18

» Overton, Smith and Davies (1965) )s
these being attributed to the use of gaps of vuriable geometry
under cunditions where field-independent photon and metastable
secondary processcs are impcrtant, and where the loss of these
agencies from the gap must be considered. It is perhaps of

interest to mention that in some circumstances o glow discharge

is observed to take a path between the electrodes which is not



-12 -

the shertest, due tc the tendency for the discharge to seek
the value of (pxds) which corresponds tc the lowest sparking

potential.

1l.5. The Currents due tq an Avelanche.

If & potential Va is applied across the electrodes,
and a currcnt measuring device is placed in series with the
gap, & current will be cbserved to flow as a result cf a
number of possible processes. Firstly, if the applied voltage
is pulsed, a mementary displacement current will flow as the
seif-capacity of the gap is charged - this effect can be used
to provide a tinming mark in pulsed experiments. Secondly, as
the charged particles produced in the gap drift under the
influence of the applied field, & conducticn current will be
observed. The greatest contribution to this current is made
by the electron component because of the relatively high drift
velocity of the electrons ( ~ 10° times that of the ions), end
it is frequently permissible to neglect the effect of positive
icns. In the cesc of electro-negative gases it may be

necessary to allov for the negative ion contribution alsc.

Only the clectren component is cof importance in the
present investigation, since secondary processes have been
controlled so that single avalanches can be studied,and in

Appendix 2 the currents flowing between the electrodes are
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Fig.

Typical experimental circuit.



calculated for the various coumpcnents under conditions where
the development of the discharge can be completely described
in terms of the first Tcwnsend ccefficient o, where a is constant

throughout the electron transit time.

The effects observed in the extefnal circuit will depend
on the choice of circuit compenents; in particular, it is
necessary to carefully cheose the time constants. The basic
circuit which ig clmost invariably used is shown in fig.l.3,
wherc R 1s the resistance across which the signal voltage is
deve}oped, ccmprising the series resistance RS in parallel with
the oscilloscope input resistance Ro’ and C is formed by the
self-capacitance Ce of the electrodes, in parallel with the input
capacitance CC of the oscilloscope and the capecitance Cé of the
cathode to earth (important if the discharge gap is screened).

Thus
= + . = '
R RSRO/(RS RO) ; C C,+C + ce .
In addition to the electron and ion currents derived in

Appendix 2, therc is the displecement current due to charging

and discharging of C as the signel vcltage varies, given by

C
1 = . emm—
gt = ¢ =%
VC . VR and Vw are the voltages acrcss C,R and the terminals of

the power supply. Then
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v, (t) = R[I(t) +cC.
= R[I(t) = C. =—=

= R[I(t) +cC.

If the epplied veltoege is a step function, then at time
t =0, I(t) = 0 to give

av_(t)

R
VR(t) + RC, T

]
o
™

whigh is frequently used to provide 2 timing mark, the shape

depending on the value of RC.

It is usually desirable to choose R such that the time
constant RC is short comparcd with the I(t) time constant, so
that the actual variation of I(t) with t is shown on the
oscilloscope. Under these conditions the displacement
current is negligible as long as I1(t), and hence VR(t), does
not become too greet, and also the voltage source is eble to

maintain V.- Then VR(t) is given simply by

VR(t) = R.I(t)

wiieTe RC << 1/av for non-attaching gases,

RC << 1/(0=-n')v_ for clectronegative gases.
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The less useful cases where RC = l/av_ and RC >> l/av_ can be
similarly treated, the latter condition giving an integrated

signal.

Apart from tiume-constant considerations, the value of
R is also governed by the sensitivity of the oscillcescope
pre-amplifier, as sufficient voltage must be develcped across
R to drive the cscilloscope, and, in cases where very fast
transients are to be studied, impedance matching of cables

imposes a further limitation on the choice of values.

i

1.6. Diffusion and Space Charge.

The diffusion through a neutral gas of charged
particles at lcw concentrations can be treated as the thermal
diffusion of two non-interacting neutral gases, in which case

Fick's Law will apply =

v N = -D.VN (1.6)

where VYN 1s the concentration gradicnt, D is the diffusion
coefficient, and ¥vN is the clectrcn flux per unit area in the
direction of VN. If charges ocre sllowed to diffuse from a
point in the absencc of an clecteic field, the spatial
distribution at any time will be Gaussian, with the totel

nurber of charges and therefore the areca under the distribution
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. . 1.1
constant at all times. According to Loeb (1955) 9, the

radius r of a diffusing sphere of charge at time t is given by

(12Dt/ﬂ)% (1.7)

r

where D = \e¢/3 (1.8)

( X is the electron mean free path, ¢ the mean velocity).

It is shcewn in scction 5.4.2 that for 35 eV electrons in
hydrogen at 1 torr, A = 0.36 cm. If it can be assumed that the
electrcns have thermal cnergies ( ~ 0,04 eV) for diffusion
purposes (i.e. that the elevated velocities have ccnponents in
the field direction only), then ¢ = 1.2x10 em.sec™t at 300°K.
Thus D is calculated tc be l.hx106cm2.sec-l, and substituting
in equation (1.7) it is found that, for the shortest and

longest electron transit times measured in this investigation,

r = 0.95 ecm for t

50 nsec {(c.f.Al = 3.0 cm)

2.30 cm for t

i

300 nsec{c.f.Al = 0.5 cn)

r

where Al = v_At, At is the halfwidth of the pulse of initiating
electrons. It is calculated that for E/p > 75 volts.cm-l.torr_l
the diffusion radius is less than the spatiel halfwidth of the
initiating pulse; for E/p < 75, diffusion should become
increasingly important with decreasing E/p, though no clear

evidence of diffusion has been observed in the data.
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Measurements of the ratio u/D, where u is the electron
mobility, are often nmade in the Townsend magnetic deflection
type of experiment (section 3.2). This ratic can be shown to
be a function of the electron temperature only by substituting
for p from equaticn (2.2) and for D from c¢quaticn (1.8), tc give

-1-1-_ AR — -
D

kT °*
. 1 2
since ame = 3kT/2.

Mutual electrostatic repulsion of the electrons causes
a similar effect to diffusion expansion of the swarm. If there
is a sphere of radius r containing n electrons then, by Gauss'

theorem, the field at the surface is

E = ne/lnrr2 .
r

dr _ ., _ neu
Now at qu = >
hry
to give L3 rg = 3n:u t (1.9)

since r = r, at t = 0,

The effects of electrestatic repulsion will be important
if, at the time t_ that the avalanche reaches the anode, the
radius r in equation (1.9) is greater than the thermal diffusion

radius T in equeation (1.7), that is if
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3neut_ (12Dt_\£

Un T
-1
i.e. n > 8_[meie (1.10)
Sey t_

Typical values for these parameters in hydrogen are u = 1.5x108

cmz.sec—l(esu of potential)—l s A =036 cm, ¢ = l.2xlO7cm.sec-l,

t l.OxlO—T sec, and substitution in equation (1.10) gives

n > hxlO8 electrons

|

as the value for expansion of the avalanche by electrostatic
repulsion. Experimental confirmetion of this value is afforded

1.20
)

by cloud chamber photographs by Raether (1939 , Which show

marked expansion of the avalanche at n = 108.

Ambipolar diffusion will occur in any situation where
there is separation of positive and negative charges, provided
the Debye length is much less than the dimensions of the
experimental vessel. In the absence of an applied field,
electrons tend to diffuse more rapidly down the concentration
gradient than ions because of their higher mobility; however,
as soon as there is charge separation, coulombic attraction
couples the ions and the electruns so that they diffuse at the

same rate. From Fick's Law, cquation (1.6), for electrons and
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ions respectively

yeN’ = --DC_YNx - Neucg'
¢ ¢ (1.11)

.N. = =D.YN. + N.u.E'

‘—,11\‘1 Dlzl\l Nlpla

where E' is the ambipolar ficld. Since, if there is overall

charge ncutrelity, Ne = Ni = N, ve = vi
D.-D u D.+u.D
B = 1 e VN - ue iTH _ I8
; - -+H —i £ !N = u +U Y'n “Dao_ )
u1 e i i

where Da is the ambipolar diffusion coefficient.

’

In the case of a Townsend discharge, there is an

applied field E, and usually E > E'. Equations (1.11) become

1<
=
1]

% (~D VN - Ny E') - Np E
e e e

=
L]

- ' K
v, t (D UN + Nu,E') + HuE

where N and E' are not staetionwery with time. An assessment from
these equutions of the effects of space charge on the electron
drift velocities in the present investiguation is not attcempted,
but instead evidence for the extent of the effect will be adduced

from the work of several authors.

. 1.21 .
Hasted (1964) 2 quotes a value of 108 ions per emS as
the point at which space charge distortion becomes important.

Experimental and theoretical investigations of the streamer
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mechanism, a space charge controlled process, lead to

; s . . 8 .. .. .
positive lon concentrations v 10 within a sphere of radius

~ lO"3 cm as the criterion for streamer propagation (c.g. Dawson

)1.22 )1.23)

(1965 , Dawson and Winn (1965 , under which conditions

the Townsend mechanism is grossly disturbed.

1.24 .o .
) has measured the variation with n of

Tholl (1963
a/ao, the ratio of the values of the first Townscnd coefficicnt

ot n and at very small n, in N,, N, + CH) and CH) (fig. 1.4),

2
and 1t is seen that in all cases there is a sudden decrease in
a/a; at n = 106, followed by & rapid increase at n = 5x10 as
the streamer mechanism becomes operative. Thus,if the effects
of space charge are to be avoided, n must be kept less than 106,
end it is shown in section 4.1lthat o design criterion for this

I

experiment was n = 10,

1.7. The Effects of Impurities.

Many of the discrepancies for values of a determined by
various authors have since becn attributed to the presence of
impurities in the gas under investigetion. Mercury contamination,
which can arise from inedequate trapping betwecen the experimental
volume and the diffusion pump or a McLecd gauge, readily leads to
false values of a, since the vapour pressure of mercury at room

temperaturc (v10™° torr at 20°C) can result in typical impurity
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levels of 102 to lO3 p.p.m., and thc ionisation potential of
mercury is only 10.L4 eV, which is less than the ionisation
potentials of any of the monatomic or diatomic gases commonly
investigated. Thus large numbers of mercury atoms are readily
ionised, both by clectron impact, and by inelastic collisions

of the second kind, such as

He + Ne; (16.6 ¢V) > Hg'+ Ne + ¢,

to give higher a values than in the pure gas. The presence
of mercury contamination is alsc liable to lead to erroneous
results in positive ion mobility measurcments because of the

readiness of the mercury ctom to losc an electron in charge

exchange reactions of the type

+ +
H2 + He - H2 + Hg .

The Penning cffect 1.25

, of which the Hg/Ne; reaction
above is an example, was first observed to yield erroneously
high ¢ values in 1936, in a Neon/Argon mixture, where one

reaction is
. % +
Ar + hem + Ar + Ne + e,
and will occur in any gas mixture in which the ionisation

potential of one constituent is less than ¢ metastable level of

enother constituent. A mctastable atom in o gas at a pressure of
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1 torr makes lO5 to 108 collisions during its lifetime, and
will therefere huve a very high probability of making an
ionising collision with a low ionisation potential constituent
present in small concentrations. An analogous process occurs
vhen there is photoionisation of one constituent by radiation
emitted from another. The presence of recudily ioniseble
minority comstituentz iz not always deleterious, and is used
in some gas~filled valves to obtein a coefficients higher than
those of either of the constituents (e.g. He/H2 mixtures -

)1.26

Chanin and Rork (19€k4 ) &nd in the "seeding" of flumes

with alkali salts to enhance the conductivity.

In the measurement of clectron drift velocities, the
effects of impurities would be important in the expcenential
current growth method (section 3.4) because of the need to
substitute & value for u in the expression for the time
constant 1/av_. In the time of flight methods it is probebly
sufficient to consider only the rclaetive numbers of electron
collisions with impurity and principal constituents, and to
postulate thut the drift veclocities are unaffected if this
ratio is sufficiently small, In the present investigaticn,
where the number of eclectron-neutral collisions between the
cathode and the anode is only «bout 35 and the impurity level
is ~0.1 p.p.m., therc is a negligible probability of a collision

withan impurity atom, though the effect of such a collision on
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the transit time of an individual clectron might be
appreciable becausc of the small number of free paths between
the electrodes. Spurious drift velocities could be observed
in situations where the Peaning type photolcnisation process

described above can occur (section 5.4.1).
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CHAPTER 2

SOME THEORETICAL ASPECTS OF DRIFT VELOCITIES
AND VELOCITY DISTRIBUTION FUNCTIONS OF
ELECTRONS IN GASES

2.1 Introduction
2,2 Ion Drift Velccities using Mean Values

2.2.,1 The General Case
2.2.2 The Case for Electrons

’

2.3 Velocity Distribution Functions

2.3.1 Early Approaches to the Problem
2.3.2 Huxley's Determination of the Electron
Velocity Distribution
2.4 The Validity of Existing Theories at Low E/p,
and Their Extension to Moderate and High E/p
2.5 The Attaimment c¢f Equilibrium by Initiating

Electrons
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2.1 Introduction

The problem of ion drift velocities, where the term ion
embraces all types of charged particle, can in general be approached
in two ways. Either it may be assumed that all perameters with
distributed values, such as ion drift velécities, molecular and ion
thermal velocities, ion free paths and scattering angles, can be
ascribed a mean value at the commencement of the analysis, or that
o distribution function may be assumed or calculated at least for
some of the parameters, to permit the effects of the distribution to
be gssessed. Whilst it would appear that the latter willlead to a
more meaningful result, the usec of this proccdure by several authors
has shown that the simplifying assumptions, which are necessary to
allow the analysis to proceed, result in a physical model with little
advantage over that which takes average values as a starting point.
In particular, the derivation of a suitable velocity distribution
presents considerable difficulties, and those which are most commonly

used are the Mexwellian and Druyvesteyn distributions.

In this chapter several simple thcories of the average
volue type and onc distribution theory are presented in some detail,
and attention is drawn to cther recent treatments of the problem.
The applicability of thc available theories to the present
investigation is discussed, and a simplc treatment of the problem of

attainment of cquilibrium by the initial photoelectrons is presented.
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The terms 'low E/p' and 'high E/p' are used loosely in the
literature, and arc quoted frequently in this work. There arc three
distinct regions into which the E/p specctrum can be subdivided. The

first, low E/p, is the rcpime in which only nmonentum transfer

collisions occur; the sccond, which might be termed 'mederate E/p',
embraces all classes of collision process; the third, high E/p, is the
largely unexplored region in which the avalanche feils to come to
equilibrium with the applied electric field end the gos. The low E/p
region alene 1s amenable to theoreticel treetments, and sétisfactcry
analysis of modercte and high E/p models is difficult because of the
large number of possible collision processes. The term 'high L/p'

is often applicd, in the presentation of experimental data, to what

is here called 'moderate E/p. The trunsition from low tc moderate

E/p will depend on the nature of the ges, and particularly on whether
it is monatomic or polyastomic, since it iz determined by the peosition
of the lowest excited state. In hydrogen, the threshold for
vibrational excitation is at 1l eV, with a peak cross-section of
6xlO—l7cm2 at 2.3cV (Schulz (l96h)2'l), the threchold corresponding
to E/p ~v 2 Volts.cm—l-torr—l. Excitation of rctational levels
requires about lO.2 of the enerpy for vibrational excitation

2.2 . ' -
(Herzberg (1950)7°F), corresponding to E/p ~ 2x10 2 .
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2.2. Ion Drift Velocities using llean Values.

2.2.1. The general casec.

The mean value methods have been reviewed by von Engel (1965)

2'3, and his treatment is followed herc.

. . . 2.4
The most simple approach, first used by Langevin (1903)
assumes that -

1. neutral molecules and iuvns have the same energy, so that thermal

cquilibrium exists,

4

2. velocities are coumpletely ranrdomised on impact, so thet ions have

zerc drift velocity after each collision.
3. impacts can be described as perfectly elastic encounters.

If A is the ion mean freec path and ¢ is the mean ion speed, then

= 3 =B = B (2.1)

~
since sme” = IMCT for thermel equilibrium. v is the ion drift velocity

and u is the mobility, where
=3 er/nc (2.2)

Langevin's approach can be extended by assuming that there is

a mean fractional energy loss f on collision. In the steady state,
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the rate at which energy is guined from the electric field 1s equal

to the rate at which it is lost by collision, so that

P

f.%mce.gyx

eEv =

-3 ‘
hence ¢~ = 2eExv/fnm .

=3 _ /1 3 s
Now ¢” = (3eEr/av) from equation (2.1),

1
to give v =3 fl/u(Ee)\/m)2 .
3

Thus v « (E/p) o (2.3)

since A « 1/p.

A more sophisticated approach was adopted by Langevin

2.5 2.6 . .. . .
(1905)°°~ and Thomson (192k) 6 in their induced dipole theories,
wherc the electrostatic interaction between the ion and the induced

dipole moment u' of the molecule is considered,

u' = (a/N)Ei =(D- 1:k/hnNr2 (Ceges. units)

where, in the usual notation, D = 1 + Lne, N is the mcleculer
. 2 . . . .
mumber density, and Ei = e/r” is the ion field at & distance r.

The field due to 2 dipcle is

B = 2u'/r3 = (D - l)e/2ﬂNr5 (2.4)
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Now, from equetion (2.2)

u = 3et/m where 1T is the time between
collisions. If it 1is assumed thet A is equal to the distance between

N'l/3 and

[}

molecules, then A
A rA

T = J dr/v = J dr/uEu, .
o] o]

Substituting for E“, from equation (2.4), and integrating

7NAE . 1

pe(D-1)  Npe(D-1)

Hence =

= (ﬁm)s (2.5)

Bglo
~

For molecular snd atomic ions, since Nm a p,

v= uEaE/(p)?. (2.6)

2.2.2. The cuase for electrons.

It is agein essumed that there are clastic collisions with =
fractional encrgy loss f, and additionally that the applied electric
field is very week to maintain condition (1) that there is thermel
equilibrium (v_ << ¢). As before (equation 2.1), v_ = } eEA/mc. The

net rate at which an electron geins energy is given by



N
= Cle3 - e -
at e foime”™. 5 (2.7)
e A 12y L
At equilibrium = (Zne“Y =0 and t = =
1
so that e = (1/£)" (eEr/m)?
1 1
Thus v = %'Egi = %fl/4 (Egl)§
00 me nm

so that, at equilibrium

v_a (E/p)% (2.8)

The limitations of the mean values approach, and its relevance

to the present investigation are discussed in Section 2.4.

2.3. Velccity Distribution Functions.

2¢3.1.Early Approaches to the Problem.

Any theoretical spproach to this problem must take into
account the energy gained by the ionsfromthe applied field, the
fractional energy loss f on collision, and the interaction between
the ions at high ion concentrations. f depends on the relative
probabilities for elestic and inelastic encounters, ard these
probabilities are functions of the ion energy; if one type of
collision only is important, £ can be assigned & definite value(for
instance,f = 2m/il for elastic impacts, averaged over all scattering
angles), but the ion mean free path A will still be o functicn of the
ion energy. Collision cross-section datz is available for most

monatomic and diatomic geses including hydropgen (e.g. Frost and Phelps
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2. . . .
) T for rotetional and momentun transfer cross-sections 1n

(1962
. . . 2.8
hydrogen and nitrogen; Englander-Golden and Rapp (1964) for

total icnisation cross-sections in hydrogen and other gases), and

- - 2'
there is a number of theorctical treatments (e.g. Morse (1953) 9,

2' 2.1
yee 10 )2+ 1y

gerjuoy and Stein (1955 , and Frost and Phelps (1961

.12

Pidduck (1913)2 was the first to cttempt tc tackie
the distribution function problem and obtained a Maxwellian
distribution, on the assumpticn of perfectly elastic collisions

)2.13

and £ = 0. Cempton (1918 used a finite value for f, =nd also

)2.1h

arrived at a Maxwellien distribution. Hertz (1925 failed to

achieve a useful result vhen considering elestic impacts in & uniform

2.15 followed a

field between parallel plates, but Druyvesteyn (1930)
similar approach to derive the well-known distribution that bears
his name, based on the following assumptions -

1. elastic ccollisions,

2. cnergy indcpendent mean free paths,

3. f = 2m/M, the mowentum transfer value,

4. the ions had reached their terminal velocity,

S. no interaction between ions,

6. molecules at rest.

This distribution has the form

fD(c).c2dc = A exp(-Bch).czdc (2.9)
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compared with the Maxwellian distributicn

fM(c).cgdc = A exp(-Bce).c2dc (2.10)

and fig. 2.1 shcws the shape of these distributions for the same
mean electron velocity ¢. It is seen that the Druyvesteyn
distribution has a higher peak encrgy, but that its high energy
tail decreases mere rapidly. This comparative depletion of high
energy electrons is cf significance in that there is a reduction in
the probebility of occurrence of processes requiring more energetic

electrons.
'

Subsequently the literature begins to proliferate, and only
a few of the many contributions are briefly mentioned. Morse, Allis
2.16 . . . . .
end Lamar (1935)° confirmed the Druyvesteyn distributicn emplcoying

a different approach, and this work was later extended by Allis and

2-17

Allen (1937) to include the effects of inelastic collisions,

yielding results in agrcement with the reliable cxperimental data

)2.18

of Bradbury and Niclsen (section 3.3). Davydov (1935 confirnmed

>2.l9

the Druyvesteyn distribution, and Smit (1937 tcok into account

inelastic collisions and the variation of mean free puth. Amongst

other theories are those of Healey and Reed (l9hl)2'20, Yarnold

2.21 )2.22 2.23

, Holstein (1951 » Barbierc (1951) and Huxley

(1960)2'2h’2'°5. The approach most generally and productively

(1947)

employed uses the Boltzmenn transport theory, first applied in (2.16);

2.26

Huxley, and Huxley and Crompton (1962) heve presented a fairly



- 33 =

complete treatment which is closely followed in Appendix 3, and the
salient points of which are outlined in section 2.3.2. It will be
seen that the result obtained differs fram the Maxwellian and
Druyvesteyn distributions, but that its form is inconvenient to apply
elthough meny simplifying assumptions are retained. The extreme
difficulty of setting up the equations for ceclectron transport using

a realistic model, even at low E/p, is thus emphasised.

2.3.2. Huxley's Derivation cf the Electron Velocity

Distribution Munction.

An entirely general electron velocity distribution function
f(c) is defined for field free conditions, upon which is superimposed
a drift velocity v = v(c) in the x direction, to give & new
distribution function F(c,X). Thermal equilibrium is assumed, in
vwhich 1s implicit a restriction to very low E/p, and the general
distribution function in the presence of very low electric fields

follows (equation (A3.2)) -

F(c,x) = f(c) - %’i . i%(:c—) (2.11).

This cannot be evaluated until the zero field distribution f(c) and

the electron drift velcocity v(c) have been determined.

