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SUMMARY

PART T,

An attenpt was made to measure the impedance of an
refo discharge by standing-wave methods. Hoﬁever, this was
unsuccessful because the r.fe oscillator which was built for

this purpose droved to have insufficient frequency stability.

PART 1T,
An r.f., discharge in helium was examined with a
quartz prism spectrograph in order to deduce the temverature of
its excited atoms and ions from the Doppler breadth of their
spectrum 1ines. A new 150 Mc/s. oscillator supplied a 20 micro-
second pulse of about 25 K.W. into the discharge fifty times per
second, and a constricted dischargé tube was used in order to
concentrate the power into a small volume of gas. The discharge
was run at low Ppressurc in order to reduce Stark broadening and
was made part of a gas_circulating system in order to avoid
losses from 'clean-up's The temperature drift of the spectro-
graph caused considerable difficulty, but the line breadths
were Corrected for this effect to a first approximation. At
0.0% mm. Hge the breadth of the He I lines at 2723, 2764,
2829 A. corresponded to about 2,000°K. and that of the He II
line at 2733 A. corresponded to 20,000°K.; this difference is
attributed to Stark effect, but besides this it is possible

that some contribution to the He I spectrum may have come from

the relatively cool afterglow. The relative intensities of



24
the lines gave an excitation temperature of the order of
1,500°K. for He I and 4000°K. for He II (lines at 2733 and
3203 A.). DBesides the possible contribution of the afterglow
to He I, the most likely reason for these low excitation
temperatures is that the electrons' velocity distribution was
not Maxwellian but contained a greater proportion of low
energy electrons because of inelastic collisions with the
walls and secondary electron emissiom from the walls of the
constriction. The relative intensity of the He I and He II
spectra gave an equilibrium temperature of the order of

16,000°K



PART T,

THE TMPEDANCE OF AN R.F. DISCHARGE,
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(I) REVIEW OF PRGVIOQOUS WORK

(141) The earliest studies in this subject were of the
high-frequency properties of gas discharges maintained by

deCe fields. These gnd.later studies of d.c. discharges are
discussed in (1.2) (143)es Recent work on the high-frequency
properties of high-frequency discharges is discussed in

(1e4) (1e5) (1.6).

£142) In eafly work with d.c. discharge$ the gas was made
the dielectric of a condenmser which was in parallel with a
variable condenser in the tuned circuit of an oscillator,

When the discharge was struck it altered both the dielectric
constant and conductivity of the gas, which was equivalent to
changing the capacity of the condenser and putting a resistive
leak in parallel with it. It can be shown that for forced
oscillations of a tuned circuit, the condition for maximum
voltage across the conknser is independent of a high resistance
in parallel with it. The method, therefore, was to adjust the
tuned circuit for voltage resonance, then run the discharge
and find what change in the capacity of the variable condenser
was needed in order to obtain resonance again.

The difficulty with this method was that the
formation of positive ion sheaths at the bourmdaries of the
discharge tended to mask the effect that was sought. Such
sheaths form at gas discharge boundaries because the electrons
at first diffuse there much more rapidly than the positive

ions and so leave behind them a positive ion space chargee



The walls of the tube, and any condenser plates in the
discharge, charge up t0 a negative potential which reaches an
equilibrium valwe (of a few volts) sufficient to draw
positive ions to them as fast as electrons can diffuse there
against the potential gradient; +this diffusion of electrons
and positive ions at equal rates is known as ambipolar
diffusion. ©Since all positive ions which diffuse to the plasma
edge of the sheath are pulled to the boundaries, the positive
ion current in the sheath is proportional to the posi{ive
ion density N in the plasma; and since the positive ion
current is space-charge limited it is inversely proportional
to the square of the sheath thickness, consequently the
sheath thickness is inversely proportional to JTT:— At low
ion currents the sheath can fill the whole volume between
the ro.f. condenser plates whose capacity then varies only as
the dielectric constant of the ions varies, i.e. proportional
to (1- const. N). At a critical value of N the sheath
thickness on each plate becomes less than half the distance
between them so the sheaths are equivalent to two condensers
with positive_ion dielectric which are joined in series by
the conducting plasma (in which the concentrations of positive
ions and electrons are equal). With further increase of N the
apparent capacity at first increases with J N.  because the
sheaths become thinner, but soon reaches a maximum and then
decreases again because the dielectric constant decreases

proportional to (1l- const. N).



5

Appleton and Childs (1930) noticed such a
variation of the apparent capacity with N and suggested the
above explanation for ite. They studied glow discharges in
air at the order of 10"2 mm. Hg pressure and currents up to
5 mA. They used condenser plates 2 cm. apart inside the
discharge tube and a frequency of 100 Mcs. While the sheaths
filled the gap the apparent dielectric constant decreased
with discharge current, but once they failed to fill it the
dielectric constant began to increase again, as described
above.