A mean drift velocity Vv is celculated in terms of vie),
¢ and f(c), using the relationship of equation (2.11), and the

expression derived by Langevin for the drift velocity (equation (2.1))
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is substituted for the function v{(e), introducing the further
assumptions that the velocities are completely randomiscd on impacts
which ere always perfectly elastic. It 1s also assumed that the
Ramsauer effect does nct exist, so that the electron mean free peath
X is constant, to give the mean electron drift velocity (equation

(A3.3)) for electrons as

— ymeEA' [T 2

¢

where \' is the effective mean freepath.

f(c) is evaluated by equating the rate of cnergy gain from
the field to the rate of loss by collisicn. It is assumed agein that
collisions are elastic, and also that the ncutral molecules are
stationary, that the collision rete is determined by f(c) rather
than F(c,X), and that the electrons are isctropically scattered, to
give equation (A43.6). Tais equation is then sdjusted so thet for

non-stationary molecules and zero drift velccity, f(c) becomes

Maxwellian, which leads to the final cxpressicn for fc) in cquation

(A3.7) -

c
f(c) = constent x exp[; J me.de = ] (2.13).
2M(eEA" )2/3(mc ) +kT
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If inelastic collisions are to be considered , the fructional
energy loss term f in the energy loss rate expression must be
modified. In these circumstances f = f(%mcg), wherc this function is
unlikely to be simple and will exhibit resonances for %mcz = hv, where
v has values corresponding to the excitation and ionisation potentials.
It is feasible to use an estimated mean value for f, when a similar

analysis yields, for the case of electrons

Cc =
f(c) = constant x exp[- J (eE)\'%lg}g;mcﬂiT]

It is evident that the use of distributed parameters produces
unwieldy expressions, even though a number of severe simplifying
assumptions has been adopted and scveral procedures of apparcntly
dubious validity heve been executed. Simplification of the
expression for the zero field distribution for electrons (equation

(2.13)) gives
2 2
f(c) =« exp(Ac” = Binc“) for constant T,
and substitution in (2.11) yields the gencral distribution function
. 2 2
F(c,X) « (1-D+E/c).exp(Ac”=B1lnc"),

which mey be compared with the distributions due to Maxwell

fM(c) o« exp(B'cg)

L
and Druyvesteyn fb(c) « exp(B'c ) .
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2.4, The Validity of Existing Theories at Low E/p, and

Their Extension to Moderate and High E/p.

The application of the Boltzmann transport method has been
revieved by Allis (1956)2'27, since vhen the work of Huxleyz'zh’2'25
and a number of other authors hus been published. Arthurs and
Dalgarnc (1960)2'28 calculated the mobility of distomic ions at
0°K in terms of the dipole moment and the polarizebility, and

c.29 considered rotaticnal and vibraticnal excitation

Heylen (1960)
to obtain an electron energy distribution that was approximately
Maxwellian, and showed that the substitution of a Maxwellian
distribution and experimental cross-sections in Allis' expression

for v_ gave good agreement with the data of Bradbury and Nielsen
(scetion 3.3). Demetriades and Hill (1965)2'30 analysed the motion
of pulses of charged particles under space charge limited conditions,

2.31 solved the

neglecting diffusion effects, and Werd (1965)
continuity equations, allowing for diffusion,ionisetion and space
charge, to show thet v_ « uE+<D_ at low E/p. Lawscn and Lucas (1965)
2.32,2.33 have calculated the ratic D/uy using a model thet takes into
account positive ion and direct pheoton secondary effects at the
cathode, and have supported the calculaticns by experimental
measurements in (H2 + 0.0l%Ne) for the moderate E/p runge 15 to 350

volts.cm-l.torr-l.

The conditions existing in the electron avalanches of the

present investigation mey be summarised as follows -
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1. thermal equilibrium does not exist v_ 2 c.

2. X = Av_,c)

3. non-stationary molecules, except at very high E/p, where v_>>c¢
and it is reasonable to assume stationary molecules

4, inelastic collisions of many types

5. probably non-isotropic scatter of electrons

6. diffusion can be ignored for E/p > T5 volts.cm"'l.to::‘r"l (section
1.6)

7. negligible electrostatic interaction between the particles (section
1.6).

8. non-Maxwellian velocity distribution.

Of a1l tvhese conditions, probably the greatest obstacle to
a satisfactory theoreticol treatment is the need to include different
types of inelastic collision. An appropriatc analysis of the preblem
has not been found, and Huxley's work represents on attempt tc solve

the problem, subject to the assumptions -

1., thermal equilibrium exists v_ << e,

2. A is independent of c.

3., stationary mclccules for part of the treatment
4., momentum transfer collisions only

5. 1isotropic scatter

6. diffusion can be ignored

7. non-interacting particles.
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From equations (A3.3) and (A3.7)

© c
v_« A J ce. '%b [exp J -zfaéyi-:}.dc
5 AT/c"+B

(where A = AE, B = kT), which becomes

© 2
v <« A J (A +Be 2)2]3 /A [% + hBa (A +Bc ) :l.exps— +édc
- A 2B
o]
(2.14)

From which it is clear that v_ depends on E/p in a complex menner
(since E/p o EA = A). The agreement of this theory with experimental

data at low E/p has not been investigated.

The mean values approach in section 2.2 makes the same
assumptions as Huxley's model, except for the Langevin-Thomson
treatment, which considers the polarisation attraction between ions
and molecules but still retains non-interacting ions, and yields &

relationship

v_« E/(p)% from equation (2.6).

This relationship does not give the observed functional dependence
of v on E/p, but yields mmerical values of the correct

magnitude for positive ions at low E/p.
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Otherwise, the mean values method produces the relationship,

from equation (2.8),

1

v_a (E/p)? ,

which gives numerical values that arc a factor cf about five too
large for ions, but are correct for electrons at low E/p. The
functionel dependence is also valid for elcctrons at low E/p and for

ions at E/p = 5 to 15 volts.cmfl.torr-l, but not for E/p < 5.

Langevin's originel method can be extended naively to high
values of moderate E/p, wherc v_ > C. Then, equating the rate of

energy loss to the rate of energy geain

— ——

eEv_ = f. im(c2 + vg).(c2 + vf)g/x .

vhere f is the mean fractional energy loss factor. If v >> ¢, this

becomes

v_ = (2e/ﬁn)%(EA)% a (E/p)% (2.15)

2.5. The Attaimment of Equilibrium by Initieting Electrons.

It has long been recognised that an end-effect exists in the
Townsend discharge, beccuse the initiating electrons leave the cathode
with a velocity distribution which differs from that of electrons in

equilibrium with the applied field and the gas, and a correction term
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t, is often included in the current growth expression

i=1i.expa v (t - to) - seec section 1.2. This problem has been

2.3

treated by ven Engel” "~, subject to the same ccnditions that were

applied in section 2.2, in the following manner,

The net rate ot which an electron acquires energy is

(3nc?) = eEv_ - f.ime .-% (2.16)

Tt

Substitution for ¢ from equation (2.1), and integration gives

t/to

%.ln[ (1 +c/e M1 = c/e) }- tan-lc/cw,

where ¢, = (1/16)(e/m) () M) o (07 MEp (2

is & time ccnstant, corresponding to the time taken for an electron
to acquire 94% of its final value v_. c_ is the value of c when the
left hand side of equation (2.16) is equal tc zero. If the value

of ¢ is put into equation (2.1), the expression obtained for v is

1/4

v_ = (1/16)(e/m) () *(m0) 2 (E/p)’ (2.18)

Values for v_ calculated from equation (2.18) show poor agreement

with the experimental values from (3.48) =

-

E/p volts.cm T.torr ! 30 50 100 200 400
v (ca\.lc.)cm.ssec.lxlo"7 41 53 75 106 150

v_(3.48)cm.sec'1x10'7 0.5 2.2 4.8 8.1 12.5
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This approach can be extended to the case for v_>> c,

at high values of moderate £/p, vhen equation (2.16) beccmes

a ;1 2y _ 1
3 (3mv2) = eEv_ - f. $ .3nv

Integration gives, using v_ = O when t = O,

t = (A/fa). 1n[ (& + v)/(a - v)]

or (2 + v)/(a - v) = exp(t/to)
where o = (2AeE/fm)%, t, = A fa.
Thus t_ = (Am/2feE)? (2.19)

The significance of to under the conditions of this

investigation is discussed in section 5.k4.2.
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CHAPTER 3

PREVIOUS DETERMINATIONS OF ELECTRON
DRIFT VELOCITIES, WITH PARTICULAR
REFERENCE TO HYDROGEN.

Introduction
Magnetic Deflection Method
Shutter Method

Measurement of Exponential Growth of
Electron Current

The Pulsed Time-of-Flight Method
3.5.1. Hornbeck's Time-Resolved Experiment

3.5.2. Recent Time-of-Flight Measurements

The Investigation of Very Fast Current

Transients

The Present Investigation
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3.1 Introduction.

The methods available for the measurement cf electron drift

velocities can be classified into four main groups -

1. Magretic deflection
2. Shutter methcds
3. Exgponential growth of electron current

4., Pulsed time cf flight,

These categeries are not exclusive and there is & certain amcunt of
overlap; for instance, the shutter methods are essentielly o time of
flight determination. 1In general, the shutter and megnetic deflection
methods are confined to equilibrium d.c. experimental conditions, but
the exponential growth end time of flight techniques can also be

applied to abeve-breakdown pulsed conditions.

3.2 Magnetic Deflection Method.

Townsend and Tizard (1913)3‘l

obtained values for v_ by
measuring the magnetic deflection of electrons drifting in & uniform
electric field. Their equipment (fig. 3.1) used 2 hot filament
electron source behind a slit in the cathode. In the ebsence of e
megnetic field, electrons passing through the slit drifted in the
electric field to the centre strip C2 of the anode, which was

parallel to the cathode slit, and the current was measured with the

electrometer; the smaller currents to the strips Cl and C3. due to
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lateral diffusion, were neglected.

A megnetic field H,, was applied, parallel to the slits,

12
until equal currents to C, and C, were cbtained, and then a
megnetic field H23 in the reverse direction until the currents to

. . = 1 N
02 and C3 were equal. A mean field H 2(H12 + H23) was said to
give a deflection 6 = a/2d, where a was the separstion of the anode
strips and d the separation of the cathode and the anode.

Equating tand to the ratio cf the magnetic and electrostatic forces

acting on an electron, it follows that v = Ea/2HA.

This technique has & poor resclving power because of the
finite size of the ancde strips, and the difficulty in determining
precisely the point at which the curremts are equal. Nevertheless,
it has been extended and improved and is still in use in & modified

)3.2

form. Hershey (1938 extended the technique by the use of a large

and poverful magnet tc obtain megnetic fields of up to 5000 ocersteds,

3.3 an

compared with Townsend's fields of a few oersteds. Huxley d

Bailey3'h

have both progressively improved the technique over a
period of years. Huxley used a circular hole in the cathode, and
two concentric discs split on & diometer for the sncde, and related
the currents collected by the different points of the anode to the
applied megnetic field, tc obtein values for the ratic v_/D, where
D is the diffusion coefficicent (which was ignored in Townsend's

original experiment). Huxley's group continue actively to apply

and develop this method - e.g. Crompton, Elford and Gascoigne (1965)3°5
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and Liley (1967)3'6 - and obtain results of high precisicn,

3.3, Shutter Methcd.

Measurements of v were first made using the shutter

3.7

tcchnique ir 1936 by Bradbury and Niclsen , and this nethcd

has served as o model for o number of subsequent investigations

by severel workers. Bradbury and Nielsun used as shutters the

electron filter designed by Leeb (published 1935)3'8,'and leter

)3.9 3.10

developed by Lusk (1927 and Craveth (1929)

)3.11

s 1n a method
previously used by Van de Gractf (1929 t0 measure ion mobilities.
Photoelectrons, relecsed from the zinc cathode by a mercury arc

u.v. source, drifted to the auode under the influence of the uniform
field (fig. 3.2). A potential, varying sinuscidally about the

cmbient uniform field pctential, was applicd between alternate wires

cf the grids, to both grids sirmltaneously. As the potential between
adjacent wires wos increased, an increasing fraction of the electrons
passing through the prids was ccllected, thereby reducing the
transmitted current. Thus when the electron transit time between

grids was equal to o multiple of a half period of the epnlied frequency,
the instantenecus maximum current transmitted by the first grid at

zero potential difference was also a2llowed to peass with ninimum
attenuaticn by the second grid, so that thc electrometer, (which was

insensitive to the high frequency vearintions), recorded a maximun for

the anode current. In practice it was found most convenient to fix
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the amplitude and frequency of the alternating voltage, and to locate
the rescnances by sweeping the applied field ¥, keeping the pressure
constant. Usually lst, 2nd and 3rd order resonances cculd be located,
corresponding to t_ = 31,7 and 3/21 (fig. 3.3). It was found that
the larger the amplitude of the alternating potential, the sharper
were the resonances and therefore the more precisely they could

determine t .

Their background pressure before admission of hydrogen
was stated to be less than 10-7 torr, but gas purity wﬁs probably
not ;f the standard achieved in later experiments, as cylinder
hydrogen was purified by passing over a hot copper gauze and through
liquid nitrogen traps. Measurements were made in the E/p range 0.03
to 20 volts.cm-l.torr—l, and in the pressure range 1.5 to 50 torr
(p@ = 9 to 300 torr.cm. approximately), and values for v_ vere
obtained that were consistent, at a given E/p, for readings at varying
pressure and of different order. The graph of v_ plotted against I/p,
which is reproduced in fig. 3.k, shows thatthcirvalues lay between the

)3.12 )B.h.

earlier values of Loeb (1922 and Townsend and Bailey (1921

Bradbury and Nielscn also calculated momentum transfer

cross-sections using the theoretical treatment due to Compton (1930)

3'13, which assumed elastic collisions between hard spheres. Poor

agreement was obtained using the classical energy loss factor £ = %%%
but there was fair sgrecment if it was assumed that rotational end

vibrational excitations were important and that the fractional energy
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loss could be described,rather arbitrarily,by an f factor that varied
linearly with E/p and had the value f = 16 x-gﬁ at E/p = 20volts.cm-l.

torr-l.

Aspects of this cexperiment are oben to criticism. The
amplitude of the alternating potential applied tetween the grid wires,
maximum 200 volts, would have destroyed the uniformity of the field
applied to the drift space, particularly in the low E/p range where
the applied voltage could not have been grecter than 10 volts. Gas
purity and the use of sinusoidal rather than square w;ve forms on
thé shutters reflect the technology of the time. But subsequent
measurements have verified the v_ vulues from this experiment, end
the technique has been refined and extended by many leter workers
over a period of more than thirty years. Its particular advantages
are that the velocity of the bunch of electrons is determined after
time has been allowed for equilibrium to be attained between the
electrons and the gas and the applied field, and that en essenticlly
pulsed measurement produces data in d.c. form, which permits rapid

data acquisition, in contrest to the present investigation.

Amongst the later investigations of v using the Bradbury-
Nielsen technique are those of Pack and Thelps (1961)3'lh and

Prasad and Smeaton (1967)3'15

. Pack and Phelps measured v_ in
helium, neon, argon, hydrogen and nitrogen in the E/p range lO-h
to 10 volts., cm"l.torr-l and the temperature range TTOK to 373°K,

and also derived momentum transfer cross-sections, but only at very
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low electron energies of 0.003 to 0.05e¢V. The technique differed
from that of Bradbury and Nielscn in that photo-electrons were
released from the cathode using a pulsed ultra-violet source
synchronised with square shutter pulses. This permitted two

separate values of v_ to be determined f&r a given electron swarm

by measurement of the transit time to each of the grids from the
cathode, so that e¢nd effects due to the shutters and initial non-
equilibrium of the photo-electrons could be eliminated. Also, the
voltage pulses applied to the grids were usually kept below 40% of the
applied voltoge, when it was found that no end-effects were apparent.
Measurements were also made in which the shutters were normally open,
with zero voltage applied, and were closed briefly by short voltage
pulses so that the applied field was perturbed for the minimum
fraction of the total time, which apparantly eliminaeted cnd-effects
under 211 conditions. A number of other minor improvements were also
made, and the velues for v_ for hydrogen cre in close agreement with

these of Bradbury and Nielscen, and also Wahlin 3°16. It was shown

3

that v_ = E/p for He, H,, Ar, and N, at low E/p (< 3 x 10" for Hy)s

2
and also that v_ depends on temperature (fig. 3.5), the electrons being
in thermol equilibrium with the gas (T, = Tg) and having 2 Maxwellian
velocity distribution. Pack and Phelps calculated momentum transfer
cross-sections for this thermal equilibrium region, using the theory

3-17

due to W.P. Allis , and for hydrogen obtained the relationship

ot = (1.28 - 2.l7u)x1015cm-2, where u is the electron energy in eV,
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valid for the energy range 0.003 « 0,05V o = 8x10—l6 cm2 in this

range.

Prasad and Smeaton have most recently applied the
Bradbury and Nielscn technique to achieve E/p values from &4 up to
40 volts.cm_l.torr-l, by employing faster goating pulses than Pack
and Phelps (100nsec wide, 1Omsec risc and decay times), and applying
voltages of up to 10kV across the drift space. They used a
thermionic electron source to initiate the avalanches, and mede
measurements in cylinder grade nitrogen to cbtain good agreement

3.18

with Lowke's values; preliminary values were also obtained in

hydrogen.

3.4, Measurement of Exponential Growth of Electron Current.

It is shown in Appendix 2 that the current due to the
electron component of a pulsed discharge, in the time interval

Ost st , is giver by equetions A2.1 if o # O, that is

nev_
I(t) = )

exp(o v_t)

Determination of ths exponential time constant (1/av_) permits v_
to be calculated if relisble values for o are available, and it is
better if o can be determined concurrently with (1/av_) because of

its dependence on gas purity. This method has not been widely used,
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but has been principally employed by the Hamburg group of Raether
as a check on v_ valucs obtained by the pulsed time of flight
technique. Its particular shortcoming is that it is necessary

to record the current over several orders of magnitude to find the
exponential time constant, which means that the final current must
be several orders great<r thar the minimum detectable current, with

the conscquent possibility of space charge distortion.

The exponential growth rate may also be dctermined by
monitoring the photons from inelestic electron-molecule collisions,
if corrections are made for the geometry of the viewing system.

The ratio of exciting to ionizing collisions, §/a, is generclly in
the region of unity for monatomic and diatomic gases, but depends
both on the gas and E/p (e.g. for H,, 8/a = 1.6 and 10 at E/p = 30
and 15 volts.cm-l.torr-l respectively - Legler (1963)3'19), whilst
the number of photons detected will depend on p and on the spectral
response of the detector. If 6&/a ~ 1, the optical method using e
high gain photomultiplier is about three orders of magnitude more
sensitive than the clecctrical method, but at high E/p it is necess-
ary to check that the relaxation time of the excited states does not
introduce errors. Carc must &lso be taken to avoid false signals

due to resonance scattering (section 5.4.3).

The optical method hes been used by Dibbern (1961)3'20

with the experimental arrangement shown in fig. 3.6. The photo-

multiplier was placed behind a quartz anode, rendered conducting
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with a transparent film cof SnC]2 « A 3usec pulse of photoelectrons
was releasced through the hole in the cathode by irradiation with o
pulsed ultre~violet lamp, the light frcm which was prevented from
reaching the photomultiplier by the disc Bl. The geometrical
factor g veried according to the position of the avelanche, and
had a maximum value of O.4, and the overall detection efficiency,
that is photucathode electrons per "detectable" photon from the
avalanche, wos about 0.025. After applying the appropriate
corrections Dibborn plctted log V, where V was the output signel,
against t to obtain & straight line of slope 1 = 1/a v_, to
confirm the exponential growth concept. It is stated that the T
values are in agreement with the o and v_ values of other zuthors,
the measuremeunts having been made in N, + 20 torr of 002,'at a
total pressure of about 14O torr. Determinations werc also made
of ¢&/a , and of v_ by the observation of secondary avalanches in

a limited regicn just below breakdown.

)3021

Frommhold (1960 has determined 1/av_ by direct

measurement of the electron component, in an experiment which
commbined this technique with time of flight measurements. He

observed uniform field electron avalanches below breakdown in Hys

X O2 and some organic vapours, initiated by a photoelectron pulse

i . . o . 2
of about 10 electrons and with a gas amplificaticn of about 107,

N

The logerithm of the total current was displayed agoinst time on en
oscilloscope (fig. 3.7); the initial straight portion is due to the

electron component and 1/av_ is obtained from the slope, and the
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plateau is due to the ion component. The scetion At has = finite
length beceusc of electron diffusion and the length of the initiating
electron pulse, but the electron transit time, from which v_ wes
calculated, could be obtained by relating the position of this
portion to a start-time marker. Ideal curves of this type werc

obtained with H

5 and NE’ but not with 02, air and the organiz

vapours.

3.22 3.23

Rose's values for o in H2, and Masch's for o

in N2 were used to calculate v. from 1/av_, and these agreed well

with the time of flight measurements, indicoting thet the physical
picture of an avalanche described by equation 1.2 is valid in H,

<
and N, for the E/p range 20-35 and 30-80 respectively. Fig. 3.4

shows that the H2 values oppeor to be consistent with those at lower

E/p due to Bradbury and Nielscn.

)3-2h

Jager and Otto (1962 used a technique that was

essentially the same as that of Frommhold, to determine v in H,
- (a4

and Ar in the E/p range from 15 to 30 volts.cm-l.torr_l, but with
residunl gas pressures as low as 7xlO-lOtorr. The meticulous vacuun
technique necessary to achieve this pressure in a glass system was
unfortunately wasted to some extent, since the gases used had an
impurity content of 20p.p.m. The purity of these "spectroscopically
pure” gases could have been substantially improved by diffusing the
hydrogen through a palladium thimble and by cataphoresis of the

argon (section 4.2), but theoy were still more pure than those of

Frommhold. For low gas multiplications (exp ad«10), v was
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determined from transit time measurements, and for higher mulitiplic-
ations from l/av_, using Rose's values for o. These values agree
well with Frommhold's, and likevise arc consistent with those of

Bradbury and Nielsen (fig. 3.8).

3.5. The Pulsed Time-of-Flight Method.

Prior to 1940, all guantitative investigations of the
properties of gas discharges had been made below breakdown, under
equilibrium conditions, by relating the total d.c. current (though
the ion currcnt is only ~ 1% of the electron current) to such
parameters as p, io’ d, and E. The only exception toc this was the
determination of Paschen curves by observation of the catastrophic
breakdown which cccurred at the sparking potential (e.g. de la Rue

and Miller (1880)3‘25, Paschen (1889)3'26, Carr(1903)3'27).

In 1940 Engstrom and Huxford 3.28

initiated the study of
current transients when they observed that the time=resolved
current from gas-filled phototubes, subjected to & chopped light
source took several milliseconds to react fully tc the light

transients. This they attributed to the action of metastable states

as & secondary process.

Von Gugelberg (l9h7)3'29

irradiated the cathode of o plane-
parallel gap with intense ultra-violet light to release & heavy

photoelectron current, and then applied a step-function voltage
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across the gop and observed the resultant current transients on an
oscilloscope. He applied the theory of Bartholomeyczyk (19140)3'30
to the results and evaluated the contribution of secondary processes,
meking the assumption thot photon secondary emission at the cathode
wes neglible. This technique has been refined and exhaustively
applied under conditicns of high purity and in a number of gases

by the grours at Keele and at Swansea (e.g. D.K.Davies et al (1963,

196&)3‘31, Mcrzan and Williams (1965)3'32, Betts (1965)3'33

)3.3h)

, Willis

and Morgan (1969

[
Davidson (1953)3'3’. Devidson's treetment of the problem has been

s using the more rigorous analysis due to

criticised because it does not take into account the effects of
spece charge, but careful experimentation can minimise space charge

distortion.

Molnar (1951)3'36 conducted a study of metastable secondary
action in inert gases by epplying a d.c. potential to a plane
perallel gap and irredieting the cathode with chopped ultra-violct
light. By observing the current transients on & oscilloscope
Molrar was able to derive values for the diffusion coefficient and
the probability for volumedestruction of metastables, using

his own theory.

Hornbeck (1950)3'37 conducted a parallel investigation intc
faster current tronsients with the initial intention of determining
T the positive ion secondary ccefficient, in the inert gases. This

experiment will be described in some dctail, as it is a good example
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of a careful study of current transients and also produced values
for positive ion and electron drift velocities, some of which will
be used for compariscn with the early results obtained in the

present investigation.

3.5.1. Hormbeck's time-rescived experiment.

This experiment, conducted in helium, neon and argon in

the E/p range 0-800C volts.om T.torr T yielded:

1. confirmstion of & theoretical treatment due to Hewton (l9h8)3°38
2. some imprecise values of Y
3. positive ion drift veloecities (E/p = 8 to 800)

4., electron drift velocities (E/p = 0 to 3.6).

The cathode of a plane-parallel gop was illuminated by a
O.lusec pulse of ultra-violet radiation whilst a d.c. sub=breakdown
potential was applied between the electrodes, ond the subsequent
current transient was observed on an oscilloscope. It was intended
that the short u.v. pulse would permit resolution of the faster
secondary processes from the ¢ffect of slowly diffusing metastable
atoms; the time scale was not fast enough to resolvc secondary offects
due to enargetic photons (provided there were no photon delaying
processes in the gas), since the u.v. pulse length was of the same
magnitude as the electron transit time, sc only positive ion effects

should have been seen.



MICROSCOPE
- e« EXPERIMENTAL
' TUBE  MaGNET

3
=0

.

0 TRAVELING

SPARK
LIGHT soancc { A

! HiGH —LI 3
VOLTAGE £

Boviinsian g it s r J fE
“oramn i e

‘)\—..'..
»
ased
(a2}

Ceesec

c

TRIGGER
i O
son iy, [ ha
™ VIDEQ
VACUUM ,._ , PRE-AMP ATTEN AMP

PHOTOTUBE ¢ ] W . —]
CRT -

P,
—

SYNC | SWEEP

[ s

-t e

Pig. 3.9

Hornbeck's apparatus for studying current

transients.



- 56 -

The expcrimental arrangement was as shown in fig. 3.9.
A gluss experimental tube contained a nickel anode and a BaO/Sr0
coated nickel cethode, both of diameter Scm, sepurcted by a veriable
distance ~ 1 cm., Adequatc high vacuum techniques were used, though
the presence of an oxide-coated cathode almost certainly prevented
the attaimment of very high gas purity. Mass spectrometry showed the
~impurity content to be less than 50 p.p.m. The d.c. potential
was derived from dry batteries, and the cathode was illuminated
through the quertz window and the perforated anode by a u.v. pulse
from a spark gap in air, triggered by a third eclectrode at 60p.p.s.
The oscilloscope was triggered by a photocell which monitored the
light cutput from the spark tc eliminate the effect of jitter in
the timing of the spark, and the voltage developed across R was
displayed on the oscillcscope. The variable portion of R was used
to offset the high initiel current, due to transit of the photo-
electrons, by superimposing a signal of opposite pclerity from the

photocell, thus preventing saturastion of the amplifiers.

Hornbeck formulated & theory to calculate values fer
\f from discontinuities in the current transients; in fact, he was

not able tc do this with any accuracy, and values for Y; were not

)3-39

obtained until Varney (1954 repeated the experiment and applied

a modified theory. Instead, he was able to derive values for v, and
v in helium over a limited E/p range. Hornbeck predicted ond

achieved current transients of the shepe shown in fig. 3.10. There



Fig. 3%.10

A current transient in Argon (Hormbeck).
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was first e very short, large amplitude current, ci expcnentially
increasing magnitude, due to the possage of the primary electron
avalanche to the anode, with an abrupt discontinuity as these
electrons were collected by the ancde. Fig. 3.1C does not show

this pulse because of the electrcnic blocking technique described
earlier, but Hornbeck measured its width at low E/p, where
ionisation was slight, to obtain values for v_. Following this
pulse, the approximately flat section between t+ = O and t = 1
corresponded to the drift of pcsitive ions from the anode back

to the cathode, when there was a. second discontinuity as they were
ccllected. The section fromt = 1 to t = 2 was explained by the
drift of a second generation of positive ions from anode to cathode,
these ions having been created by o secondary electron avalanche

of smaller amplitude than the primary (since V < VS), initiated

by positive ion bombardment of the cathcde. This was precisely

as would be expected in the below-breakdown conditions preveiling,
except that it is difficult to understand why the short current
pulse due to the second electron avalanche was not recorded. All
the disccntinuities are blurred out by diffusion, but Hornbeck
determired the point of inflection at t = 1 to calculate values for
v, . Typical positive ion transit times were v 50usec, 2nd electron
transit times 3uscc; the width of the u.v. pulse (1/10usec) would
have caused the v_ determinations to be rather imprecise and limited
the E/p range to a maximum of 3.6 volts.cn t.torr Y. The magnitude

of the currents flowing in the gep, equivalent to about 107
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clectrons, were not excessively large but would have cauced some

distortion of the applied electric field (sections 1.6 and 5.4.2).
The technique would not have allowed any discrimination

against the coffects of delared photons in its original purpose of

and v in helium are

+
The v values show

measuring Yi’ because of the comparable time scales of these two
secondary processes.
The valucs obtained by Hornbeck for v

shown in figs.3.11 and 3.12 respectively.
fairagreement with those of Townserd and Beiley (meagnetic deflection

Leeb (1955

method) and, though not illustratced in fig. 3,12, with those of
be placed in the pulsed method, and its extension tc higher E/p,

Bradbury end Nielsen (shutter method), so that some confidence may
'ch
)3 0]

where other techniques feil, is justifiable.
remarked that"It is seen that the pulse method without much carc

yields intercsting data on the electron drift velocity, and this

technique deserves further exploitatiorn".
3.h2

In an early variant of the pulsed technique, Raether (1937)
and Allen and Phillips

3’hl, and subsequently Riemann (1942)
(1960)3'h3, were eble to produce single avalanches in a cloud
chambar, by the use of very carefully controlled ccnditions in gas
mixtures (to quench photon secondary nrocesses). This has never been
a particularly potent technique for the meesurement of v_, but it
illustrates spectacularly the phenomena being studied and & photograph



Fig. 3.13

A single electron avalanche

in a cloud chamber (Raether)
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by Raether is reprcduced in fig. 3.13.

3.5.2. Recent Time of Flight Meesuraments.

Jhb . .
Breare and von Lngel (1961&)3 b developed o technique, first

45 ;
3.4 to obtaln absoclute values

used by Corrigen and von Engel (1958)
for the excitation coefficient, tc measure electron drift velocities
in hydrogen for E/p in the range 1b tc L3 volts.cm_l.torr-l. This
technique closely resembles the pvhoto-multiplier method of the
present investigetion, and the experimental arrangement is shcown

in fig. 3.14. A glow discharge between clectrodes Sl and 82
produced initiating electrcns, which were introduced into the drift
space in short pulses by the appliention of square voltage pulses

on the gate electrode C. Two photamultipliers {only one is shown)
recorded the nrogress of the avelanche through their respective
viewing regions to permit a drift velocity to be calculated; vave-
length conversion by a phospherat P was thought to increase the
sensitivity. The v_ values obtained are shown in fig.3.15, and
good agreement with the results of other workers for E/p < 20
Volts.cm-l.torr-l iz shown. At higher E/p, the valuecs appear to

be a little high, and it is suggested that this might be due to the
offects of rescnance roadiaticn (section 5.4.3) since the pressure

was 2 torr, e falrly fovourable value for the observation of spurious

signals.
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Fig. 3.14

Breare and von Engel's apperatus for the

determination of v _.
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Collected results of eloctron drift velocitios in hydrogen as a function of the reduced
field. +, Bradbury & Neilsen (1936); O, Frommhold (1960); 4, Townsend & Bailey
(2921); (3, Gill & von Engel (1948); x, Presont measuroments.

Fig. 3.15
Breare and von Engel's values for v_

in Hydrogen.
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3.46

Schlumbohm (1965) measured values of v_ and v_ in a
number of gases to very high values of E/p, reaching
10"volts.om™ . torr™ in 0,, and 2x10° in H,. The methcd and
apparatus was similar to that of Fremmhold (section 3.4), dbut &
linear display of clectren and ion currents agoinst time (instead
of a semi-logarithmic display) was recorded on a wide-band
oscilloscope after sumplification, and the measurements were
principelly time of flight rather than exponential current growth.
A 15nsec duraiion ultra-violet light pulse released between th

P

and 10” photoelectrons, which drifted in 2 uniform field for e
distance of 4.7em with a gas amplification exp (@d) of about 10 only,
to preserve below breckdown conditions so that a d.c. electric field
could be applied. This necescitated ges pressures between 5 tcrr and
].O_2 torr, the low values being used at high E/p. It is most unlikely
that equilibrium was achieved at the lower pressures in the inter-
electrode distance of 4.Tem (this problem is discussed in greater
detail in secticn 5.2), and Schlumbohni s values for v_ at high E/p
are open to some doubt, but are the only ones aveilable in this
region. His results for H, are reproduced in fig. 3.16. Although

he does not give details of the vacuum techniques employed, the

gas impurity content was 100 p.p.m. before introduction into the
experimental tube, and u residual gas pressure of 10-6 torr would

have contributed an equal amount of contamination at the low pressures,

so it would appear that gas purity was cnly moderate.
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A recent investigation by Wagner,Davis and Hurst (1967)3'h7

used a technique of particular interest becouse of its similarity to
that employed by the suthor, though the measurements they made of v_
and the diffusion coefficient D were at very lov E/p (O to 2.5 volts.
cm—l.torr—l). This group had previocusly used a Gelger-Muller counter
to detect the arrival of single electrons in time of flight measure-

! i
)3. +8 )3.“9), the

ments (Hurst et al (1963 , Hurst and Parks (1966
counter being an intriusic part of the experimentel tube, which
severely limited the types of gas and the pressures that could be
used. Their new &pparatus is shown ir fig. 3.17, and has three
sections. Gas was steadily leeked into the swarm region, where a
uniform d.c. electric field was applied between the cothode ard the
earthed anode, in which therce was an aperture of 0.050" diameter

to the transition region (c.f. the apertures of 0.002" and 0.020"

in the present investigation). The transition region was different-
ially pumped to a pressure of about 10-2 torr by a Roots blower with
e pumping speed of 751.sec-l. The detection region was linked to
the transition region by a 0.156" eperture, and was pumped by ¢ 6"

o0il diffusion pump to a pressure of less than 10_5 torr, which is an

adequate vacuun for the operation of un electron multiplier.

A 0O.3usec wide pulse of photo-electrons from the cathode
drifted a distance of 24.5em in the uniform electric fiecld at gas
pressures of 1 to 25 torr normally, but up t¢ 200 torr on occasions,
and a sample of the swarm passed throush the hole in the anode and

the transition region into the detection regicn, for amplificotion by
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the electron multiplier. The data was cutomatically handled by
interfacing the cxperiment with a multichannel analyser to obtain

a time of flight spectrum.

Drift velocities were calculated from the most probable
time of flight and diffusion coefficients from the shape of the
spectrun for @ number of moderately pure gases, including hydrogen.
Good agreemernt with the results of other authors was obtained for
the v_ values, but not for the D wvulues, for which the discrepancies
ranged between a factor of 2 and of 7 (for argen). This discrepancy
nmey have been ettritutoble to the measurement of D in the field
direction in this cxperiment, whereas it is measured perpendicular

to the field in the Townsend method.

3.6. The Investigation of Very Fast Current Transients.

A1l of the investigations so far described have been confined
to the below-breakdown regime, in which therc is rclotively little
ges amplification and secondary processes are of slight importance.
The formetive time leg (f.t.l.), that is the time from initiation
of the dischargze to breakdown, has rcceived a great deal of
attention, both under conditions of small overvoltages for the
evaluation of secondary processes using the Bartholomeyezyk-Davidson
theory (section 1.3) which assumes o knowledge of v_, and in the

large overvoltage region where f.t.1l% are ~ 10~ sec.
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Dawson's apparatus for the determination of v_
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The very early studies of highly overvolted treok-down

3.50 3.51
?

were largely qualitative (Pedcrson (1923) , Tar (1928)

3.52)

Beams (1928) , and these were followed by o series of semi-
quantitative and highly ingenious experimerts. Wilson (1936)3'53
polarised the light emitted by a spark and viewed the light
through a Kerr cell whichk closed after application of the voltage
to the spark gap, ot a time determined by a variable deley linej
Vhite (1936)3'5h performed a similar experiment using pulsed ultra-~

)3-55

viclet irradiation of the cathode. Newman (1937 measured the
f.t.l. of 2 spark in 2ir by using as 2 timing devicc a delay line
along which were distributed bistable voltage seunsitive devices of

)30 56

an unspecified neture. Fletcher (1949 used a fast oscillo-
scope and coexizl experimentel geometry teo investigate the time
of formation of strecamers. These investigations were all concerned,

because of their leow svnsitivity, with an advanced stage of

catastrophic breakdown.

Dawson (1963)3'57, Davson and Davies (1963)3°58 and

IS
later Betts and Davies (1968)3"9

performed an experiment in which
it was intended to cbtain values of v_ by observation of the

early stages of this type of breakdcwn. Their experimental
arrangement (fig. 3.10) was designed to form a virtually continuous
transmission lire. The length c¢f 50ohm cable was discharged by

switching on the hydrogen thyratron sc that & rectengular voltoge

pulse, with a rise-time of 20nsec, propagateda down the 950chm cable;
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a reduction of the rise-time to 3.5nsec wes effccted by the
pressurised pulse-sharpening sperk gep. On reaching the experi-
mental tube, the pulsc was totally reflected until the gap started
to break down, when the growth of current prepagated aleong a further
length of cable which was metched into a Tektronix 519 travelling
wave oscilloscope. The displacement current when the voltage pulse
first reached the inter-electrode capacitance of the experimental
tube provided = timing mark. Constant illuminetion with ultra-
violet radiation ensured that initiating electrons were always

available.

Dawson calculated that, if the gas multiplication exp(ad)
was equal to 108, the arrival of the primary avalanche at the anode
could just be detected on the oscilloscope, and thus v_ could be
calculated from the time of flight. However, it was found in
practice that the experimental conditions to give a signel of this
amplitude required theoretical velues of exp od' (calculated from
a/p = £(E/p) and pd) in excess of lO8 and often as high as lOlh,
indicating that the simple picture of a single avalanche propagating
in a uniform clectric field of known magnitude was not applicable.
The velucs obtained for the "apparent" drift velocity are shown in
fig. 3.19, together with an extrapclation of the well-known values
at low E/p, and it is seen that at lower E/p the experimental
values arc depressed, but that there is a rapid increase and a

marked dependence on pressure as E/p increases above 100 volts

em t.torr™l. There is no doubt that, beceuse of inedequate
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sensitivity, this experiment required sufficiently high currents

in the gap to cause considerable space charge distortion of the
applied electric field, and the anomalous values of exp(ad)
substantinte this. Dawson was able to adequately explein, on a
qualitative basis, the low v_ velues below E/p = 100 volts.cm-l.torr-l,
but failed to account for the pressure dependent increasc at higher
E/p. It is possiblc that this effeet cculd be attributed to a lack

of equilibrium between the avalanche and the gas and the field, and

this is discussed further in sections 2.5 and 5.4.2.

3.7. The Present Investigation.

The present investigation was initiated as an extension of
that of Dawson, and with the same purpose of obtaining values for v_
at moderately high E/p, but with the intention that the factors which
made Dawson's results unreliable, in particular the effects of space

charge distortion and secondary avalenches, should be minimised.

If (pxd) values are to be high enough to ensure rapid
equilibrium of the photo-electrons, it is necessary at high E/p to
operate above break-down and so to use a pulsed discharge. The
delicate current balancing of the magnetic deflection method makes
it particularly unsuitable for pulsed applications, whilst the
intrinsically pulsed exponentiel current growth technique is unsatis-

factory because of the magnitudes of the currents required. The
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shutter method is attractive but is technically more difficult

above break-down because of the need to synchronise, with varisble
delays, the shutter pulses with the applied voltage pulse and the
u.v. lamp pulse. Also, the problem of resonance lccation, with the
slow data acquisition rate of the present experimental design, would
be formidable. In consequence, the approach adcpted was the time of

flight technique, the details of which are described in Chapter k.
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CHAPTER L

EXPERIMENTAL APPARATUS AND TECHNIQUES

4,1 Design Criterie for the Experiment
b2 The Experimental Tubes and Vacuum Systems

4,2.1., Tubes A arnd B, for the Preliminary Investigation
in Helium

L,2,2. Tube C, for the Principal Investigation in
H, drogen

4,2.3., The Vacuum Systems
4.3 The Ancillary Electronics
4.4 Experimental Procedure

4,5 Assessment of Observational Errors for Tube C
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k.1. Design Criteria for the Experiment..

The principal purpose of this investigation was to measure
electron drift velocities in hydrogen at moderate E/p and above the
range in which v_ is well known, that is for E/p > 30 volts.cm T.torr T,
The reasons for the selection of the pulsed time-of=-flight technique
are outlined in section 3.7, and the experimental philosophy was that
the greatest confidence could be placed in the data if the conditions
were arranged to ensure that & simple and well understood model was
reproduced experimentally. The model was that of a single electron
avalanche drifting in a uniform electric field, completely described
by n = n, exp(av_t), and free of the effects of secondary processes
and space charge distortion of the applied field. The investigation is
conveniently divided into two phases, a preliminary assessment of the
problem with tubes A and B, followed by the ' main experiment with

tube C.

The design criteria, some of which were not formulated or

applied until the second phase, were as follows -
1. Uniform field geometry. If values for v_ at precisely

known E/p are to be obtained, field uniformity is essential, and it
is also desirable that a/p = £(E/p) should be known. Implicit in
this condition is the requirement that the number of electrons in the
avalanche should be kept below 106 to minimise space charge disturbance
of the applied field (section 1.6). This necessiteted the use of a

detection technique of high sensitivity.
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2. Generation of single, discrete avalanches, which requires
initiation of the avalanche by & single electron or by a pulse of
electrons of width very much less than the clectron transit time,
and that the secondary avalanches are suppressed or separated fram

the primary avalanches.

3. Electron tronsit times > ijl.O-8 secc to permit the use of &
high sensitivity oscilloscope, and to obviate the need for very fast
pulse techniques, with their attendant limitations. The problem of
generating very short initisting electron pulses also imposed this

condition.

L, Rapid attaimment of equilibrium by the initiating electrons
(sections 2.5 and 5.4.2), for which it was necessary that the (pxd)
product should be adequately large. At E/p = 100 volts.cm t.torr
for instance, (pxd) > 1k.5 for equilibrium to be achieved within 5%
of the total drift distance. a/p = 1.29 at E/p = 100(5'26) , 80
that exp(o/p.pd) = l.hxlo8 for (pxd) = 14.5, which exceeds the
condition thet the number of electrons in the avalanche should be
less than 106. An exp(ad) value of 101+ was adopted as a compromise
between these incompatible requirements, and also for reasons detailed
in section 4.2. This gives & (pxd) value of T.l, and equilibrium will

be attained within about 10% of the drift distance. Now the sparking

criterion is that



- 70 =

exp(od) 3 (1/y + 1),

2 2

and for hydrogen y = 2,0x10° to 6.0x10 °, to give (1/y + 1)
= 2.5x10l ; thus the value adopted for exp(ad), th, greatly exceeds
the breakdown threshold of 2.5xlol, and all measurements had to be

taken in the above~breakdown regime.

5 The use of two different techniques to determine electron
drift velcocities, tc enable the consistency of the data to be
checked. It will be shown in Chapter 5 that one of the techniques,
the photcmultiplier method, proved unreliable when the data was

analysed.

6. The application cf ultra~high vacuum techniques to ensure
that the impurity level was reduced to the minimum prectical level.
It is concluded in section 1.7 that gas purity is not of paramount
importance in the determination of electron drift velocities, but
it seemed preferable that the data should have been obtained in clean
gas samples. However, in retrospect, it is thought that the techniques
for this investigation could have been developed with greater facility
if preliminary measurements had been teken in o system offering a
poorer vacuum but affording ready access to the electrode and

detection regions.



Fig. 4.1

Tubes A and B, and the bakeable section of

the vacuum system (tube A is the larger).
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4.2, The Experimental Tubes and Vacuum Systems.

4,2,1. Tubes A and B, for the Preliminary Investigation in Helium.

Tube A is shown in fig. 4.1. The anode ond cathode were
pressed from sheet nickel to have a flat surface over o diameter of
4,5 em, curving at the edges with = radius of about 0.5 em to avoid
local high field regions; the overnll diameter was 5.0 cm and the
anode-cothode separation was 4,64 + 0.05 em to give = D/d ratioc of a
little under l.l. Two gucrd rings of diameter 5.0 cm, made from
0.15 cm thick nickel wire, were equispaced between the anode and
cathode. The uniformity of the field for this tube was not determined,
but the similar electrode configuration of tube C implies that the
field was adequately uniform (fig. 4.6). To permit accurate alignment,
the assembly was held in o jig whilst being mounted on a glass fraue,
and was sealed into the tube as a unit., No conducting coating was
applied to the inner walls cf the vessel to eliminate charge build-up,
as the walls were fairly remote from the electrodes and a degree of

screening was provided by the guard-rings.

A step voltoge was applied across the electrodes by & manually
operated mercury switch in series with the output of a precisicn
potentiometric divider, which was powered by a stack of dry batteries.
The rise-~time of the mercury switch was 3 usec, but at an earlier
stage, when it was hoped that electron drift velocities could be

measured, o hydrogen switch with a rise-time of 30 nsec was built. The



¥igs 4.2

Tubes A and B, with the photomultipliers

positioned to monitor tube A.
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breaskdown current was limited tco a meximum of 4 mA by a series
resistance, the signal across pert of which was used to monitor the
discharge current; the time constant of the resistance in parallel
with oscilloscope and electrode capacitances was 200 nsec. The zero=-
current applied pctentiel (200 to 1400 volts) was measured with
negligible error using a precision potentiometer. The guard-ring
potentials were mointained by a resistance chain, selected to match the
separations to within 1%, and the time-constaont was sufficiently short

for the guard-rings to follow the potenticl variations.

Initiating electrcns were relcased from the cathode by
continuous ultra~violet irrediaticn from 2 high pressure mercury lamp.
The development of the discharge was monitored by two photomultipliers
which viewed regions near the anode and cathode through collimating
slits. The experimental tube was enclosed in a light-proof box
(fig. 4.2), and was pumped through a length of tubing shaped to have
an optical path involving a minimum of four internal reflections
and coated internally with colloidal grarhitc (Aquadag). This
arrangement gave o background count of about th photons per second
from the photomultipliers. The ultra-violet irradiation was introd-
uced by a light-guide projecting through the side of the box, and
passed through a quartz wvindow and the perforated anode (20 x % mn
holes) onto the cathode. Inside the tube the light-guide was coated
with Aquadag, outside with opaque black tape, and the stray ultra-

violet signal was reduced to an acceptable level by the collimating

slits of the photmultipliers.
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Fig. 4.4b

Tube C and the bakeable section

of the vacuum system.
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Tube B is shown in fig. 4.1. The sheet nickel anode and
cathode had a flat surface over the whole diameter of 2.0 cm, with
& slight bevel at the edge, and the fixed separation was 0.37 + 0.05
em to give a D/d ratic of 5.4. This ratio is sufficiently favourable
to make the use of guard-rings urnecessary. Tube B did not differ

from tube A in any other respect.

4,2.2. Tube C, for the Principal Investigation in Hydrogen.

Tube C is shown in figs. 4.3,4.4a and L.4b. The machined and
polished stainless-steel electrodes (fig. 4.5) had a diameter of 10.0
cm, the anode-cathode separation was 11.88 cm, and the four guard-rings
were separated by glass spacers which were ground to the same length
to within a tolerance of 0,01 em, so that thc anode and cathode were
parallel to within 0.05 cm. The assembly was clamped together by
tightening the nuts at the ends of the three glass rods, which passed
through the electrodes and spucers and had threaded steel studs
attached to tungsten seals at each end. There were no differential
expansion problems as both spacers and rods were glass. A 5.0 cm
diemeter nickel-iron (Kovar) disc completed the anode, and made an
electrical pressure contact to the outer annulus of the anode, A hole
of diameter 5xlO_3 cm was punched at the centre of the Kovar disc, but
this was later enlarged to 3.5xl0-'2 cm for what will be czlled the

'large hole data' (Chapter 5). The anode was earthed and a pulsed

negative voltage was applied to the cathode (section 4.3), the correct



~Fig. 4.5

The electrode system for tube C.
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potentials being established on thc guard-rings by the chain of
vacuum resistors (Pyrofilm), which had a tolerance of +1%. The
maximun voltage rating of these resistors proved to be the limiting
factor for the greatest wotential that could be applied across the
drift space (1250 volts). The field uniformity was determined by
an electrolytic tank method, and was found to be satisfactory

(figo ’4-6)'

A fine needle, of diameter 'T.leO-2 cm, passed through and
made contact with the second guard-ring from the cathode, and the
position of its tip could be varied in three dimensions over a
small region on tie axis of the electrode system by adjustment of
the stainless-steel bellows. Ultra-violet irradiation of the tip
by the pulsed light sourcc (Bedford (1970))‘“l - Appendix L)
initiated an avalanche, and the area of the needle was sufficiently
small for the probability of initiastion of secondary avalanches at
the needle to be slight. Secondary avalanches originating at the
cathode were spatially separated from the primery avalanche, which
could thus be clearly resolved, and the secondery avaelanches had
achieved only & small degree of development at the time that the
primery reached the anode, and so were unlikely to contribute to
space charge distortion. Provision was also made for ultra-violet
irradiation cf the anode for calibrution purposes, and for initia-

tion of avalanches at the cathode.

Celculations made from diffusion considerations (section 1.6)

showed that, for typical experimental conditions, ean average of



Fig. 4.7

The electron energy analyser.
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one electron from an avalanche of th would pass through the anode
orifice for detection by the electron-multiplier. It has been
mentioned that, if space charge distortion is to be unimportant,
n must be less than 106, whilst the requirement for an adequate
nunber of free paths in the drift space requires that n should be
large ( > 108), and the minimum detectable value of th was
adopted as & reasonsble compromise. A simple retarding-potential
energy analyaer (fig.4.7) could be interposed between the anode
and the electron-multiplier to assess the electron energy
distribution. A plane-parecllel analyser geometry is unsatisfactory
for the analysis of electrons which may be incident over a range of
angles, and an improved version is described in section 5.8. A
secondary measuring technique was provided by & pair of photo-
multipliers which monitored the radiation emitted from sections of
the drift space close to the anode and cathode; the viewing angle
of the photomultiplier collimating slits was about lo, so that the
sections had e width in the field direction of approximately 0.6 cm
on the axis of the electrode system, or about 5% of the total drift

space.

4.2.3. The Vacuum Systems.

T7o vacuum systems were used in the course of this investi-

gation, both being constructed principally of vorosilicate glass and

T

capable of attaining ultimate vacua v 10° ' torr. The first system,

which served tubes A and B, was entirely conventional in design and
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wos evacuated by a 30 litre.sec-l mercury diffusion pump backed by
a two=stage rotary oil pump. The standard procedures of liquid
nitrogen trepping, eddy-current heating of metal components, periods
of baking at 35000, and firing of getters achieved ultimate vacua of

T torr after the system had been

3xZLO-8 torr, which rose to 1x10~
jsolated from the pumps by a bakeable metal valve for 24 hours,
Intermediate and residual pressures were measurced with a Fenning and an
Alpert gauge, and gas pressures were determined to within 0.1 torr

by an oil manometer which was isolated from the experimental volume

by a glass spiral gauge; the pressurc range investigated was 1 to 4o

torr.

Spectroscopically pure helium, supplied by B.0.C. in pyrex
flasks, was admitted through a bakesble metal valve. The manufacturer's
figures for the gas composition are He = 99.9995%, Ne < 3 v.p.m.,

N, <1 v.peilsay O, < 1 vipems, Ar < 1 vepem., H, < 0.5 V.pen.,

2
002 < 0.5 v.p.m., and the gas was further cleaned to an unknown extent

2 2

by catephoresis. The mechanism of cataphoresis has been discussed by

a number of authors, including Bely (1893)h'2, Druyvesteyn (1935)h'3.

h’h, Loeb (1958)1“5

LT

Riesz and Dieke (1954)
L.6

, Mittelstadt and Oskam

and Schmeltekopf (l96h)h'8. Schmeltekopf's

(1961) "*7, Miller (196k4)
work was directed to establishing empirically the optimum conditions
for cataphoretic separation of He-Ne mixtures containing more than 1%
of the minority constituent, and showed that the theoretical predictions
of Druyvesteyn are valid, except at pressures above 4O torr and at

currents above 20 mA. It is necessary that the vehicular gas should be
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capable of completely ionising the minority impurity gas, either by
virtue of a higher ionisation potential or by the formation of
complex ions such as NeHe+, so that the impurity is trapped in the
cathode region, which is located at the "blind" end of the
cataphoresis tube. Separation is enhanced by high pressures and by
high current densities, whilst high atomic weight is unfavourable.
Riccz and Dieke give the following experimental figures for Ne
impurity in He: for 2 litres of gas at 20 torr in e 20 cm long tube
with a current of 20 mA, the time for equilibrium to be established
was 2 hours,when there was an exponential distribution of Neon along
the tube, with a concentration ratio of 100:1 between the ends.
Smith k.9 reports & reduction in the impurity content of B.0.C.

spectroscopically pure helium from several v.p.m. to an estimated

0.1 v.p.m., measured with a mass spectrometer.

In this investigation, cataphoretic cleaning was applied before
and during all readings at a current of 10 mA, the tube length being
30 cm, and it would be reasonable to assume a reduction in impurity
level by a factor of at least 10 to give an impurity content of less
than 0.5 V.p.m. Contamination due to vacuum technique should be

negligiole, cquul to about 0.0l v.p.m.

The second vacuum system (figs. 4.8 and 4.9) for tube C wes
differentially pumped to allow the electron-multiplier to be operated
at a pressure of about 1072 torr whilst the drift space was filled with

hydrogen at a pressure of several torr. The rate of diffusion 6f a
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gas through a small aperture is given by k.10

.
b 72

an_ , P1 fisr : -1

== A --Pe = j litre.sec — ,

where A is the area in cm2 s Py and pg are the pressures in torr,

T is the temperature in oK, and M is the molecular weight. Thus

for hydrogen at room temperature and a pressure of 5 torr, to
maintain lO-h torr in the electron-multiplier region requires pumping
speeds of 40 and 2200 litre.sec”> for the smell and large orifices
respectively., Sufficient pumping speed for the small orifice was
obtained by four parallel 30 litre.sec‘“l mercury diffusion pumps with
straight-through liquid nitrogen traps, backed by a fifth diffusion
pump and a two-stage rotary oil pump, and this arrangement could
maintain a pressure of l.5x.1O“6 torr in the electron multiplier
section with 10 torr of hydrogen in the drift section. Vhen the
sempling orifice was enlarged to 3.'5xJ.O-2 cm, the pumping speed was
inadequate for the higher pressures and operation was restricted to
p < 1 torr. Baking to 350°C was necessary tefore every experimental
run as the high vacuum section could not be isolated and the liquid
nitrogen traps required refilling every three hours, which
necessitated shutting down the pumps overnight. Cylinder grade
argon at about 3 atmosphere pressurer was admitted during shutdown
to protect the electron multiplier and to inhibit mercury diffusion,
Ultimete vacua after bakeout were v 1.0x10™! torr. Residual
pressures were measured by an Alpert gauge, and the gas pressure

was monitored by a Pirani gauge and measured with a McLeod gauge,
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which was isclated from the experimental volume by a liquid

b1l is not important

nitrogen trap. (The Ishii-Nakayame effect
at pressures in the region of 1 torr.) Cylinder grade hydrogen

was purified by admitting it to the system through a heated palladium
thimble, which also served as & controlled leak to balance the egress
of gas through the anode orifice. The extent of the purification by

this method is not known, but it assumed that the impurity level was

determined by the residual gas pressure to be 0.1 v.p.nm.

4,3. The Ancillary Electronics.

The simple electronics system for tubes A and B has been
described in section 4.2. The output from the photamultipliers
(RCA type 931A, side window, Sh spectral response with the peak in
the green at 5000 R) was displayed directly on a Tektronix 5L45SA
oscillosccpe, the signal voltage being developed across th ohms,
The time-constant was Sx.lo'7 sec, and the oscilloscope and photo-

8

multiplier rise-times were 1.4x10 " and 2.0x10~7 sec respectively,
go that the overall bandwidth was well within the requirements of
the experiment. The photomultiplier gain was typically 106, but
was occasionally increased to 108. The oscilloscope was triggered

by the displacement current generated when the potential was applied

scross the electrodes.

For tube C it was required to generate discrete single

avalanches for conditions above breakdown, which necessitated the
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application of a step voltage across the electrodes shortly before
the release of a pulse of initiating electrons. Fig. 4.10 shows
schematically the arrangements for measurements with the electron-
multiplier; for the photomultiplier data, the oscilloscopc was
connected to the photomultipliers (not shown) instead of the electron-

multiplier output.

The double-pulse generator (fig. 4.11) had three sections.
The triggering stage generated a step waveform of amplitude 300 volts,
rise-time 2.3:(.10-7 sec, which was amplified to 800 volts and sharpened
to 1\t.OJs:J.O-8 sec rise-time by the pulse amplifier, and then divided and
fed through delay cables to the trigger inputs of the high voltage
double-pulse generator. The pulse repetition frequency was variable
from single shot to 50 p.p.s. The double~pulse generator produced two
almost simultaneous pulses for application to the drift space and to
the pulsed ultra-violet light source (Appendiz 4). The rise-time of
the drift space pulse (fig. 4.12) needed to be very much shorter than
the shortest electron transit time (v 100 nsec), and the amplitude
had to remain constant for at least the duration of the longest transit
(v 1 psec). Charged transmission lines are the ideal source of such
pulses and a certain amount of effort was directed to the development
of a circuit using distributed lines in the form of coaxial cables.
However, the considerable length of cable required (about 300 metres),
the non-ideal behaviour of practical cebles and the problems of high
voltage operation frustrated this approach, and a simple, long time-

constant RC network, discharging through an XH3-O45 hydrogen thyratron,
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The voltage pulse applied across

the electrodes of tube C.
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was eventually adopted. After testing a large number of different
types of capacitor, it was found that the most satisfactory
performance was obtained with inexpensive paper capacitors rather
than with non-inductive types, and a rise-time of 20 nsec was achieved
for amplitudes between 400 and 3000 volts. The optimum compromise
between rise-time and over-shoot was obtained with e damping

resistor of 68 ohms. The time-constant of 3.9x10-u sec gave 0.2%

fall in amplitude in 1 usec. The inverted configuration generates
negative pulses, and has the advantage of avoiding the problems -
associated with a floating heater transformer. The pulse to fire the
ultra-violet light source discharged into a predominantly capacitative
load, but it was found that the temporal requirements were not very
stringent and could be satisfied by the same basic circuit used for
the drift space pulse, with the addition of a matched termination at
the input end of the cable to absorb reflections. The light source
fired approximately 40 nsec after applicaticn of the voltage pulse,
and was synchronised with the drift space pulse by the delay cables

between the trigger pulse amplifier and the double pulse generator.

The output signal from the electron-multiplier (E.M.I.
type 9603/B), which was operated at a gain of approximately 106, was
developed across a resistance of 10)4 olms and applied through a
decoupling capacitor to the input of the 5hSA oécilloscope, enabling
the arrival of single electrons to be detected. The rise-time of
the detection circuit was 25 nsec, and the time-constant 60 nsec.

The photomultiplier signal was similarly treated. The oscilloscope
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was triggered externally by the signal from the photomultiplier that

monitored the pulsed light source.

The elimination of pick-up by the electrommultiplier of the high
voltage pulses caused considerable difficulty, and was accomplished by
extensive and rather £bitrz:y earthing arrangements, and by enclosing
the multiplier ir a screening container within the vacuum system (fig.

4.13).

4.4, Experimental Procedure.

The methods used to introduce the gases into the experimental
tubes have been described in section 4.2, For tubes A and B the gas
was contained in a spece which could be isolated from the pumps, so
that the pressure was not subject to fluctuations and could be
determined to within +2.5% to +10% , depending on the pressure
(section 4.2.3). The dynamic conditions of tube C made precise
pressure measurements more difficult. The inflow of gas was regulated
by variation of the potential across the heater of the palladium thimble
until the required pressure was indicated by the L.K.B. Autovac Pirani
gauge (which had previously been calibrated against the McLeod gauge,
but was lisble to drift). A McLeod reading was taken at the beginning
and end of each pressure setting (typically separsted by 10 minutes),
and the mean of these two readings was taken &s the pressure. The
Pirani gauge was monitored during this period in case of excessive

fluctuations.
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The experimental apparatus.
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The nonavailability of a suitable double~beam oscilloscope
made it necessary to record consecutively the signals from the anode
and cathode region photomultipliers, an unsatisfactory procedure
because of the statistical variations between avalanches. Because
of this, & temporal comparison between the anode and cathode signals
was not attempted, and only the time between initiation and detection
of an avalanche on a single trace was identified with an electron
transit time. A typical pair of photomultiplier traces for tube C
is shown in fig. 4.15a, with a monitor traceof the ultra-violet
pulse added. The zerc time-mark was derived from electrical pick-up
from the ultra-violet spark, which was established to occur
simultaneously with the light output. Anomalous photomultiplier
records of the type shown in fig. 4.15b where the cathode signal
precedes and greatly exceeds the anode signal, and fig. 4.15c where
a very early signal is recorded, may be attributed to resonance
rediation effects (section 5.5). Typical electron-multiplier traces
are shown in figs. 4.15d and 4.15e. The individual electron signals
in fig. 4.154 were obtained by sampling the avalanche through the
small orifice, and it was found that very few electrons were detected
that could be associated with the first avalanche. This was
attributed to the unfavourable shape of the orifice, which was
cylindrical with & depth/diameter ratio of about 7, and also to the
build up of charge on a thick oxide laoyer, formed when the Kovar disc
was sealed to the glass, which could not be cleaned from the walls of

the orifice. The orifice was later enlarged by drilling,in situ, to a
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dismeter of 3.5x10_2 cm, increasing the sampling area by a factor
of 50, removing the oxide layer, and reducing the depth/diameter
ratio to 1. The signal (fig. Y4.15e) increased very much more than
would be expected from the geometrical effect alone, and permitted
the electron transit time to be determined from about 10 pulses at
8 given value of E/p, compered with the 200 to 40O pulses with the
small hole, greatly reducing the uncertainty in the value of the
pressure by decreasing the period of time over which the readings

were spread.

The voltage applied across the drift space was determined
by setting the voltage applied to the anode of the thyratron by a
calibretion curve, relating this voltage to the mean pulse voltege
during the first microsecond. This calibration curve was obtained
by potential division of the pulse with a resistor chain (of suitable
time-constant when associated with the input capacitance of the
oscilloscope) and measurement of the pulse amplitude on the
oscilloscope, the vertical deflection system of which was calibrated
agalnst a precision potentiometer. The horizontal time-base was
calibrated against o Hewlett-Packard 5245 L crystal oscillator to
within.:9.5% (limited by the width of the cathode ray trace)., For
the electron-multiplier measurements, the time between the arrival
of the avalanche at the anode of the drift tube and the detection
of a pulse at the anode of the multiplier was determined by firing

the ultra-violet source at the anode orifice.



E/p = 37 volta.c:m'l.‘l:o:r.'z."'1 =
20
electronp
counts
10+
L 1 l/‘ 1 1 ﬂ [-J L | 1 L 1 1 1
0 300 400 500
ngec
time
Fis- 4. 16

Histogram of electron counts per 20 nsec

channel against time.




- 85 -

It was not possible to determine directly the number of
initiating electrons released by the ultra-violet pulse, and the
procedure used was to attenuate the light pulse until the formative
time lag of the discharge started to show statistical scatter, when it
was assumed that about one phcto-electron was being released. The
attenuation was then reduced by a factor of 10 to releasec opproximately

10 initiating electrons.

A1l the oscilloscope traces were recorded on high speed film
(Kodak 2485, 16000 ASA)., The signals obtained with the photo -
multipliers, and with the electron-multiplier sampling thirough the
large hole, had sufficient amplitude to permit direct determination
of the electron transit times but, with the small hole, single
electron pulses were counted into time channels to produce histogrems
cf the type shown in fig. 4.16, from which it is seen that only 2
electrons from 300 shots could be associated with the first avalanche.
To obtein a barely adequate sample of only 10 electrons at each
of the E/p values would have required about 12,000 avalanches, which
was not attempted with the manual deta acquisition and handling
techniques that were available. The electron energy measurements
were obtained by interposing the analyser between the large hole and
the electron-multiplier, and incrementing the potential on the

retarding grid with each avalanche.
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L,5, Assessment of Observational Errors for Tube C

The experimental variables which reflect directly on the
relationship between v_ and E/p are th- applied voltage Va’ the
anode-cathode and the drift distances 4 (not necessarily having the

same valuc), the pressure p, and the electron transit time t .

For V_ the droop of the "squere" pulse during the electron
transit time was very small, contributing a meximum error of I.O.l%.
All other errors in this parameter were estimated to be less than

*1%.

The values of 4 were determined with negligible error by a
cathetcmeter. The anode and cathode were parallel to within 19.25%,
and field uniformity due to edge-effects was shown to be slight
(fig. 4.6). The sampling orifice was small and is expected to
contribute negligible field distortion. Thus the maximum error in E

= Va/d is estimated to be +1.5%.

McLeod gauge errors are systematic, occurring almost entirely
during calibretion of the geuge, and are estimated to be less than
:g%. The principel errors in pressure measurement arise from
fluctuations due to the dynamic pumping orrangements, and the greatest

fluctuation observed was :}.5%.

The error in measuring t_ from the photographic records ranged
between.:;% and Iﬁ%, and the linearity and calibration of the oscill-

oscope time-base was better than +0.5%, to give a maximum estimated
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error in t_ of +5.5%.

Thus the meximum errors in the two basic parameters are

estimated to be -~
v_=d/t_++5.5% ; E/p > +6.0%.

The errors for the phctomultiplier data are not assessed,
since it will be shown in Chapter 5 that reliable v_ values could

not be derived from these results.
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CHAPTER 5

.. DISCUSSION OF THE RESULTS

Part 1

5.1. Preliminary Photomultiplier Measurements in

Heliunm
Part 2

5.2. An Aprraisal of Schlumbchm's and Dawson's

Experiments.
5.3. Introduction to the Viork in Hydrogen.
Part 3

5.4, The Data in Relatiorn to Models for Possible
Unconventional Behaviour
5.4.1. Fundemental Processes
5,4.2. The Effects of Non-Ideal Experimental

Conditions
5.5. Sources of Spurious Signals
Part 4

5.6. Interprctotion of the Final Electron Drift
Velocity Values, Obtained by the Electron
Multiplier Technique.

5.6.1. Large Hole Data
5.6.2. Small Hole Data
5.6.3. The Entire Electrcn Multiplier Data

5.7. Electron Energy Measurements

5,8. Conclusions and Suggestions for Purther Work.

This chapter is subdivided into four parts to assist in the
identification of the discussion with either the photomultiplier

or the electron-multiplier data,or with & combination of both. Each
part is labelled sppropriately, and is introduced by & very brief
gbstract of the contents.
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PART 1
Photomultiplicr Date

Crude nmeosurcments in helium yielded transit times
vhich, in one case, can be identified with positive ion
crossing times. In other cases, evidencc for the predom-

inant seccondary process is adduced.

5.1, Preliminary Photomultiplier Measurcmcnts in Helium.

A preliminary investigeticn of current transients in helium
was performed with two experimental tubes, A and B, to evaluate the
possibility of determining electron drift velocities by monitoring
with photomultipliers the light emitted from a Townsend discharge.

The experimental tubes end the technique are described in section k.2,
The time intervals between peaks,cither on the same trace or on a pair
of anode and cathode traces, were measured, and "drift velocities"

were calculated using o knowledge of the electrode separation and the

positions of the photomultiplier slits.

Tube A. The results from tube A showed that two distinct groups of
velocities emerged, one in the region of loscm.sec-l and one in the
region of lO3cm.sec-l. The latter group ccrresponds to transit times
which exceed the time taken to reach breakdown, and therefore is
influenced by the ccllapse of the applied potential and by space
charge distorticn, and will not be considered. These velocities
probably correspond to the propagation of space charge disturbances

across the gap, though they are also consistent with the time taken
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for metastable atoms to diffuse from the anode to the cathode.

-1 i
> cm.sec = group of velocities clearly cannot be

The 10
associated with electron trensits, and may be attributed to the
initiation at the cathcde of secondary avalanches by delayed photons,
positive ions or diffusing metastables. This group was inspected in
three ways:

1. A dependence of v on p was socught, but was not found. Both
metastable and delayed photon effects are expected to show a pressure
dependence.

2. log(v) was plotted egainst log(E/p) for fixed p (fig.5.1),
to search for o power relationship. It is not considered thet any
valid inferences can be made from these curves because of the large
renge of discharge currents and conditions over which the points
were taken, nor is there any indication of a change in the predom-
inant secondary process from positive ion action at the cathode for

p < 19 torr (curves 1 ard 2), to photon release by volume destruc-

tion of metastable atoms

l
Hei S 4 He - 2 He + photon for p > 19 torr(curves 3 to T),

l°l? The

as reported by Davies, Llewellyn Jones and Morgen (1963)
exact pressure at which this transition will occur depends on the
electrode geometry, since both metastable diffusion and photon
effects are field independent. An apparent "drift velccity" can be

estimated for the metastable process by making the reasonable

assumption of thermal equilibrium between the metastable and the
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neutral gas atoms and taking the cress-section for the process

20un® given in (1.12) to calculate the metastable lifetime,

o = 3x10~
. L -1 . Y -1
and is found to be 1l.3x10 cm.sec Tor tube A and 1.1x10 cm.sec for

tube B, interposed between the two Observed velocity groups.

3. Only the v vclues derived from the first peck on the cathode

and anode traces were used to plot (v) against lcg(E/p) in fig.5.2.

Tube B. Tube B produced similar results, except that another group
of velocities emerged inr the ILOhcr-:\..se-c-l region. This group is
plotted as v against p for apprcximately constent E/p in fig.5.3, and
shows evidence of a change of process between 17 and 20 torr, in
accordance with the findings of (1.12), whose conclusions are further

5

supported by the absence of any values in the 10 cm.sec-l group above
a pressure of 19 torr (indicating that positive ion secondary action
was not predominant for p > 19 torr). The D/d ratio for tube B is
greater than for tube A, and the loss of mectastables from the gap
would be less severe, so it ip more likely that this process would
heve becn observed with tube B. But, the mctastable photon process
would exhibit & v a p dependence , and the positive ion process would
be independent of p ot fixed E/p, whereas fig.5.3 shows the
opposite to be the case in this experiment and also that the

observed v values are too low to be associated with positive ions.,

It is probable that the inflection in fig. 5.3 is due to some process

that reflects the change of secondary agency, rather than & direct

observation of the agency.
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The loscm.sec-l group of velocity values is shown for
tubes A and B in fig. 5.2, together with Horrbeck's (1950)5’l values
for He' drift velocities, in a lcg(v+) - log (E/p) plot. The range
within which these velocities fall makes it reasonable to identify
them tentatively as positive ion drift velocities, though at the
lower E/p values they are very much too high and v, decreases with
increasing E/p instead of increasing (c.f. fig. 5.4 ond section
5.4.3). There is very rcugh agreement with the values of (5.1)
above E/p = 20 voits.cm-l.torr_l for tube A, whilst tube B shows

fair sagreemeat over the entire range of E/p = 30 to 60.

‘The abnormelly high values at lower E/p cannot be
explained by invcking other secondary processes. The time scale
is too lcng for direct photon action, and deleyed photon effects have
not been reported in the formetive time lag studies of (1.12) and
Evans (1967)5'2; the process is too Tast for diffusion of meteastables
to the cathode, and also for the reported metastable/photon effect
(1.12). Space charge distortion of the applied field is likely to
be a contributory factor, but it is probable that the "velocities" arc
associated with resonant scatter of phectons directly intc the photo-

multipliers (section 5.4.3), and are only lcosely related to the

moticn of positive ions in the gap.

This part of the investigation was conducted to esteblish
the feasibility of determining electron drift velocities by & photo=-

multiplier technique, and the "positive ion drift velocities"
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obtained were centirely incidental. Conditicns were not set to

favour such measurements, nor was great careexegercised in teking

the reudings, so it is nct intended that the data prescnted shculd

be considered reliable. All attempts to observe the first electrcn
avalanche were unsuccessful, almost certainly because insufficient
attention was paid to protecting the photormultipliers from electrical
pickup and background light, so thet their effective sensitivity was
greatly reduced. The photomultiplier technique was relegeted to the
role of supporting the electron multiplier technique in the work that
follows, partly because of the above problems, but principally
because of the remoteness of the effect observed from the effect tc
be measured, involving firstly the collision of an electron with o
neutral atom to produce an excited state, followed by relaxation of
the excited state after a time lO-8 sec with emissicn of a photon,
which is then detected virtually instantaneously by the photomulti-
plier. If the excited state is metastable, or if photon trapping can
occur, the delay can be very much lcnger. Unless ccrrections are
applied, a lower limit is put on the electron transit times that can
be observed without serious error, and it is interesting to note that
apparently no allowance has been made for this in photamultiplier
investigetions ¢ streamer processes (e.g. Amin (l95h)5'3, Hudson and

5.0

Loeb (1961)°°", Dawson (1965)5'5).
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PART 2

Photcmultiplier and Electron-Multiplier
Data

To provide a basis for a comperison of the results
obtained in this investigaticn, the experiments of
Dawson ond Schlumbohm ere first assessed in detail.
All the drift velocity data for hydrogen is then

introduced, and the general features are discussed.

5.2. An Appreisal cf Schlumbohm's and Dawson's Experiments.

Schlumbohm's Experiment.

A description of this method of determining electron drift
velccities is given in section 3.5.3. To briefly summarise, a short

pulse of 10& to lO5

photo-electrons was released from the cathode,
and the tine taken to drift to the anode was determined by displaying
the current on a fast oscilloscope. The anode-cathode separaticn d
was veriable up tc¢ a maxinum of L.Tem, and the diameter of the
electrodes was 2lcm, so the D/d ratio was greater than U and field
uniformity would have been moderately good. Also, for single
avalanches initiated on the axis and having short transit times, so
that lateral diffusion broadening is slight, field uniformity is not
of great importance. Pressures werec in the range 0.0l to 5.0 torr,
and gaos purity was 100 v.p.m. All measurements were made with an
applied voltage less than the sparking potential, which simplified

the experimental technique but restricted the available range of

exp(ad) to low values of less than 10. This investigation showed



E/p </p | (pxd)| V v! v_ v!/v_

wt -l -l
v.cn, cm, torr. cm. sec.

torry'] torr’ cm. [¥olt8d110-8 x10-7 e

50 0. 32 5.03 252 4.7 1.25 37.6

70 0.71 2.27 159 4.1 3. 50 sl

100 1.29 1.25 125 3.3 5.05 6.5

200 | 2.36 | 0.68 | 136 | 3.5 8. 40 4.2

400 2.56 0.63 252 4.7 13.00 3.6

1000 1.40 1.15 |1150 (10.0 19.50 3k

Table 5.1

Inferred values of experimental perameters for
Schlunbohm's determination of v_ in Hydrogen (vl

is the maximum possible velocity).
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that for oxygen and nitrogen, in the range E/p = 100 to L00 volts.
1
cm-l.torr-l, v_ o (E/p)? in accordconce with the predictions of

existing theory (section 2.2), but thet for hydrogen

v_ o (5/p)"(E/P)

where inspection of fig. 3.1k shows that the function v(E/p) has the
values 1.6 for E/p = 20 to 60 volts.cm T.torr > amd 0.5 for E/p =
320 to 2000, with o transition region between; extrapclation of the
linear portions yiclds a transition point et E/p = 9T (reduced to

0°c).

The individual valucs of the experimentel variables p,

V_, d, exp(ad) at each value of E/p were not indicated, but it is

a?
inferred that they werc set to keep exp(ad) epproximately constant,
between 1 and 10, so that between lO5 and 106 electrons would have
arrived at the anode in an interval of 50 nsec, and the maximum
instantanecous current would have been 10-6 amps, under which
conditions space charge distortion of the applied field would have
started to become important (sections 1.6 and 5.4.2). To maintein
the low level of gas amplification, the pressure must have been varied
tetween 5 torr at E/p = 4O tc only 0.0l torr at E/p = 2000, and d may
also have been reduced below the maximum of L.7 cm to assist in the
attaiment of smell (pxd) products. TFor exemple, at E/p = 500 volts.
cm-l.torr-l, for exp(ad) = 10, the product (pxd) is 0.9, requiring

p v 0.2 for d = 5 em. Table 5.1 gives values of (pxd) which have

been cealculated on the assumptions mentioned, and these values are
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substantially lower, by a factor that ranges between 3 and 30, than
the values in the present investigation, which were selected as the
minimum permissible if the in itial energy distribution of the
photo-electrons is to have an insignificant effect on the measured
drift velocity (sections 2.5 and 5.4.2). Thus there is reason to
suspect that Schlumbolm's values mey be subject to distortion by
initial non-equilibrium., Furthermore, at the quoted minimum pressure
of 0.0l torr, the electron mean free path is about 30 cm (using the

16 n2 gt 65ev, from Englander-

maximum o for ionisation = 0.95x10°
Golden and Rapp (l96h)2'8), in which case the majority of the photo-
electrons would reach the anode without suffering any collisions,
and the "drift velocity" would depend only on V,» according to
equation (AS.2) (provided the initial photo-electron energy

evpe << eVa). In the extreme case of E/p = 2000 volts.cm-l.torr'l,
vl under freely accelerating conditions is calculated by inference
to be l.3xlO9 cm.sec-l, compared with the measured value of 2.3x108.

Table 5,1 shows calculated values vl for collisionless conditions

to be greater than the measured values by a factor of between 3 and
40. It is improbable that equilibrium was achieved for the smaller
factors - if it is assumed that all the momentum in the field
direction is lost om collision, the factor of 3 implies only 9

collisions, the factor of & only 16.

It would appear that Schlumbohm did not appreciate that

"runaway" conditions might appear es E/p was increased, nor that it
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was necessary to ensure that the avalanche comes rapidly to equili-
brium at all values of E/p. It is not stated whether the value of
v_at a particular value of E/p wes derived from measurements with a
fixed set of values for p, 4 and Va’ or whether these parameters were
varied to investigate possible dependences, but it would appear that
the former was the case. (An investigation by the author of the
relationship between the measured values of v_ and inferred values of
Vu has not yielded a dependence). For the reasons stated, and because
these omissions do not permit u more thorough evaluation of the dats,
the experimental values obtained in this investigation, though not

discredited, must be treated with caution.

Dawson's Experiment.

This is described in some detail in section 3.6. The
important points are that the pressures were moderstely high, in the
range 26 to 66 torr, to give (pxd) products that were adequately large
(9 tc 23 torr.cm) to ensure negligible effects fram initial non-
equilibrium although 4 was only equal to 0.35 em, and that the
sensitivity of the detector was only sufficient to detect an avelanche
containing & minimum of lO8 electrons. Field uniformity was poor since
the D/d ratio was = 2, and the initiating photoelectron (a single
electron was assumed) was released fram any point on the cathode;
however, the scatter that might be expected between the transit times
of avelanches originating at the centre and on the edge of the cathode,

was not reported, so this may not have been a serious problem.
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Discrimination between the primary and secondary avalanches was not
possible, and the small physical dimensions of the drift space resulted
in electron transit times in the 3 to 100 nsec region, and necessitated

the use of the fast,low sensitivity detector.

The values of v_ that were obtained were described as
"apparent" and no claim was made for their authenticity, so they will
not be used for comparison with the data of the present investigation,
nor will they be examined in detail. These values are reproduced in
fig. 3.19, where thc extrapolated drift velocity lies close to
Schlumbohm's curve for E/p < 100 volts.cm-l.torr-l, but is about 10%
lower for E/p = 100 to 300. The low experimental values were
explained qualitatively in terms of space charge retardation of the
avalonche, but the enhanced velues could not be accounted for,
‘although the contribution of secondary avalenches to the growth of
the discharge current vwas investigeted as a possible mechanism.
Inspection of fig. 3.19 shows a rapid enhancement of v_ above
E/p = 100 volts.cm T.torr > s which suggests possible avelanche
"runaway" (discussed further in section 5.4.1), and also that the

shape of the family of curves appears to be parabolic (see section 5.6).

5.3. Introduction to the Work in Hydrogen.

It has been described in Chapter 4 how time of flight
measurements were made in molecular hydrogen using two different

techniques for detection of the avalanche. The electron multiplier
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method was intended to constitute the principal approach, and it was
hoped that the ancillary photamultiplier measurements would support

the data obtained by the former technique, in spite of the shortcamings
of the latter delineated in section 5.1. Some of the results were
obtaincd with initiating electrons released at the cathode, others

at the tip of the central needle, and these arec referred to as "end-

released" and "centre-releascd" respectively.

Fig. 5.4 shows a plot of (v_) against log(E/p) for the
following cases (the terms pml, pmb, etc., are explained in the figure)
1. Photo-multiplier data (end-recleased) for a range of fixed
exp(od) in curves pml to pm6.

2. Photo-multiplier data (centre-released) with variable exp(ad)

in curve pmc.

3. Electron-multiplier data (centre-relcased) with variable
exp(ad) for the small and the lerge sampling holes in curves ems
and enml.

3."‘6

4, The data presented by Schlumbolm s which consists of his

own points above E/p = 40 volts.cm-l.torr—l, and points due to
Jager and Otto 3.24 at E/p less than 40,
For clarity, only the curves are presented, but the same curves,

together with the points from which they are derived are plotted in

figs. 5.5 and 5.11.

A very important feature of fig. 5.4 is that there is a

considerable discrepancy between the values obtained by the two
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techniques, particularly at E/p < T0 volts.cm T.torr . It is

possible to attribute this deviation from the anticipated behaviour
to two types of effect, namely -

1. Failurc of the conventional model under the conditions of this
experiment so thet v_ does not depend on E/p alone, but also on other
parameters in such a way that the two sets cf data are compatible,
Such a failurce could be due cither to inexpertise in the arrangement
of the experimental conditions to satisfy the conditions of the model,
or to a fundamental breckdown of the model.

2. Detection of spurious signals by cne or possibly both of the
techniques, the variation of these signels with time not reflecting

the true motion of electrons in the drift space.

Because of the uncertain reliability of the only values of
v in hydrogen at higher E/p known to the author, due to Schlumbohm

3.46 3‘58, the present data is first allowed to stand

and to Dawson
on its own merits and is subjected to a search for a number of
fectures which fall into the two previously mentioned catepories.

In particular, it was suspected that avalanche "runaway" might be
occurring, & situation in which the velocity of the electrons never
reaches equilibrium, but continues to increase until the anode is
reached, and this is discussed in section 5.4.1. Although the models
assumed for investigation of the various possible processes are
superficial, evidence is found that the scattering of resonance-

radistion into the photo-multipliers was an important source of

spurious signals, and that none of the models proposed for "unconven-
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~tional" processes, namely photo-icnisation, resonant scatter of
electrons, and runaway can be supported. On this basis, the
photo-multiplier data is discounted as unreliable, and a camparison
of the electron-multiplier data only is made with the v_ values of

(3.46).

A number of the graphs that follow plot twe variables whilst
keeping a third constant (for instance, fig. 5.4 shows (v_) plotted
against log(E/p) for several values of constant p). The available
experimental data is insufficient for it to be possible to keep any
variable precisely constant for such a plot, and in these cases the
"constant" parameter has e value within certain limits, and a family
of curves for constant values cf a parameter is in fact a family of

contiguous channels,
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PART 3

Photomultiplier and Electron Multiplier Data

All the hydrogen drift velocity data is inspected
for a number of possible 'unconventional" processes,
so that the discrepancies between the photomultiplier
and electrommultiplier results may be explained or

reconciled.

5.4. The Date in Relation to Models for Possible

Unconventional Behaviour.

5,4.1. Fundamental Processes.

Photo-ionisation.

If, by the process of ionising collisions between electrons
and hydrogen molecules, and subsequent reccmbination of an ion and a
free electron, the avalanche produces continuum radistion of frequency
v > eVi/h (where v. is the ionisation potential, equal to 15.6 eV
for molecular hydrogen), photo-ionisation can occur in the gas by
absorption of this radiation. Further, if there is an impurity content
having a higher ionisation potential than hydrogen, such as helium
(vi = 24,5 volts), impurity stoms may be collisionally excited to
produce intense ionising radiation from persistent lines of frequency
v > eVi/h; the impurity level of the gas in this investigation (0.01
v.p.m. - section k.2) is believed to be to0 small for this latter
process to be important. The process of self-ionisation is potentially

en important secondary process, especially since its speed is limited
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only by the time for a recombination reaction to occur plus the
negligibly short transit time of the photons. It is faster than
photon secondary processes at the cathode, which are limited by
electron transit times, beceuse of ite ability to act ahead of the
avalanche. In the present investigetion it is possible that spurious
avalanches, initiated shead of the original avalanche by photo-
ionisation, might be detected to cause abncrmally high electron
drift velocities to be recorded by both the phctomultiplier and electron
multiplicr techniques. The amplitude of the spurious avalanche would
depend both on o, the appropriate absorption crecss-section, and cn
6/a , the number of ionising photons produced per ionising collisicn.
If 6/o is less than unity, there is no possibility of producing
gpurious avalanches with an amplitude campareble with that of the
primary avalanche. o must be large enough for appreciable absorption
to occur in the available gas volume, but not so large that the
ionising radiation is absorbed within a very small fraction of the
drift space, or the spurious avalanche will not be discrete from the
primary avalanche. Also, except under very favourable conditionms,
the spurious avalanche would not be discrete, but would be an
exponentially increasing (with time) electron flux. Thus, to sumarise,
the conditions for ancmalous v_ values due to photo~ionisation are

1. photons with v > eVi/h s

2. 6/a > 1,

3. B~ (pd/'r60)"l s Where B is the absorption coefficient at N.T.P.
(8 = oN, where N is Loschmidt's mmber).
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The production of recombination photons in a discherge
in a pure gas is e well established process, so condition (1) is
satisfied. Qualitatively, it is expected that some recombination will
occur between quasi-stationery hydrogen ions, produced by the leading
edge of the avalanche, and electrons in the tail of the avalanche,
but only if the avalanche is dispersed spatially along the field
direction by diffusion or by & broad pulse of initiating photo-
electrons. At high E/p, even if dispersion is present, the effects
of the applied field and the high energies of the incident electrons
make recombination unlikely, There is, thercfore, a finite
posgibility that ionising photons will be produced, but it is not
expected that 6/a will be large. Przybylski (1962)5'6 has measured
6/a for ionising photons (as well as absorption coefficients) in

3, virtually

oxygen, nitrogen and air, and gives values for §/a ~ 10~
independent of E/p for oxygen, but not for nitrogen and for air.
Geballe (1944)°°7 obtained the value 6/¢ = 1 in hydrogen for

E/p = 100 to 150 vclts.cm—l.torr~l, for photons with sufficient energy
to release electrons from o brass surface (work function n 3=h eV).

)5'8 showed that 8/a (for visible photons) = 2 for

Legler (1963
hydrogen at E/p = 50, p = 10 torr. Although the hydrogen line spectrum
is predominantly in the ultra-violet, there is no justification for
extrapolating the 6/a values from (5.7) and (5.8) to the recombinaticn
continuum, and it will be assumed that in this region the values from

3

(5.6) of §/o ~ 10"~ also epply to hydrogen. Thus condition (2) that

6/a > 1 appears not to be satisfied.
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Values of B and ¢ for condition (3) are teken fram Bhalla,
)5. )5.10

Craggs and Meek (1961 9, Reju, Harrison and Meck {1965 , and
from McDaniel’s collation of ¢ vaolues due tc Po Leec and Veissler
(1952), Wainfan, Walker and Weissler (1955), Bunch et al (1958), and
Schonheit (1960)5'11. Bholle et al measured absorption by o gaseous
target of photons produced by o discharge in the same gos, in a number
of gases including hydrogen, for which a B value = 200 c:m-l was
obtained, referred to a2 platimm pleted detector (work function

= 4=t eV). Po Lee and Veissler used an external radiation source
and an ultru~violet spectrcphctometer tc obtain absorption cross-
sections (fig. 5.6), principally for photons of v > eVi/h, in the

-18 2
em” (

region of Tx10 g = 190 cm-l), which were in general agreement

with the later werk of (5.9). Reju et al, using o self-maintcined
discharge as a source, obteined B values ranging fram 1.5 c:m-l at
E/p = 40 volts.cn L.torr™T to T6em T wt B/p = 120. At a pressure
typically used in this experiment, 1 torr, (pd/760)-l = 65 cm'l,
which is close to the B value at higher E/» from (5.10) and is
comparable with the values from the earlicr work, so condition (3)

ic satisfied. 50% absorption would occur in a distance of 6.9 cm

for these typical values.

It 1is concluded that this mechanism could not be a source
of spurious avalanches of detectable magnitude because of the small
value of 8/a , although the value of o is favourable for "leapfrogging"

of the electron swarm. If the mechanisn wes important, the observed
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drift velocities would be expected to depend both on E/p, because of
the dependence of 6/a and of the true drift velocity on E/p, and on
1/p, in the limited pressure range which satisfies condition (3), since
a decrease in pressure would permit the cbsorbed rediation to produce
ionisation further ahead of the avalanche. At fixed E/p, o dependence
on 1/p cnly is expected. In o graph which is not reproduced here, v_
has been plotted against 1/p for approxinetely fixed E/p for all the
data, and no clear dependence was apparent. For E/v < 70 volts.cm-l.

-1 . . . . . ‘
torr there was an indication of o negative linear dependence of

the form
1
v o --I; for p = 0.25 to 1.25 torr,

but for E/p > 70 no dependence could be found. The general trend of
T

the points fer all E/p showed a minimum v_ of between 2x10' and
leO7 'cm.suzn-l at o pressure of approximately 0.9 torr (at 0°C).
These fectures ere not consistent with the semi~-quentitative predictions

which hove been formuleted for a photo-ionisation mechanism.

Resonance Scatter Electrons.

If the interaction time in an electron-nolecule collision is
not negligible compared with the time between collisions, the electron

drift velocity will be pressurc dependent. Rotational resonance is

6)5.12

described by Kouri (196 end twe other types of resonance scatter,

namely core-excited resonance and single-particle resonance, are

5.13

described by Taylor, Nagaroff and Golebiewski (1966) and Eliezer,
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llh . 3
)5 . Core-cxcited resconance involves

Teylor and Willisms (1967
the ccllisional roising to an excited state of a bound electron by
en incident electron, which then temporarily attaches to the slightly
positively charged nucleus and inner shells until auto-ionisation

)2+15

occurs. Golden and Bandel (1965 have observed resonances in

hydrogen in the 10 to 13 eV region, and the dissociative attachment

reaction described by Rapp, Sharp and Briglia (1965)5'16

-

2)+H+H

H, + e > (H

has o broad peak between 8 and 12 eV, and ancther peak =t 14.2 eV,
Single particle resonance involves the temporary trapping of an
electron by polarisation attraction, and has been observed in

1217, Frommhola (1968)°+18

nydrogen by Schulz and Asundi (1965
invoked single-particle and rctational resonances to explain a

linear pressurc dependence of v_ in H, at low E/p (0.03 to 4.0 volts.

2
cm-l.torr-l) and high pressures (500 to 30,000 torr), and this is
discussed further by Kouri, Sams and Frommhold (1969)5‘19, where

it is deduced that the electron trepping time is less than hxlo"9 sec,

In the present investigetion the mechanism of resonance scatter
is not considered to be important, since there is no evidence of a
linear pressure dependence, The probability of attachment is less at
moderate and high E/p than at very lov E/p, and also the high
pressures that enabled the effect to be observed in Frammhold's

experiment imply that the cross-section is very small.
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Avelanche "Runavay'.

Cenventionally, elecctron drift velocities are expected to be
stationary functicns of time, provided the parameters defining the
experimental conditions are also stationary when viewed from the frame
of reference of the electron. Further, considerations of the type
outlined in Chapter 2 predict that v_ will be a function of E/p only,
though it is possible to envisage situetions in which there may also
be o dependence on p; for example, the pressure dependent effects of
diffusior will alter the shape of the avalanche and possibly therefore
the observed drift velocity, depending on the precisc manner in which
the opparent value for v_ is derived from the cxperimental observa-
tions. It would not be expected to depend on any other parameter,
except where this parameter might modify E/p, such as distortion of
the applied field by large values of n, or exp(ad). In particular,
it would not be expected to depend on the length d of the drift speace,
a dependence which could only be observed in a situation where
dv_/dt # O. This non-equilibrium situation will occur if, on the
average, the rate of gain of energy by the electrons from the applied
field exceeds the rate of energy loss by all possible rrocesses.
Usually the most important loss process is by ccllision with neutral
gas molecules, but radiative losses and interaction with space charge

fields can be important.

The evidence in the literature for the existence of non-

equilibrium situations of this type is slight. Ecker and Muller
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)5.20 )5.21

(1961 and Muller (1962 have predicted that runaway will

oceur at E/p > S00 volts.cm—l.torr-l, and Muller and Wehle (196L)
5.22 have demonstrated its existence experimentally at E/p as low as
100 under special conditions where the initial electrons are injected
into the drift space with energies in excess of the mean equilidbrium
energy at the ambient value of E/p - i.e. &n electron will continue
to gain energy once it has ccquired a certain threshold energy. The

measurements were taken at low (pxd), in the range 0.2 to 0.8 torr.cm,

where the findings may not be meaningful (sce section 5.4.2).

)5.23

Fletcher and Haydon (1966 found it necessary to invoke the

concept of non-equilibrium to account for observations in hydrogen in

(ExB)fields at E/p = 200 volts.om™ .torr™ . Bagnall (1964)°*2"

observed a (pxd) dependence of af/p in nitrogen at high E/p, and

Chanin and Rork (1963)5'25 observed a similar dependence in hydrogen

)5026

for E/p > 150. Conversely, Haydon and Stock (1966 failed to

f£ind evidence of runaway when meessuring o/p in hydrogen for E/p in
the range 300 to 1000 volts.cm T.torr™Y, with (pxd) = 0.0 to 1.25
torr.cm. Schlumbohm 3.L6 also gives no indication that such a process
might exist in his measurements of v_, either in hydrogen (section

5.2) or in nitrogen (c.f. Bagnall). Dawscn 3.58

obtained v values
which he was unable tc explain in terms of a conventional drift

velocity model, and his results are discussed in section 5.2.
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Comparison of the Experimental Data with the Predictions

of the Runaway Model.

In Appendix 5 a simple model for electron runaway is used to derive
expressions for the apparent drift velocity under such conditions.
Case (3) in Appendix 5 assumes that eVo << eV, where eVO is the
energy of the initiating electrons and eV is the total energy
available from the applied field. The most energetic photons
available to release initiating photo-~electrons from the cathode have
an energy of about 7 ¢V and the cathode work function is about 4 eV,
so the energy of the photo-electrons should not exceed 3 eV. Under
runaway conditions, the electrons will ecquire at least an apprecieble
fraction of the total energy available from the applied potential,
which is between 500 and 1250 volts in this investigation, so

Vo << V is a reascnable epproximation. The predictions of the model

for this case are that =

( V_app © (V)% , for fixed p,d,f
> _apn is o function of p, for fixed V,d4,f
) V_app is a function of d, for fixed V,p,f
\ V_app is & function of (pxd), for fixed V,f

where f is the fractional energy loss on collision.

It will be assumed that £ has a constant value over the
range of electron energies in this experiment, as it eppears that

valucs are not available for this region. In fact, it might be
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expected that, above a threshold energy approximetely equal to the
ionisation energy (15.4 eV for hydrcgen), f would diminish with
inereasing electron energy because of the decreasing interaction

tine.

The effects of electron runaway would be apparent in both
the photo-multiplier and the electrcn-multiplier d~ta, and an
investigation of the relationship between log(v_) and log(Va), for
approximately constant (pxd), showed the following feetures -

1. for (pxd) = 4 torr.cm : slight correspondence between
electron- and photo-multiplier deta, to give a straight line of
slope 2.7 from badly scattered points.

2., for (pxd) = 9 torr.cm : fair correspondence between electron=
and photo-multiplier data, to give a slope of 2.2.

3. for (pxd) = 17 torr.cm : poor correspondence, but the photo-
multiplier data alone gives a line with a slope of 2.7.

4, for (pxd) = 29 torr.cm : no electron-multiplier datea

available, but the photo-multiplier data has a slope of 2.7.

Thus it was found that there exists for the photo-multiplier
data a relationship cf the type
v—app o V:
where v is in the ronge 2.2 tc 2.7, vwhereas it was predicted that
v = 3. The result v = 2.2 tc 2.7 may be compared with Dawson's

parsbolic curves (section 5.2), and is discussed further in section 5.6.
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A greph plotting log(v_) against log(pxd) for all the data,
for approximately constant Ve, is not reproduced (because of the
confusicn, on a single graph, between points of differing Va)’ but

showed the fcllowing features -

1. nro correspondence between the electron- and photo-multiplier

2. widely scattered points but, overall, a minimum in log(v ) at
-

(pxd) = 10, and

for (pxd) < 10, gradient = -1,
for (pxd) > 10, gradient = +1.

There is qualitative agreement, therefore, with the model. for

(pxd)} > 10, but the points in this region are exclusively from the
photo-multiplier data (whereas runewey effects would be evident in
both detection techniques) and correspond to the elevated values of
v_at low E/p shown in fig. 5.4. The disagreement of the data with the
model for runawsy at (pxd) < 10 (i.e. higher E/p), where such a
mechanism might most reasonably be expected, invalidates any inter-
pretation of the (rxd) data as evidence of runaway, especially in the
perspective of the well established v_ values at low E/p and the
complete absence ¢f any evidence of non-equilibrium effects in the

previous work performed in this region.

This, together with the failure to obtain correspondence
between the electron-multiplier and photo-multiplier results, and the

,
failure to demonstrate a v_ a (Va)5 dependence, indicates with some
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certainty that a mechanism of electron runaway cannct be invoked in

the E/p range of 30 tc 350 volts.cm-l.torr_l.

5.4.2. The Effects of Hon-Ideal Experimental Conditions.

The criteric adopted in the design of the experiment are
deteailed in section 4.1, and rarticular attention was paid to the
following points -

1. the (pxd) prcduct,
2. secondary avalanches,
3. space charge density,
all of which could affect the obscrved values of v_, and lead to

dependences on parameters other than E/p.

The (pxd) product.

If the (pxd) product, which determines the number of
collisions that an electron experiences in traversing the drift
space, is not sufficienty large, the number of collisions before
an initial electron comes to equilitrium may represent an appreciable
fraction of the total number, and sc lead to & dependence of V_ on p,
for fixed E/p and d. Von Engele'3 calculates that, for elastic
collisions in helium at E/p = 3 volts.cm-l.torr-l ard p = 1 torr,
3600 collisions are required to acquire 94% of the terminal velocity,
involving the traversal of & distance of about 1 em in the field
direction. This problem is discussed in section 2.5, end taking the

%

electron-neutral ionisation cross-section ¢ = 0.78x10 c:m2 at 35 eV
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for hydrogen fram (2.8), A = 0.36 cm at 1 torr, so that at E/p = 100
volts.cm-l.torr-l the average electron energy gain between collisions
is 36 volts. Since the ionisation potential for hydrogen = 15.h4
volts, it is reasonable to assume that the froctional energy f is

n~ 0.5, Then substitution in equations (2.17) and (2.19) gives the
time to reach equilibrium t, = 0.15 and 1.01 nsec respectively for the
low and high E/p cases, involving only l.75x10-2 and S.OxlO_2 cm
travel in the field direction. This is clearly an underestimate, and
with £ ~ 0.5 it is more realistic to suggest a distance of several
mean free paths - i.e. 0.5 to 1.0 cm, ar approximately 5% to 10% of the
total drift distance. This is therefore a source of error which is

likely to lead to measured drift velocities that are too low by up to

10%.

Secondary Processes.

Secondary processes, with the exception of photo-ionisation ahead of
the avelenche (section 5.4.1), cannot leed to incorrect values for
v_ with the methods of detection employed in this experiment, since
these respond to the actual arrival of electrons at a given point,
rather than the motion of electrons in the drift space. However,
primary avalanches initiated at the cathode (end-released) will not
be resolved from secondary avalanches, so that v_ will not be
determined with precision, if the §"/a coefficient (the number of
secondary photo-eclectrons released from the cathode per ionising
collision) is greater than exp(av_r), where 1 is the half-width of

the avalanche as it arrives et the anode (see Appendix T). Amongst
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the determinations of 6'/a in purc hydrogen are those due to

Llewellyn Jones and Davies (1951)5'27, Davies, Dewson and Gozna

(1961)5'28 end Morgan and Williams (1965)°+2°

~3

; from 5.29 §'/a
= 10~ for E/p = 56 to 110 volts.cmnl.torr-l, referred to gold
electrodes. For an initiating pulse half-width 1 of 25 nsec,

1/exp(av_t) = l.9xlO—l and, in the absence of diffusion broadening,

primary and sccondery avalanches should be resclved.,

Space charge.

A possible indirect effect of seccndary processes is their contrib-
uticn to the total space charge between the avalanche and the anode.
The effects of space charge are briefly discussed in section 1.6, where
it is shown thet excessive space charge may lead either to & decrease
or an inecrease in the electron crossing time. A decrease can only
oceur under conditions conducive to the propagation of streamers,

thet is & low applied field, usually in a non-uniform gecmetry, &
concentration of at least lO8 positive ions within a sphere of radius

~ 1073 cm, and e high pressure (200 to 1000 torr) to minimise diffusions
none of these conditions is appropriate to the present experiment.
Increased transit times will be observed in the present experimental

regime if exp(ad) becomes greater than lO6 (Tholll'eh

) but, with the
exception of twe readings taken at exp(ad) ~ 106, this figure was
never exceeded (see Appendix 8). Figs. 5.4 and 5.5 show plots of

(v_) egainst log(E/p) for various fixed exp(od), for a combination of

both the clectron-multiplier and the phoctomultiplier data. The left
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hand side of the graph shows gross increases in the apparent

electron drift velocity, for relatively small values of exp (ad)

of less than th, and it is not reasoneble to associate this effect

in any way with space charge. The right hand side shows a small
increase in measured drift velocities with increasing exp(ad)

whereas the opposite effeet is expected for space charge retardation
but, because of the inter-dependence between expl«d) and the other
experimental variables, the interpretation of these curves is
difficult. The two pcints for exp(ad) = 106 are marked * in fig. 5.5,

and show no evidence of space charge retardation.

5.5. Sources of Spuricus Signals.

Detection of Scattered Photons by the Photo-multipliers.,

The photons from inelastic electron-molecule collisions, occurring
outside the field of view of one cf the photo-multipliers, could
produce spurious signale from the photo-multiplier it it is possible
for these phctons tc be deflected intc the multiplier, either by
reflections from surfaces in the experimental vessel or by a
scattering mechanism in the gas. Some coare was taken to prevent
specular rcflections into the photomultipliers and, if such a
mechanism were present, it is expected that the "velocities" observed
would be virtually independent of the experimental variables Va and

P, in ccontradiction to the data obtained.
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The process of scattering within the gas volume requires
more detailed attention, the possible types being Rayleigh scattering,
resonance scattering and flucrescence. The cross-section for
Reyleigh scattering is very small ( 10-28cm2) so that this process
can be discounted. Resonance scattering involves the absorption of a
photon by a ground state molecule to produce an excited state,
follcwed by spontaneous isotropic emission of a photon of the same
wavelength; clearly, radiation produced by = discharge in a particular
gas is highly susceptible to resonance scattering by neutral gas
molecules of the same species. If, instead of decaying directly to
the grcund state, the excited molecule decays stepwise tc emit a

photon of longer wavelength than that absorbed, the mechanism is

termed rescnance fluorescence.

The potential energy diagram for the hydrogen molecule
(fig. 5.7) is that given by Breare and vcn Engel3;4ghd is a simplified
version of the diagram due to Massey and Burhop (1952)5'30. The
lowest triplet state 3Zu is u repulsive state resulting in dissociation
without exciteticn, the excess energy being carried away as kinetic
energy. The singlet states lZu and lnu decay directly to the ground
state lZg to produce the Lyman and Werner bands in the vacuum ultroe-
violet at cbout lOOOR; the lnu can decay first to the lZu state to
produce visible radiation. Decay from the 3Zg triplet cannot proceed

3

directly to the ground stete, but goes to the Zu state to produce

continuum rediution between 20008 and 4000%. The electron energies
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required for excitation to these levels, > 12 eV, are readily
available in the E/p range investigated in this experiment. The
photomultipliers will only detect quanta of wavelength lying within
the transmission window of borosilicate glass, that is 33008 to
70002, a regicn vhere relatively little emissicn occurs in the
hydrogen spectrum, so that a rescnonce fluorescence mechanism would
be especially favourable to the detection of spurious photons.

The 32 -> 3Zu and lnu > lzu transitions provide appropriate wave-

g
length conversion. It is also possible that fluorescence could

occur in the glass wells of the experimental vessel,

A gueolitative appraisal of tiic problem predicts a
dependence of Vv_ on pressure because of the linear dependence of
the total scattering cross-section per unit volume on pressurec,
complicated by the inter-relationships between p and o/p, E/p and
exp(ad) in the avalanching process. A simple model for the process
(Appendix 6) leads tc the relationship (equation A6.2) for fixed E/p,

dy ©

v—app/v— a p/in(1l/p),

vhere v app is the apparent electron drift velocity that would be

observed. Since p varies more strongly than 1/1n(1/p), it is

expected the v anp/v ratio will depend approximately linearly on p
-app’ -

when the cther variables are held constant. The medel used does nct

take into account the effect of pressure on the "mean free path" of
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The variation with E/p of </p = £(E/p),

v_. = &(E/p) and h(E/p) = g(E/p)/f(E/p).
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the photons; this is discussed in section 5.4.1, and it is apparent
that there will be en optimum pressure, such that about 50% of the
photons will have been absorbed when they enter the field of view
cf the photomultiplier. Using the cross-sections quoted in section
5.4.1, 50% absorption would occur in a distance of 6.9cm if the

pressure is 0.5 torr, to give a v .

ap

p/v_ ratio of about 2.

Variation cof d, the ancde-cathode separation, is also
inter-related with other ras discharge parameters in a camplex
fashion. From equation (A6.3), for fixed E/p, p, 0,

v /v o 4.

Jde ) 1
A dependence of the v—app/v- ratio, and also of v—app on
E/p, assuming equilibrium conditions, is to be expected because of
the appearance of v_ and a/p, both functions of E/p, in the

derivation of the expression for the ratic. In equation (A6.5) where

for fixed p,Qd,0,

V_app = h(E/P)’

n(E/p) = g(E/p)/f(E/p) - see fig. 5.8 - is not expected to be a
simple functicn because of the complexity of f(E/p) at mederate E/p
(for instance, f(E/p) = C.exp(-Dp/E).(E/p)/(1+FE/p), Kanteratos
(1965)5'31). But from inspection of fig. 5.8, which shows the forms
of £(E/p),z(E/p), and h(E/p), the general shepe of h(E/p) can be

ascertained in the range E/p = 0 to 350 volts.cm_l.torr-l.
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The parcmeter V, has not been isolated in equetion (A6.1),
but it is not expected that there would be any dependence of v_ on

Va alone in an equilibrium situaticn.

Cemparison of the phetomultiplier duta with scattering

predictions.

To summarise, the following nredicticns are to be tested -

h)

for E/p, 4, ¢ constant °

. v /v o«
-app’ - D, r
® = 0.5 torr.
v;app/v_ 2, for p 5 J
2. v;app/v_ o d, for E/p, p, 0 constant.
V_app © h(E/p), for p, d, 0 ccnstent.
l. Pressure dependence : fig 5.9 shows a family of straight lines

in a (v_) - (p) plot of the photcmultiplier data at fixed E/p, with
slcepes thut runge from about urity at E/p = 40 to infinity at E/p =
250 volts.cm™ T.terr™t. The points from which these curves are
derived are scattered and arc not shown in fig. 5.9 for clerity, but
it is evident that there is 2 marked disagreement between end-released
and centre-released avalanches for %/p = 27 to 100, where the centre-
released values vre virtually independent of p. This discrepancy is
not inconsistent with rescnance scattering because of the predicted
dependence on d. A nlot of (v ) = (p) for fixed V, revealed no

dependence, as is expected in an equilibrium situation.
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Inspection of the data showed that at p = 0.5 torr the
v_ values obtained are in fair agreement with Schlumbohm's results,
and thet v_app/v_ = 2 for p in the range 1 tc 3 torr; however, the
abosrpticn cross-secticn ussumed (section 5.4.1) is not strictly
applicable to the wavelengths which can be detected by the photo-

multipliers, so this pressure is sufficiently close to 0.5 torr to

e interpreted tentatively as evidence of resonance scatter.

2. d dependence : adjustment of the end-released and the centre~
released data according to the appropriate value of d failed to

demonstrate any equivalence between the twe sets of data.

3. E/p dependence : & plot for the photomultiplier data of

(v.) - log(L/p) for fixed p (not reproduced here) did not yield
discrete curves for each value of p, but viewed overell,although
there was o great deal of scatter, it was evident that the general
variaticn was censistent with the predicted shope of the function
h(E/p) in fig. 5.8, though the minimum cccured at E/p = 60 volts.
emt.torr ! instead of 150. Fig. 5.4, which plots (v_) - log(E/p)

for fixed exp(ad), shcws similar features.

It is concluded from this semi-quantitative treatment
that, within the limitations cf the model assumed, there is
sufficient agrecment between the predicted and the actual
beheviour for resonance scattering to be a source cof spurious

signals fram the photo-multipliers, and therefore to render the
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photo-multiplier data unrelicble.

Detection of u.v. Photons by the Electrcn Multiplier,

Another possiblc scurce of spurious signals is the arrival zt the
first dynode of the electrcn-nultiplier cf ultra-viclet photons from
the discharge. It is shown in section 5.4.1 that the absorption
cross-scction is sufficicntly low to give only 50% absorption of
photons from an cvelanche at o cistence of 6.9 cm from the ancde.
However, the sclid angles subtended at this distzonce are only

3xlO"6 and 3xJ.O“8 sterads respectively for the large and small
orifices, and only the case where the avalanche has reached the
anode, to give avecut 0.02 sterad collecticn angle at the first
dynode, need Le considered. If 6/a is v 1 (section 5.4.1) then,

for the lerge hole, rhoton signals can easily be discriminated from
electron signals by noting the amplitude, and for the small hole there

3 chancce of detecting a photon instead of an electron.

is o %22 w0
This effect would have given an apparcnt drift velocity that was high
by about 10% at E/p = 30 volts.cm ~.torr+ and 45% at E/p = 350, and

is discussed in relation to the electron-multiplier data in section

5.6.1.

Pick-up by the electron-multiplier of electrical inter~
ference from the pulsing circuits was difficult to eliminate (section
4,3), but was reduced to a satisfactory level and was not detectable

at the time that the avalanche reached the anode.
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PART L

Electron Multiplier Data

The electron-multiplier data, which appears to be
reliable, is evoluated and compared with Schlumbohm's
values for v_ , and the electron energy anslyser
results are also discussed briefly. The possibil-
ities for further work with the electron-multiplier

technique are explored.

5.6, Interpretation of the Final Electron Drift Velocity

Values, Obtained by the Electron Multiplier Technique.

5.6.1. Large Hole Data.

The deta obtained by using the electron-multiplier to sample
+he centre-released avalanche through the larger hole is presented in
fig. 5.10 in the form of u plot of (v_) agaeinst log(E/p), the points
being marked O . The only experimental variable held constant in
the graph is d, equel in this case to T.12 cn, the distance from the
central needle to the hole in the anodc. Both p and exp(«d) increase
monotonically with inereasing L/p, whilsti V_ goes through a nininum
at E/p = 82 volts.cm *.torr >.  Tach point is derived from up to
10 individuual readings, ond the bars indicate the extent of the
scatter that was found between these readings; the point is the

arithmetic mean of the individual values.
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A straight line fits the points better than a monotonic
curve, and the line drawn is a least squares fit with a correlation

coefficient of 0.99. This line can be represented by

] v-
= 0 ey e—— (5.1)
F 5.5x10"

which resembles n = noexp(av_t)(equation 1.2). In general, n/no is

not proportionsal to E/p, but a plot of exp(oad) = n/nO against E/p

(fig. 5.11) shows thut, fortuitously, exp(ad) a E/p for this particular
experimentnl run. Thus it seems that the unexpected relationship (5.1)
can be explained or this basis, and is not of any fundemental signif=-

icance.

A log(v_) - log(E/p) plot of the large hole data (marked @)
is shown in fig. 5.12, and here there is little justification for
drawing a straight line through the points. However, the least
squares fitted line to all the pcints (correlation coefficient = 0.85)

gives the relcotionship
0.85
v_ = (E/p) (5.2)

If the points above und below E/p = 82 volts.cm T.torr™t are consid-
ered separately, straight lines (correlation coefficients = 0.95 and

0.39) arc¢ obtained, to give

)0.60

v_a (E/p for E/p = 80 to 360, (5.3)

)1.27

v_ o« (m/p for E/r = 50 to 80. (5.4)
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In all cuses the index v 1is greater than the simple theoreticsal

value of 0.5, but is within the runge of values measured from

,

3.46

Schlumbohm's curve, nemely v = 1.65 at E/p = 30 to

v = 0.5 at E/p = 1500.

The curve from (3.46) is also plotted in both figs. 5.10
end 5,12, und it 13 seen that the cgreement is fairly good at
E/p < T0 volts.cm-l.torr-l, but that the values are up to 17% lower
than those obtained in the pr.sent investigation at E/p > 70. The
principal criticism levelled at the earlier investigation (section
5.2) was that the (pxd) runge was too low for it to be certein that
equilibrium with the gas and the upplied electric field wus achieved
in a distonce that was small compared with the drift distance. The
effects of such non-equilibrium are discussed in sections 2.5 and
5.4.2, and whether a depressed or an elevated velocity will result
depends on the injection energy of the initiating electrons. In
(3.46) it is likely thet the injection energy was less than the
equilibrium encrgy, which would yield vealues for V_ that vere
erroneously low, in quulitative agreement with the observed discrep-
ancy. The increusing magnitude of the discrepancy with increasing
E/p is consistent with possible effects of initial non-equilibrium
at the very low pressures thought to have been used at higher E/p in
the earlier work. Another possible mechanism, the retarding effect
of space charge distortion, may ulso have caused low v_ values

to be recorded in the earlier work (section 5.2). The detection by
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the electron-multiplier of ultra-violet photons generated by the
avalanche could lead to v_ values in the present investigation

that were too high by +10% at E/p = 30 Vol’c,s.cmml.torr—l to

+45%7 at E/r = 350 (section 5.5), but it was concluded that the
amplitude of such a spuricus signal would be toc small to be
important. Also, although the v_ values from the present
investigation are greater than those from 3.46 (figs. 5.10 and 5.12),

a quentitative comparison does not support this as e possible

source of error.

The reason for the scatter of up to 15% between the
individual values at any given E/p is not fully understood.
Statistical variations betwecen avalanches are expected to be slight,
since a moderate number of electrons (v 10) was used to initiate an
avalanche, the gas amplification was never very low (10 to 500), and
an adequately large sample of electrons was detected (10 to 100).

It was difficult with the larger sampling orifice, tc balance the
gas inflow against effusion through the orifice, so that there may
have been pressure variations of up to 7% (sectien 4.5), with an
accompanying uncertainty in the velue of E/p, which could have

contributed to this scatter.

5.6.2. Small hole data.

The data cbtained by using the electron-multiplier to sample

the avalanche through the small hole is presented in fig. 5.10 in the
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form of a plot of (v_) against log(E/p), where there is no

evidence of the exponential relationship found for the large hole
data, and in fig. 5.12 in a log(v_) - log(E/p) plot, the points
being marked o. It is seen that there is a close correspondence
between this date and that from (3.46) in the E/p range 50 to 100
volts.cmml.torr-l, and moderate agrecement above and below this range.
The least sauares fit through the log - log plot has a correlation

coefficient of 0.99, and a gradient of 1.0l to give
v oa (£/p)5°%F for E/p = 40 to 200, (5.5)

Because of the poor statistical sampling (section L.4), it is not
proposed to attach significance to the discrepancies and correspond-
ences between this data and that of Schlumbohm. It may be remarked,
however, that the fair self-correlation of these statistically
unsound points, and their reascnable cgreement with the large hole
data, would seem to indicate that ambipolar and kinetic diffusion
broadening in the field direction was slight, and also that

confidence mey be placed in a technique that relies on single electron

samples retaining the characteristics of the distribution from which

they are drawn.

5.6.3. The entire electron-multiplier data.

The foregoing may be summarised thus -



l. v_a (E/p)", where

H

v = 1,01 small hole data, I/p = 4O - 200,

v = 1.27 laorge hole data, E/p = 50 - 80 ,

v = 0,60 large hole data, E/p = 80 - 360,

v = 0,85 large hole data, E/p = 50 - 360,

v = 0,92 all data » E/p = 40 - 360,
vhich may be compared with

v = 1,65 to 0.5 , from (3.46),E/p = 30 - 1500,

v = 0.5 from theocry (Chapter 2).

2. Agreement with (3.46) to better than 17%.

A comparison of the data with that from (3.46) has
already been presented in section 5.6.1. It might be added that the
1og(v_) - log(E/p) plot of the earlier data (figs. 3.16 and 5.12)
shows a change of gradient at E/p = 97 volts.cm_l.torr—l, which
suggests o change of process in this region, and that the large
hole data shows a change of slope at E/p = 82. Those who invoke non-
equilibrium conditions quote rather higher onset values of

5+23 \nd Chenin and Rork

E/p = 150 to 200 {e.g. Fletcher and Haydon
5'25), and the examinction of the present data for such a process

has not been fruitful.

Some of the theories of electron drift velocities have

peen discussed in Chapter 2. The mean values approach led to a
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relationship in which v = 0.5 (equation 2.8), except in the case
of the Langevin-Thomson polarisation model, which gave the
relationship v_ « E/(p)% - equation (2.6). These theories are
valid at low E/p only, but an extension witkhcut rigour to high

E/p also gives v = 0.5 (equation 2.19). Huxley's method for low

E/v yields an intractable expression (equation 2.18), inspection

cf which suggests that v = v (E/p). Qualitatively, on the basis

of the simple equation of kinetic and mnotential energy with p held
constant, it is ditfficult to envisage a situation in which

v # 0.5. The polarisetion model, where v_ o E/(p)é is not supported
by experiment., It is reasonable to suppose that the fractional
energy loss factor f will be a function of E/p, and this would lead
to v > 0.5 and is consistent with the small hole data, the large
hole data for E/p < 82, and the data from (3.46) for E/p < 97. At
high E/p it is expected that f would become independent of E/p to
give v = 0.5 again, in agreement with the large hole data for

E/p > 82, and the deta from (3.46) for E/p > 97. It is also
expected that f = £(E/p) would exhibit rescnances corresponding to
excitation and ionisaticn levels, and that these would be reflected
in the variation of v_ with E/p. Such resonances have not been
observed here or reported elsewhere, but probably have not been

sought and therefore may have been missed.

If the spplied field is held constent, & model in which

the interaction time is greatcr than the time between collisions
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would lead to & 1/p dependence, and v would have values between
0.5 and 1.0 in the transition region. However, there has been no
evidence for such & mechanism under the conditi~ns of this

experiment.

In section 5.4.1 it was found that, for the combined
photomultiplier and electron-multiplier data, v_ o VZ for fixed p,
where v = 2.2 to 2.7; in section 5.3 it was suggested that Dawson's
3.58 values for v_ (fig. 3.19) showed a parabolic dependence on E/v
for fixed p, and a log (v_) - log(Va) plot for cone of the curves
yields a gocd straight line of slope v = 1.95. The moderate
agreement between the values of v is almost certainly coincidentcl,
particularly in view of the unrelizble nature of the photo-multiplier
data. It is not obvious why the space charge dominated processes of
(3.58) should exhibit this dependence, nor why the present data

should show a strong variotion with Va’ unless the £ = £(E/p)

relationship is again invoked.

5.7. Electron Energy Measurements.

The electron energy analyser was of a preliminary design
(section 4.2) 2nd readings could only be obtained when the current
in the discharge gap was relatively high, probably corresponding to
the early stages of the establishment of & glow discharge. The
energies measured are likely to correspond to those in the anode

glow region and will bear little resemblance to those present in a
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current Townsend avalanche. The imperfect geometry of the
anelyser, which permitted electrons to travel in directions other
than parallel to the retearding field, zllowed energies to be
observed which may be lower than the actual energies and also
caused poor resolution. Additionally, it will be shown that there
were further defects which resulted in the apparent penetration of
the analyser by electrons with energies below that corresponding to

the reterding potential.

Because of the poor quality of the data and the remoteness
of the physical situztion from the Townsend regime (the subject of
this investigation), the results will be discussed only briefly and
superficially. Fig. 5.13 shows histograms of the observed electron
energy distributions for five different voltages applied to the drifs
space, for each of three different pressurcs. The vertieal axes
plot the numbers of electrons in arbitrary units, and the horizontal
axes electron energies in eV orn o non=-linear scale. The histograms
exhibit the following features -

1. There is no similarity to a Mexwellian or a Druyvesteyn
distribution, and many of the histograms show two distinct peaks.

2. At fixed pressure, there is an increesing concentration of high
energy electrons as V, is increased. The peak energy is usually
equivalent to at least 50% of Va, and apparently is sometimes in
excess of Va’ which clearly indicetes that the observed energies
cannot be correct. Nevertheless, the order of magnitude cof the

measured energies implies that the electrons have acquired an
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appreciable fraction of the total available energy, possibly in the
interval between the last collision and the anode. This, and the
dependence on Va’ is not inconsistent with the potential distrib-
ution in a glow discharge, which shows & substantial potential
drop across the short anode glow region, after the almost field-free

positive column (fig. 5.1h4).

Penetration of the negatively-biased retarding grid by the
field which accelerates electrons onto the first dynode of the
electron-multiplier coﬁld have caused erroneously high energies to
be observed, but it is improbable that this effect would be important.
However, detection by the multiplier of ultra-violet photons from the
discharge is a more likely source of error, and it has been shown in
section 5.5 that the propertion of photons to electrons incident at
the first dynode would be about 2x1073. This did not present
problems in the detection of a complete avalanche but, if the electron
signal is attenuated by the analyser, the ultra-violet signal
becomes comparable or even predominant. It is not possible to adjust
the data for this effect since, at a given E/p, the ultra-violet
signal varied with the retarding potential, as the transit time of

the electrons between the analyser and the multiplier depended on this

potential.

3. At fixed Va’ the high energy peak tends to move to lower
energies as the pressure increases, and also splits into two peaks

at the higher values of Va' The former feature is again consistent



- 133 -

with the anode glow, where it might be expected that an increase in
pressure would be accompanied by & move towards equilibrium conditions.
The splitting of the peaks is not understood. The lack of similarity
to the Maxwellian and Druyvesteyn distributions is also in accordance

with the non-equilibrium conditions of the anode glow.

5.8. Conclusions and Suggestions for Further Work.

It has become apparent that the use of photomultipliers,
without spectral discrimination, to make spatio-temporal measurements
of discharges in gases at pressures in the region of 1 torr is
unreliatle. However, if an interference filter or a monoclhramator
were to be used to select a non-resonant line for observation, it
is probable that useful data could be obtained, provided the
sensitivity would nct be too severely reduced. Photomultiplier
detection is particularly attractive since there is no uncertainty
about possible interference with the development and progress of

the avalanche.

The application of electron-multipliers to the determin-
ation of electron drift velocities has yielded values with a calculated
maximum error of + 12% in the E/p range 40 to 360 volts.cm-l.torr-l,
for hydrogen. This technique was apparcently novel at the time of
inception of this investigation, and has emerged as a potentially

useful line of attack on the limitations of the (gein x bandwidth)



- 134 -

product that beset investigations of fast, low current processes.
Specifically, the electron-multiplier has the ultimate sensitivity
in its capability of detection of a single electron, coupled with

a risetime that can be as short as 2 nsec. The need for differential
pumping sets an upper limit to the gas pressurc range that can be
investigated, though the sampling orifice can be very smell, as long
as electrons will pass through sufficiently often to be detectable
in multiplier noise, and the pumping speed cf the system can be very
fast. In addition, the nulsed Townsend discharge becomes amenable
to temporally resolved electron energy analysis by sophisticated
analysers in & vacuum environment, whereas previously only crude
analysers with dimensions less than a mean free path could be
employed, immersed in the gas. Diffusion measurements have not been
attempted in this work, but would be possible under conditions of

low charge concentrations to minimise mutual repulsion.

Many asvects of the present experiment could be improved, and
it is not considered that an exhaustive investigation was executed
with the techniques that were develcped, since the time-consuming
methods of data acquisition and reduction, and the unsatisfactory
photo-multiplier data, prevented an adesquate set of results from
being accumulated by the electron-multiplier technique. Thus it still
remains for a comprehensive set of data to be acquirod ., covering
the accessible range of E/p, p and (pxd), and exp(od). An immediate

extension would be to modify the pulse generator to enable higher Va
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to be applied, so that the upper limit for E/p could be extended.
Good v_ values, supported by electron energy distributions, in the
region E/p = 100 to 2000 volts.cm Y.torr T would resolve the "runaway"
discrepancies between various authors (section 5.4.1)., It would
therefore be important to develop or adapt a high resolution eclectron
energy analyser to fit the geometrical constraints of the fast
pumping system, and a preliminary design for a retarding potentisal
type is shown in fig. 5.15. A determinaticn of the electric field
distribution using an electrolytic tank has shown that this geometry
has equi-potential lines thet are perpendicular to the electron
trajectories over a semi-angle of approximately 300. The problem of
detection of ultra-violet photons fram the discharge (section 5.7)
could be overcome by deflection of the electrons by & magnetic or
electric field between the analyser and the electron-multiplier, so

that the multiplier could be placed out of sight of the orifice.

There is & clear need for improved date acquisition, and
there would be no technical difficulty in arranging for the single
electron signals from the smaller sampling orifice to stop a scaler
(driven by & 100 MHz oscillator) which had been started simultaneously
with the release of the photo-electrons. The output from the
scaler could be punched on paper tape, and would set an accuracy
limit of 1% and 10% for the lowest and highest velocities that have

been measured with the present equipment.
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It is evident from Chapter 2 that the existing theories
of electron transport at high E/p are inadequate, and the task of
analytically determining the electron energy distribution is
formidable when e number of types of collision is possible. It is
suggested that the use of Monte Carlo methods might provide an
alternative approach to the problem; such an approach would be confined
to low values of exp(ad), say < 100, to keep computer usage at an
acceptable level, and would require a knowledge of the cross-sections
and angular distributions for all the collision processes with s

significant probability of occurrence.



APPENDIX 1

The Parameter E/po

The peremeter E/p 1s of fundamentel importance in
the physics of electrons in gases. However, E/p is o function
of temperature, and the truly fundamentel parameter is E/N,
where N is the molecular number density. N is an inconvenient
quantity from an cexperimental point of view since it cannot be
directly measured, and the natural consequence was that the
early publications in the field used thc practicel perameter
E/p, where p was almost alweys measured at an unspecified
ambiént temperature, a practice that was quite adequate for
the gas purities and experimental techniques that were then
available. As evolving techniques demanded 2 more precisc
parameter the mejority of workers resorted to the use of E/po,

where p_ is the pressure reduced to OOC, though some used E/N.

Al.
1 have suggested

Huxley, Croupton and Elford (196€)
thet a unit of E/N called the 'Townsend' be used, to honour
the remarkable contributions of J.S.Townsend to the field, and

that this unit be defined thus -

=17

1 Townsend = 10 v.cm2.

The use of this ratio would make the Townsend a unit of

practical magnitude, in that it would be numerically equal to



E/p at o temperature of 96.62°K, whilst multiplication by a
factor of 3 would make it approximately equal to E/p at room
temperature (+ 3% between 9OC and 2500). The precise relation-
ship is

E/N Tcwnsend = (1.035hx10"2T)(E/pT)v.cm-l.torr-l.

This proposal would seem to be = compromise between the use of

E/N and E/po.

Conscquent upon this suggesticn, the Institute

(A1.2) steted that it intended

of Physics and the Physicai Society
to bring to the attention of the 8th International Conference
on Tonisation Phenomene in Gases a proposal that o unit called

the Townscnd be adopted, defined by either

- 2
10 17v.cm

2.8266x10_l7v.cm2 .

1 Townscnd

or 1 Townsend

The latter definition would seem to be the more convenient as
it is numerically equel tn E/po; since the principle of the
former definition is compromised to give it practical

7, it would

magnitude by the introduction of the factor of 107t
seem scnsible to compromisc it further to make the unit truly

practical.
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However, it cppears that no decision on this proposal was

reached at the confcrence, and for this reason the author has
chosen to use E/p0 in the conventional mixed units of volts.cm‘l.
torr ~. Tor brevity, the parameter is written throughout as E/p,

and 2ll numerical values quoted are reduced to OOC unless

otherwisc stated.
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APPENDIX 2

The Currents Due tco a Single Avalanche

The Electron Component.

Only the case of a single avalanche, without secondaries,

is considered.

Suppcse that n clectrons, with charge -e, drift with
velocity v_ in o uniform field E = Va/d. Thesc electrons, in
drifting a distance dx, acquirc cnergy neE.dx = neE.v_dt, which
must be equal to Va.th).dt, the energy put into the circuit in

time dt. Hence

nev

I-(t) D come— s

d

where I (t) is the current due to the electron component. Now,
from equation (1.2), n is a function of time such that if the

ng initiating electrons are relecsed instantaneously,
n= no.exp(av t),

so that

n ev
o]
d

I_(t) = exp(av_t) (A2.1)

(Under conditions of very low o it is not sufficient to consider

only the contribution of the electrons in the head of the



Fig. A2.1

Variation of the electron component with time.
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Fig. A2.2

Variation of the positive ion component with time.
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avelanche and the cxpression becomes

noev_ rt
, b explav t).dt )
d é -

I(t) =

Equation (A2.1) holds only in the time interval O st st _,
where t_ is the clectron tronsit time; otherwise I_(t) = 0,
From equetion (A2.1), it is seen that the electron current

increases exponentially with a time constant l/av_ (fig.A2.1),

so that measurcment of this time constant and a knowledge of

o pernits a value fur v to be obtained.

The Positive Iun Component.

As above, I+(t) =n ev+/d for singly charged ionms.

+
The nwaber of positive ions in the gap at time t is equal to
the number of ionising collisions made up to time t, less the

number of positive ions lost to the cathode, so that

n ev
I+(t) = = (exp(av_t) - exp(av+t)) (A2,2)
during C ¢ tst ,
nev,
and I+(t) = ) (exp(ad) - exp(av+t) )

t_stst ,

to a good epproximation (fig. A2.2).
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Now v+/v_ = 10-2, so that it usually sufficient to

write cquetion (A2.2) as

I(t) = === . oxplavt), Ostst ,

which is negligible compared with the electron current

flowing during this time intcrval.

The Negative Ion component.

In electronegative gascs, an attachment coefficient
n' can be defined as the number of negative ions produced per
electron per centimetre puth parallel to the field
(similarly to o), so thet dn =n'n.dx ions are produced by n

electrons in dx. Thus the number of electrons produced in dx

is
dn = (o = n')n.dx,

and thus
n = noexp(a - n')v_t.

The curve obtuined is similar to that in fig.l.3, but now the
maximum is (nev_/d).exp(a = n')v_t and the time constant is

1/{a ~ n*)v_.
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As hydrogen, the principal subject cf this work, does
not form negative ions, thce derivation of the negative ion
current I'(t) end the positive icn current I+(t) for this cesc
will not be given, thouch the procedure is similar to that for

nen-ottaching gnses. The expressions obtained are

n ev
I (t)= Od - oxp({a - n")v t), Ostst,

o ev

+ Q
I,(t) = Od Tamn™) (exp(a -~ n')d-exp(a - n')v,t),
t_st s (¢ + t.)s

n ev'
I'(t) = ———— n (exp((a = n')(d=v't) -1)
- d {a=n") - ’

t_sts (s +t').

I, (t) and I'(t) are negligible in the time interval

Dt gt
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APPENDIX 3

Boltzmann Transport Theory Applied to

Electron Drift Velocities and Distribution

I"'unections.

General Velocity Distributicn in a Uniform Field.

In the absence of an applied electric field the
isotropic velocity distribution function is f(c). In velocity-spece
(fig. A3.1la), the number of ions per unit volume with speeds between
¢ and (c+8c), contained in the spherical shell of radius e,

thickness 6c, is

SN = N.f(c).hnczdc
and the number in the velccity elementary volume 6%.6y.62 is
SN'= N.f(c).6x8y82

If o drift velocity v = v(c) is superimposed in the x
direction, a dependence on ¢ being assumed, all the X components
will be increased by v to shift the centre of symmetry a distance
v from O to O'., ' is chosen to keep the numbter of ions SN' in the
volume 6%.6y.62z unaltered (fig. A3.1lb).

Assumption 1 ¢ thermel equilibrium, v << c’',

Then cos 6 = (x + v)/e' = x/c' .



A9

It is no longer necessary to differentiate between ¢ and c¢', so ¢!
is written as ¢. Then O'P' = ¢ - v.cos 6 = ¢ - vk/c.
Let the mew distribution function be F(c,X); then the number of

ions in 8%.5y.8% becomes

SH'= N.F(c,%).8%6y82 = Nof(c=vk/c).5%8y62 (A3.1)

Hence, using Taylor's theorem

F(c,x) = f(c) = X—is . .‘Lg.éf_). (A3.2)

which is a gencral expression, subject to assumption (1), for the
velocity distribution of ions drifting in a force field. It remains

to find

1. f(e¢) the zero field distributicon

2, v = v(c) the drift velocity and its variaticn with c.

Ion Drift Velocities using the General Distribution Function.

If o uniform ficld E is applied in the x direction, the mean
drift velocity is given by

J ((meen J'c)cxno.irith clde

- O
V=

total no.
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J [(c.cosH) X no.with ¢ ,6]d8

0

where (mean %) =
¢ .
no. with ¢

m
Now J [ﬂc.cose)c x no. with c¢,8]de
e
= J (c.cosb) ot ¥ F(c,x).2mc sin 6 ¢ dc 46
0

iy
2nNc3dc J F(c,X)sin 6 cos 6 46

e}

using equation (A3.2), and substituting X = ¢ cos 6

m T
2nNede [£(c) j sin 6 cos 6 46 = J v sin 6 cos® -— dﬂ

(@] (o]
_ hm 3 daf

3
J [.-hnNc v _df/3dc X no. with CJdC

no., with c

—_ 0
Hence v =
total nc. N
we [T df 3
= --§— J v(c) E;'C dec.

(e}

Now, from Langevin's approech v = 3eEA/mc as given by equation (2.1),
and thus v(c) = 3eEA/me. It is more rigorous to consider the vector

momenta between an ion and a molecule, and to equate the mean momentum
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lost in & collision with the mean momentum gained from the field
between collisions, in which cese v(c) = eEA'/mg, where g is the
mean speed of the ion relative to the molecules, and the equivalent

mean free path A' = A(M+m)/M(l-cosf).

™ — el bn [TeEN ar 3,
en 3 mg dc
(o}
- YmeE [ 1'03 g-f—dc
3m g de °

(o}

Assumption 2 : A' is constant, independent of c.

For electrons g = ¢ to give

Vv = a ——hﬂﬁk' 02 if.-dc (A303)’

and it is now necessary to evaluate the zero field distribution f£(c).

The Zero Field Distribution Function.

The Boltzmann epproach of continuity in phase-space is

adopted. From equation (A3.1), the number of ions with velocities

between ¢ and (c+8c) is

SN = N.F(c,i).hnc‘?dc

= constant in the steady state.



The mean rate at which energy is supplied to this group of ions by

the electric field is

NF(c,%)bncde. eE.k ,

averaged over all X,c constant

_ .2
= Nebvhne®ac[ir(c) - - &L

by substituting for F(c,k) from equation (A3.2)., As before
v = eEX'/mg and X = ¢ cos 0, and the xf(c) term + O since f(c) is

isotropic, so the rate becomes

2.2 3
hn A'e E2c af
- N 3 ng de de (A3oh)

To maintain & staticnary distridbution, energy must be lost

by collision at the same rate.

Assumption 3 : stationary molecules, 02 = 0,

Then the energy loss rate is given by

Nf(c)*hnczdc. f. 5mc2. e/ (A3.5)

»
( It is difficult to justify the use of f(c) here, rather than

F(c,X), though it is necessary to be able to proceed.)

Assumption U : elastic collisions, f = 2mM/(m+M)2.
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Equating (A3.4) and (A3.5)

223 2
) Ng-l A elFPe _g_i‘_ dc = Nuw ME_Z cl&f(c)dc.
ng (m#M) A

Substituting A = A'.M(l-ccs8)/(m+M), where cosé = O for isotropic

scatter, and rearranging

1 EA' daf l -2 df
-3(.?;1‘;‘.-T-GTC. = —§'V 'd? = ;lé‘M‘ c f(C) (A306)

subject to

Assumption 5 : the ions are istropically scattered.

Integration gives

f(c) = constant x exp [- %?M j f—a dc].
v

If C2 # 0and v = 0, f(c) will be Maxwellian, of the form
exp(-3mc2/2M02), so thet af/de = (-3me/MC2).£(c). Equation (A3.6),

vwhich was derived for c? = 0, must be modified so that it will satisfy

a Maxwellian distribution when v = O; this criterion is satisfied by

2 M 2, 4f _ 3m
(v +--m+MC)dc-- m+MCf(c)'

Integration gives

3m [ cde
f(c) = constant x expEm+M J =2 -2/( )
v MCT/(m+M

amcde
(m+M )92 /34T

= constant x exp l_- J
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- eEXx!
and, for electrons, M >>m, g = ¢ >Vv_ = -
c
de
so that f£(c) = constant x exp[‘ J IS (A3.7).

oM(eEX )2/3(me ) 2+kT
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APPENDIX &4

The Pulsed Light Source

AL,1. Imtrcduction.

One of the principal requireaments of this experiment was that
a short burst of electrons, of maximum duration 20nanoseconds, should
be produced in the drift space of the experimental tube, either at the
surface of the cethcde or, preferably, at any selected position in the

drift space. A number of approaches seemed possible =

1. A glow discharge behind a perforated cathode, with o gating
electrode to permit short bursts of electrons to pass through the

. . . . 3.44,3.45
perforations, as used by von Engel, Corrigan and Breare .
Careful circuitry should avoid any problems in achieving the necessary
pulse length, but this method was not attempted because electron
release is limited to o pre-selected area of the cathode, and also

because cf the dependence of the number of electrons released on the

gas pressure, which is a variable parameter in this investigation.

2. DBreakdown between the ccthode and an auxiliary electrode
to which a short pulsed voltoge is opplied, or between two auxiliary
electrodes. A coaxial two-electrode system was constructed and tested
under d.c. conditicns, when it was found that a sufficient number of
initiating electrons was produced to maintain a discharge in the gap,

the current in the main gep being dependent on the voltage applied to

the auxiliary gep.
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However this method was abandoned for the following reasons =~
a. To keep the electron sworm dimensicns small, the auxiliary gap
must be small, & 3mm. At the pressures to be used, v 1 tcrr, (pxd)
is ~ 0.05 torr.cm, which is well to the left of the Paschen curve

(fig.1.2) on the steeply rising portion (pxdmi is ~ 1), so that the

n
breakdown voltage is high. This means that large pulsed voltages with
fast time cheracteristics have to be applied to the electrodes.

b. The relatively weak field of the main gap is unlikely to capture
electrons from the high field in the asuxiliary gap.

c. Distortion cf the moin field is caused by the introduction of

auxiliary electrodes.

3. Localised breckdown of the gas by focussing a Qe-switched
laser beam. This has the advantage of providing initiating electrons
at any point in the gap, without the need to introduce material
objects into the gap. At atmospheric pressure the incident power
density nccessary to achieve local breakdown is 'le12 watts.cmfz;
reduction in gas pressure should not affect this value substantially,
though it will reduce the number of electrons produced as the electrcns
initially stripped from the molecules will decrease with the number
density, and subsequent ionisation by electron collision after
acceleration in the laser field will also be reduced because of the
reduced density. A value of 1012 wa‘t:ts.cm._2 can be achieved by
a medium power ruby laser, with a Q-switched pulse of 1 Joule lasting

for about 1 nanosecond and a beanm divergence of about 10"2 radiens,

using a focussing lers of focal length of 1 cm. This approach was
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considered to be financially unsuitable.

L, Ccnstant ultre-violet irradiation of a metal surface
held at a positive d.c. potential so that the photo-electrons are
recaptured, except during a very short negative pulse applied to

Ah'l). This technique, which would seem to

the surface (Smith (1967T)
be & simple and effective approach to the problem, was not investig=-

eted as a successful alternative was alreedy being developed.

5. Photo-electron relecse from a surface in the gap by
irradiation with a short burst of photons of eppropriate energy. This
is the methcd that was selected, and details of the experimental work

are given in the following section.

Ab,2, Production of Initiating Photoelectrons.

A number of fast pulsed ultra-violet sources has been
described in the literature and attempts were made to reproduce
gseveral of them. However, their unsuitability for this investigation
was in some cases immediately evident from the description, and in

other cases only evident when they were reproduced. Some devices

could not be operated in o triggered mcde (D'Alessio et al (l96h)Ah‘2,

AL.3

Franke and Schmeing (1967) » McMahon et al (1966)‘“"1‘, Preissinger

Al“s), others had insufficient ultra-violet intensity (D'Alessio

AL.6

(1967)

et al, Onuchin (1966) » Tawara (1966)Ah'7), produced too long e

pulse (McMahon et al, Preissinger) or required sophisticated facilities

for their construction (Fischer (1961)Ah’8).
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The device first reproduced employed a mercury wetted-
contact relay, as described by D'Alessio et al. These relays cre
normally used to switch low currents on & millisecond or faster time-
scale, principally in square-wave pulse generctors, the reed bedng
driven magnetically by a helicel coil surrounding the reley. The
relay consists of e nickel-iron reed and electrode, the reed dipping
into a mcrcury pocl vhich wets the contacts and permits fast switching
as well as prolonging the life of the electrodes; the whole is sealed
into a glass capsule vhich is filled with hydrogen to & pressure of

18 atmospheres.

Application of an overvoltege will cause this gap to break
down with an cccompanying emission of light, the breskdown voltage
being about 6kV . To obtain a short pulse of light, the self-cap-
acitance of the relay is charged through & resistance of 250 megohms
to give successive pulses at a repetition rate vhich can be controlled
either by altering the charging resistance or by varying the over-

voltege. The self-capacitance of the gap was estimeted to be lO-l3F

»
giving an energy storage at 6kV of 2x10-6 Joules. If this is released
in 10-8 seconds, the instantaneous power 1is about 200 watts, equivale-
ent to cbout 1013 photons per pulse if it is assumed thet all the

energy is radiant.

The relay used was the Adams-Westlake P46-60000. D'Alessio
et al had access to the manufacturers facilities and were able to
produce a relay in a quartz envelope; in the commercially aveileble

form the envelope is gloss and, since the high pressure hydrogen
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f£illing precluded any attempts at manufacture in the laboratory, the

glass envelcpe variety had tc be used. The consequences of this will
be mentioned later, and the data given refers to visible and not

ultra~violet radiation.

The temporal characteristics of the lemp were determined
using an RCA 1P21 photomultiplier without any additional spectral
discrimination, feeding the signal into two different oscilloscope

configurations -

1. A Tcktronix 519 oscilloscope; this has a bandwidth of
1000Mc/s, but a vertical sensitivity of only 10 volts/cm, with an
input impedance of 125 chms. The photomultiplier output was fed through
e 125 chm cable directly into the oscilloscope input impedance, which
formed the anode load, tc give a time-constant of 1.3 nanoseconds
(the anode-dynode copucitance of the 1P21 is 10.4pF). The minimum
signal that could be detected on the oscilloscope was 2 volts,
corresponding to 2 photomultiplier anode current of 16mA, whilst the
maximum average current rating for the 1P21 is O.lmA, so the tube was
being heavily over-run even in pulsed operation. The overall voltage

applied was 1250 volts to give a gain of 107,

Under these conditions the observed temporal characteristics
of the lomp were e rise-time of 2 naroseconds, and a half-width of 10
nanoseconds. Under ideal cocnditions, the photomultiplier has 2 rise~
time of 1.9 noncseconds, so that the actual rise-time is

} }
T :(Ti - Ti) = (2.02 - 1.92) = 0.63 nanoseconds, according to first-
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-order pulse theory. The calculated photon output over the range
3100 - 6800R was 108 photons.sterad-l.nanosecond-l, using the

manufacturer's characteristics for the photomultiplier.

2. A Tektronix 545A, with type N sempling plug-in unit and
type 110 pulse renerator;this extends the bandwidth of the 5454
oscillosccpe from 30Mc/s to the 1000 Mc/s range, with an input
sensitivity of 20 willivolts/ecm into an impedance of 50 ohms, provided
o repetitive waveform is aveilable. This arrangement was employed
as the degrce of coverrunning necessary tc provide a sufficient

signal frow the photomultiplier to operate the 519 oscilloscope slows

the response of the photomultiplier,

In practice the maximum sensitivity that could be used was
200 millivolts/cm,duc to clectrical pick-up from the pulse, requiring
an instantaneous anode current of LmA for a deflection of lem, Under
these conditions 2o rise-time of 2.0 nancseconds and a helf-width of
7.5 naroseconds was cbserved. Correction of the rise-time egain
yields a calculated velue cf 0.63 nanoseconds (the velues claimed by
D'Alessio et al arc rise-time O.4 ns , half-width O.5ns). The life
of the source would appear tc be indefirite, though a small amount
cf electrode sputtering was apparent, maede evident by the tendency of
mercury droplets to stick to the gless walls after many hours of

operetion ot repetition rates of about lO3 PeDeS.

Although & spark in o hydrogen atmocsphere using mercury

electrodes has a spectrum rich in ultra-violet, as previously mentioned
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the only relays available had glass envelopes, SO it was necessary
to introduce a low work-function surfoce into the experimental tube
to release phcto-electrens. This technique, which is briefly
described in Section Ak.3, was unsuccessful insofar as no photo-
electrons were detected, and this type of pulsed lamp was abandoned.
Nevertheless, the mercury relay is a useful source of very fast,
fairly intense, visible light pulses, and is particularly approp-

riate for testing the frequency response of photo-electric devices,

Ab.3. Attempt to release photc-electrons with visible radiation.

An experimental tube was constructed such that, at the centre
of a plane-paranllel gap, the tip of & light-guide was coated with &
f£ilm of stromtium. The light pulse from the mercury relay possed
down the light-guide onto the strontium film from which, by virtue
of its low work function (between 2.06 and 2.47 eV, equivalent to
between 6000 and hSOOX), it was intended that photo-electrons should
be releansed. However, no evidence of photc-electrons could be found,
and because of the difficulties involved in depositing the film this

method was not pursued further.

The deposition technique required that strontium was loeded into
the gun whilst immersed in carbon tetrachloride to prevent oxidation,
and that the gun was then sealed into the experimentel tube and the
tube pumped down before the cerbon tetrachloride evaporated. The gun
was fired by radio-frequency induction heating, and to ensure that the

stronmtium was only deposited cn the tip of the light guide it was
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necessary to arrange for the gun to be moved into end out of the gap.

The reason for the lack of a detectabvle pheto-electron
current, tested with o continuous light scurce and an electrometer,
is not known, but it is presumed that & pure strontium film was not
deposited and that the ccnsequent work-function was too high.
Alternatively, if the highest value for the work-function of strontium
is teken (2.7heV or L500R) then, since the transmittance of the tube
envelope starts tc fell off at h3SOR, very little effective radiation

would be incident on the film,

Ab.k, Fast Atmospheric Spark Light Sources.

The spectrum of a high vcltage sperk in air has a considercble
ultra-violet content, and several types of device employing an
atmospheric spark were constructed. The primary requirement for fast
temporal characteristics is that the inductance of the circuit, which
almost invariably appears predominantly in the electrode region of
the device, should be kept as small as possible, whilst the design must
alsc allow for adcquate cnergy storage if a reasonable spark intensity

is to be achieved.

Ab. 4.1, Coaxial cable devices.

A device of this type was constructed, and consisted simply
of a length of coaxial cable with a spark gop inserted in the inner
conductor in such a way that the contimuity of the cable was disturbed

as little as possible. The cable on one side of the spark gep stored
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electrical energy, and was charged from a high voltage source through
a charging resistance until the gap broke down, when & voltage pulse
propagated through the spark gap into the remaining cable, to be
absorbed by & matched termination at the far end cf the cable. The
shape of the light rulse followed fairly clcsely the shape of the
voltage pulse unless the voltage pulse was very short. This device
prcduced a light pulse having a rise time of 10 nsec and e halfwidth
of 22 nsec. The intensity was low, and increasing the length of the
cable to give greater cnergy storage also increased the length of the
light pulse proportionately, whilst the charging voltage was already
in excess ¢f the maximum voltoge rating for the ceble. The further
problen of making this device operate in a triggered low-jitter mode

was not attacked, nor was any cttempt made to construct en aritificial

line with lumped elements.

Ab.b.2. Capucitor devices.

A ccmmercially aveilable pulsed ultra-violet source, known as
the "Nanolite", prompted the development of the second type of device;
the stated risetimec of the Nanolite is 2 nsec and the halfwidth 8 nsec.
The Nanolite wes originally described by Fischer, and consists essenticlly
of & coaxial capecitor of about 500 pF, tepering hemispherically at one
end. An electrode pin from the tip of the inner hemisphere passes
through o hole in the outcr hemisphere to form a cosaxiel spark gep with
a total inductance claimed to be less than 1 nanchenry. The dielectric
is PTFE of thickness O.lmm, machined to fit exactly the contours of the

electrodes. The machining of this PTFE shell was beyond the resources
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available during the investigation so that the Nanolite could not be
reprcduced, and the commercially available version was financially

unattractive.

The cooxial construction of the Nonolite is an unnecessary
urtefact,end Fischer's remorks relating the electricel properties to
transmissicn line theory inmply erroneously that the fast charccter-
istics ¢f the device arise from its resemblance to a transmission line,
In fact it is far too short (73 em) to be treated as o distributed
circuit and the hemisphericel taper is too abrupt to permit
undistorted proragation of a wave; also it is misleading to quote the
line inductance of less than 1 nonohenry when the inductance of the
spark gnp circuit totals about T nonohenries (which is still
commendably low). Electrically the device can best be described as
a high voltage capacitor of minimum inductence, discharging through the
inductive-resistive load formed by the spark and the electrodes.

Haony geometrical configurations will satisfy these critcria, the most
obvious possibly being & circular plane-parallel capacitor with an
annular spark gap in the centre of one plate. In this investigation
the requirements were for a precisely located, intense spark betwecn
electrodes that could be easily adjusted or renewed, and for physical
dimensions that werc not too cumbersome, together with simple and
inexpensive fabrication. To seatisfy these ccnditions, & plane-

parallel design as shown in fig. AL.l. was chosen.
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The low inductaznce capacitor was very simply constructed
from two copper plates, each of thickness 0.3 cm and of cammon
area 95cm2, mecnined flat on the inner surfaces and with radiussed
edges to eliminate local high electric fields, and separated by &
thin shect of PTFL (e = 2.0) for which a thickness of 0.012 cm wes
normally used, being sufficiently resistant tc electrical puncturing,
though 0.005cm was also used. These thicknesses represent a
compromise between the achicvement of high energy storage by designing
a capacitcr to withstand high voltages, with the accompanying problems
of high voltage pulsc techniques,and a capacitor of maximum cepacity
operating at a lower voltzage. The electrodes were 0.1 cm diameter
tungsten rods, ground tc a point having an included cngle of 90°,
the tip being slightly radiussed to minimise erosion. It was
essential to obtain a tight push-fit between the tungsten electrode,
the electrode-~holder and the guide to maintain the low inductance and
resistance path between the plates. The perspex clamping screws were
alsc machined to 2 push-fit to ensure accurate locstion of the
electrodes, and the guides were carefully drilled so that the electrode
tips were dircctly cpposed at all sdjustments., This design permits
rapid adjustument cr renewnl of the electrodes. The spark cavity was
kept as small as possible to minimise the self-inductonce of the
circuit, and each plate was recessed to o depth of 0.06 cm. The
capacitor was mounted on perspex, for electrical isolation, inside
a brass container that could withstand pressures of at least ten
atmospheres and also provided electrical screening. After passing

through a quartz window, the light pulse was focussed by a simple
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quartz lens of focal length 15 cm. Difficulty was experienced in
focusing and positicning the light pulse on the polished metsal
surfaces used in the experimental tube, and the aligrment optics

was added to the device.

The optics was initially adjusted under fovoursble viewing
and cmbient light conditions, after which it was only necessary to
sight the target through the optics sco that it lay on the cross-wires
and was in focus. The initial adjustment of the optics was made by
focussing the light output under subdued ambient lighting onto a
translucent screen marked with a cross, and then adjusting the bean-
splitter aond the cross-wires so that the image of the cross coincided
with the cross-wires without parallox. The beam-splitter, having two
partially reflecting surfeces, produced o double imege, and it was
necessary always to use the same imege. A 931A photomultiplier was
attached to the side of the optics opposite to the eyepiece, and was
used to monitor the fraction of the light output reflected onto it
by the beam-splitter; attenuators had to be placed in front of the
photomultiplier to prevent gross overloading. The signal from this
arrangement was used for the provision of timing marks and to trigger
the oscillcscope, but not to determine the temporal characteristics

of the pulsed ultra-viclet source.

The u.v. source could either be used in a free-running mode,
when the capacitor was simply charged through & limiting resistor of

106 olms until the sparking potential was reached, sc that the rep#tition
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rate depended on the applied voltage, or in a low=jitter triggered
mode by applying o negative pulse of amplitude 2000 volts, rise-time
50 nsec (fig. Ab.3d) generated by the circuit described in section

4.3,

It was found that the optimum electrode spacing was about

6x10'3

cmy which gove moderate intensity with reliable operation and
the minimum of electrode erosion; the corresponding sparking potentiel
was 500 volts, and the gar could be rapidly adjusted to this value.
More than 10h pulses could be obtained before unreliable operation

made adjustment of the electrodes necessary.

The inductance of the device was not measured, but if the
spark gop is approximated to a circle of diameter 0.12 cm the

9 henries. The resistance

inductance, given by L = %uoﬂr, is 1.2x10°
of the spark channel is variable and difficult to estimate, but is
probably ~ 1 ohm at peak current. The capacitance is discharged
through the series resistance and inductance to give a damped
oscillatory current of period T = 2w(LC)% = 8.3 nsec, the condition
for critical damping being R = 1.8 clms. Thus the model assumed is

that of a slightly over-damped series LCR circuit, and this was supported
by the waveform of the electrical pick-up from the sperk, though the
current transicnts were not measured directly. If the light output
follows the current closely, a rise-time of 0.4 nsec and a half-width

of 1.6 nsec are predicted at critical demping. The measured velues of

3.0 and 7.5 nsec are in rcasonable agreement in view of the uncertainty

in the value of R.
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To further shorten the predicted temporal charccteristics,
keeping the capocitance large for adequate energy storage and having
no control over the spark resistance, it would be necessary to further

decrease the inductance by more careful design and comstruction of the

8ap.

Ab, 4,3, Light Scurce Characteristics.

The cutput ¢f the light source, after suitable sttenuation
to prevent overloading, was measured by a Philips 56AVP phot o~
multiplier with the output signal cdeveloped directly scross the 125
ol input resistance of o Tektronix 519 oscilloscope., The
photamultiplier rise-time was 2 nsec for small signals, whilst that
of the oscilloscope was only 0.35 nsec and sc did not imposc any
limitations. The S56AVP photomultiplier can be operated at a geain of

8

10" and the maximum ancde current is 100mA, which is adequoate to drive

the input stage of the 519 oscilloscope.

Figs Al.3a and Ak.3b show the shupe of the free-running
ultra-violet pulse, indicating & helf-width of 8.0 nsec and a rise-time
of 3.6 nsecj if a correction is applied for the detectcr bandwidth,
these values become 7.5 and 3.0 nsec. In this mocde, provided the
electrodes cre not badly ercded, the reproducibility is good, as
indicated by the 10 superimposed pulses in fig.Ak.3c. In the triggered
mode the rise-time remains the same, but the half-width becames 23 nsec,

which was adequate for this investigation, though it is considered that
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attention paid to shortening of the electrical firing pulse (rise-
time 50 nsec, and helf-width 250 nsec - fig. Ab.3d) could result in
shortening of the ultra~violet pulse. Fig. Al.3c, which was obtained
with a different detection system (931A photomultiplier and S4SA
oscilloscope) and does not illustrate the true shape of the u.v. pulse,
shows that the jitter is *3.5 nsec over 4O pulses, with respect to the
triggering pulse applied to the grid of the XH3-0U45 thyratron (see fig.
4,11), and that the reproducibility iz good on the leading edge and
fair on the treoiling edge. The tail of the pulse falls more rapidly

than shown, and the 10%-10% width is 35 nsec.

The output energy did not very appreciably between the free-
running and the triggered modes, and the data following is for the
free-running mode at o sparking potential of 500 volts. The total
cutput between 2000R and TOOOR was approximately 109 photons per pulse,
emanating from o virtual point (the spark channel length was 6x10~3
cm and the diameter 1x1072 em), of which 88% lay between 2000% and
30003. This is equivalent to o surface brightness of 50 wa.‘t',t.s.cm-2
and & mean power of 10—2 watts during the pulse., In the triggered mode
the total output depended on the electrical energy available from the

driving circuit, and with 0.005 uF at 2.5 kV, the output was a factor

of two to three greater than in the free-running mode.

The spectrum was recorded photographically on Agfa Isopan-Record
film using a Bausch and Lomb 1.5 metre grating spectrograph. Even with
this fast film (800 ASA when developed for meximum speed), long

exposures of about 30 minutes at pulse repetition rates of 20 sec-l were
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needed for zdequate uxposure becouse of the very smell duty cycle of
the lamp; the integroted expcsure time under these conditions was only
about 0.3 millisec. The observed spectrum consisted of & continuum
extending from 23008 to 6800R, the limits of the photographic emulsion,
with a number of lines superimposed, amongst which were identified
tungsten, molytdenun end ncodymium. These are the basic material end
impurities prescnt in the electrodes, indicating that an arc was formed.
The continuum is presured to be that of an etmospheric spark, Time-
resolved spcctroscopy wes beyond the scope of the available facilities.
The temporal characteristics of the light pulse were measured in the
visible region using the S6AVP photomultiplier, but measurements made
with an ultra-violet sensitive 1P28 photomultiplier indicated no
apprecicsble diffcrence, though the 1P28 suffers scme loss of frequency

response when dreving the large currents necessary to drive the 519

oscilloscone.

Excited state lifetimes in air at atmospheric pressure are
about 1 nsec, but it was thought that a small improvement in the
temporal characteristics might be achieved by pressurisation of the
spark gap, and a range of pressures between 0.1 and 8 atmospheres in
nitrogen was investigated. The half-width of the ultra-violet pulse
was slightly dccreased to 6.5 nsec at 0.5 atmospheres, but overall
there was a roughly linear increase to 30 nsec at 2.5 atmospheres,
above which it remained constant at 30 nsec. From a superficial
investigation it appears that, in the linear region, the half-width

is a function of the sparking potential Vs, and therefore of the (pxd)
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product, since if Vs was kept constant by adjustment of p and 4, the
half-width remained constant. It is suggested that this increase of
half-width with pressure, which is also recorded by Onuchin, can be
attributed tc the increasing spark resistance with pressure, which
results in increasing over-demping of the LCR circuit. The only
advantage to be derived from pressurisation is increased light output

at the expense of accelerated clectrode erosion.
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Appendix 5

A MODEL FOR ELECTRON AVALANCHE RUNAVAY

Runaway can either be partial, when energy is lost by
collision at a rate unequal to that at which it is gained from the
field, or total, when there are no loss prccesses. The latter cose
is trivial, being a description of an electron freely accelersating
in o uniform electric field. Thermal velocities (= l.2xlOTcm.sec-l
at 300°K) and therefore diffusion, and also the initial velocity
are relatively small and can bo neglected, so that the transit time

is given by

1 1
t_ = (2md/eR)? d(2m/eVa)2 .

;
Thus v = d/t_ (%eva/m)é s

-app

1
and v_app is expected to be proportional to (Va)5 only.

For the casc of partial runavay, consider a very short
pulse of electrons released at the cathode of a uniform field drift
=1y . :
space (E volts.cm ~) with average energy €,» 8bout which the spread

of energy is assumed to be negligible. A Langevin type model is
adopted, in which the electrons drift in the field direction,
suffering identical collisions with gas molecules at equal distance
intervals, and losing an egual fraction of their enecrgy at each

collision. The Ramsauer effect is neglected.
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fractional erergy loss on collision

electron mean free path in field direction

total drift distance
total spplied voltage

initial energy, velocity

energy, velocity before nth collision

energy, velocity after nth collision

energy acquired between collisions

eVi/d.

0%+ (1 - £)]e ,

)"

€] = (L-£)(e_+¢€),

eé = (1 - f)2eo + [(1 -
el = (1-00%_ + [(1-
e, = (1 - f)n"leO + [(2

f)

e (1= D]e,

n-1

+ ooee #(1 - 1) +1]e

time spent between the (n-1l)th and nth collisions is
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Assuming that the interaction time is negligible

compared with the time between collisions, the electron transit

time is given by

dfk
t = t .
- p=1 B
Thus v—app = 3/ Ztn
where
1
2 % a/x
2
e =(2-). ] v (-n°
n o
eV n=
. n
since (l"f) + sees *+ (l-f) =
special case 1 : £ =1
2ma® i 3 2md
Ztn = (L 2 ) . Z(V. ) =( 2
eV eV
evy 3
- v = ,  ——
~-app nd

(c.f. the mean velocity between collisions ¥

gince %mv2 = eVA/d.)

A, 1-(1-f)" 3
*vg ( f(,l-f) ) 1
n-2 . A ,l=(1l-f)
- [yo(l-f) = ( T
1-(1=-£)"
fli-1t) °
% 1
) -2 P
if d >> A (A5.1
= jv = (%er/md)i,

)
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special case 2 : £ =0

2 2 )
2nd - ] T
tto= (=) Qv+ V)2 + (V)?] since A = d

n Vad (o] O

eV

1

- v_n-—’ = % (% ;'i‘)d . V’ T

arp (V +4V)2+v 2

o o
= (3. EXJ% ifV >> v (A5.2)
m o L]

(c.f. the mean velocity of .an electron freely accelerating

1
through o potential V is v = (feV/m)Z.)

special case 3 : VO <<V, £f#0o0or1l

2 1 n -2 :
_omds AL ? - 1=(1-F) 1-(1-£)" 2
it (eve V) L EGEE) - (FEe— ) ]
.
2md\ a .
= ( I:V )y . F(T ) since n =% s
so that ]
(18 &z d (
V_app = (2= + W% G5 ,9) (A5.3)

where G{a/x,£) = 1/P(a/X,1).



Fig. A6.1

Experimental geometry for the resonance radiation

model.
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Appendix 6

A MODEL FCR THE RESONANCE SCATTER CF PHOTONS

INTO THE PHOTOMULTIPLIERS

Suppose that the experimental geometry (fig. A6.1) is
such that, in the shaded region viewed by the photo-multiplier,
there is a number N.A.S6x of uniformly distributed cxcited molecules,
which emit radiation isotropically on decay, and that the fraction
which is detected is given by a factor g. Let there be ¢/o
exciting collisions per ionising collision, and suppose that there
is an avelenche of n = n exp(ax) electrons at a distance r from
the shaded region. Then the number of photons which intercept the

shaded region is given by

0 = (A/brr2) (8/a) n explax).
i) o

If o is the differential absorption cross-section, the number of

photons absorbed in this region is

n' = NAx'o(éA/hwrea)no exp(ax),

1
P
so that the number detected on re-radiation is given by

n; = f.g.no.A.N.o.G.x'.exp(ax)/hnrga

where f 1s the fluorescence conversion efficiency to "detectable"

radiation.
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Now, for constant gas temperature and volume, N o p, to give

n" = K.g.o.d.p.no exp(ax)/ (d--x)2
p

where r = (d-x), and K 1s o constant.
The number of photons detected from a true avalanche is

n = g.8.n exp(ad)/a

so a spurious signal would he detected when n; = n, that is when

(d—x)z.exp(f‘(-g).p(d-x)) = K.6.p (A6.1)

Solution of this equation for x would allow the true drift velocity

to be calculated from v_ = x/t_app . The ratio of the true and

apparent drift velocities is given by

v_app/v_ = d/x.

It is possible to quickly ascertain the nature of the solution for

x under certain conditions, and thus to calculate how v_app/v will
vary.
1. E/p, 4, o constaent = x a (1/p).ln(1l/p)

that /v o p/in(1/p) .
so tha V_app’ V- p/1n(1/ (86.2)
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2. E/p, p, 0 constant > x = d + constant

so that v_app/v_ = d/(d + const) a & (A6.3)
3. p,d, o constant -+ x a f(E/p) = a/p

sc thet  v_/v_a 1/£(E/p) (A6.4)

and since v_ = g(E/p), v_ = h(E/p) (A6.5).

app

The rorm of h(E/p) = g(E/p)/f(E/p) is shown in fig. 5.8.
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Fig. A7.1

Resoclution of two avalanches.
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Appendix T

CRITERION FOR THE RESOLUTION O PRIMARY AND

SECONDARY AVALANCHES

The only secondary process that is sufficiently rapid to
cause merging of primary and secondary avalanches is the release of

photo-electrons from the cathode.

The criterion adopted for resolution of two avalanches
(fig. AT.l) is that, if the peaks of the avalanches are separated
by 1, the width of each avalanche (in units of time), the peak

amplitude of the secondary avalanche should be less than that of the

primary.

At time t, the number of electrons in the primary avalenche

is given by

n, = n exp({ov t) ,

and the number in the secondary avalanche by

[a]
fi

né exp(av"(t - 1))

%' n, exp(av_(t- 1)),

where 6'/o is the ratio of seccondery photo-electrons to ionising

collisions in the gas.
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Thus the condition for resolution is

. >n
nL 2

. 8!
i.e. n, exo(av_t) > = n exp(av_(t - 1))

< explav_t).

QIO7

or
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