Appleton and Chapman (1932) used condenser plates
outside a 3 cm., diameter diécharge tube and a frequenay of
1000 Mcs. so that sheaths would not have time to form across
the whole tube but would be confined near the walls. The
discharges were in air at pressures from 5 x 102 0 2 x 10~L mm.
Hg. and at currents of up to 0.5 mA. They measured the r.f.
current between the condenser plates (at voltage resonance)
by means of a crystal rectifier and galvometer and plotted its
varigtion with pressure, keening the electron concentration
constant (found from ILengmuir probe characteristics). The
pressure at which this was a maximum agreed with the
theoretical assumption that the damping force experienced by
an electron in forced vibration in a sinusoidally varying
field was equal to the product of its mass and collision
frequency. The apparent dielectric constant of the ionised
gas was always less than unity (as expected from electro-

magnetic theory), but instead of decreasing uniformly with
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discharge current it still reached a minimum and then began
to increase again., This minimum was atrributed to the plasma
electrons oscillating in resonance with the r.f. field, rather
than to the sheath separating into two, because at no time
could the sheath have filled the discharge tube. The position
of the minimum agreed with the electron density expected for
Plasma resonance at that frequency on the basis of Tonk's
and Langmuirs' theory. Nevertheless it seems probable that
the change in sheath thickness at the highest current densities
could have had the effect of increasing the apparent
dielectric constant.

Gangopadhyaya and Khastgir (1938) obtained a
‘similar result except that the position of the minimum did
not agree with plasma electron resonance. However, their
experimental arrangement was very different from Appleton's
in that their (external) condenser plates were parallel to
and outside the (coaxial) d.c. electrodes, instead of being
perpendicular to them. This was assumed to make wall-sheaths
ineffective, but that is extremely unlikely and in fact the
arrangement must have suffered from the more serious
disadvantage that most of the potential drop between the
condenser plates would be localized in the Crooke's Dark Space
near the d.c. cathode. Their experiments were carried out in
air and nitrogen discharges of up o 12 mA., using r.f. of 10 -
100 licse.
(1e3) A more recent method of studying the r.f.

properties of a d.c. discharge has been to load a coaxial line



with it and to calculate its impedance, resistance and
reactance from the standing wave ratio and the position of
the first minimum on the line. Cobine, Cleary and Gray (1950)
used this method to study arcs of up to 4 amps d.c. in air and
inert gases at atmospheric pressure. They found that the
impedance, resistance and reactance of the arc all increased
with its length (which was never more than a tenth of the
r.f. wavelength of 30 ems,) The r.f. resistance varied
between 20 and 100 ohms and was of the same order as the d.c.
resistance. It decreased as the arc current was increased;

it increased as the arc length was increased butgenerally not
linearly with ifT%or argon the curve of r.f. resistance
versus length showed a definite maximum. The reactance was
capacitative, between 20 and 60 ohms, it varied but little
with the d.c. arc current; it increased non-linearly with
the arc length and for helium and argon the curve of reactance
versus length showed a definite maximum. The finding of a
capacitative reactance agreed with the prediction in
Everhart's and Brown's theory (1949) that a high conductivity
discharge would have a capacitative reactance when the

angular frequency of the r.f. was less than or equal to a
quarter of the collision frequency of the electrons and the
electron current was high; in these experiments the angular
frequency of the r.f. had been about one eighth of the
collision frequency of the electrons. There was no obvious

explanation of the maxima,



(1.4)

Be

Everhart and Brown (1949) have developed the

theory of the r.f. properties of high-frequency discharges,

for which the following conditions are assumed:=

(a)

(b)

(c)

(a)

(e)

(£)

The dimensions of the discharge are much less than

the wavelength of the exciting r.f. field.

The mean free path and amplitude of oscillation of

the electrons are both much less than the dimensions

of the discharges

In the discharge the rate of ionization equals the

rate of removel of electrons and ions from the discharge,
and the dominant process for their removal is

ambipolar diffusion (1.2).

The diameter of the discharge is much greater than

its length, therefore radial diffusion may be neglected
and the mathematical problem is one-dimensional.

The volume rate of ionization is constant throughout the
discharge. This neglects the second-order effect that
the rate of ionization is a function Qf the r.f, field
which is itself a function of position because the r.f.
oscillating compohent of the space charge near the
electrodes shields the central portion of the discharge.
The discharge is in a region of parallel lines of
electric field, therefore fringing fields and currents

may be neglected.

In their mathematical analysis it is more convenient

to consider the admittance Y, conductance G, and susceptance B

of the discharge, rather than their reciprocals (impedence,



resistance, reactance)., The admittance Y is the ratio of

the total current in the discharge to the r.f. potential
difference applied to the electrodes and it is complex because
these two quantities are seldom in phase. The total current
includes both the electron current and the displacement
current dD/dt. (Before the discharge strikes, the electron
current in the leads to the elecitrodes equals the displacemént
current between the electrodes; when the discharge is running,
the electron current in the leads equals the sum of the
electron and displacement currents between the electrodes).

The theory shows that when the electron current is
much less than the displacement current the discharge
impedance is equivalent to a parallel resistance and
inductance whose magnitudes decrease proportionately as the
electron current increases.

At electron currents comparable with the displacement
current the discharge impedance is more complicated. Its
resistance and reactance no longer decrease proportionately
and its reactance may even become capacitative. For a
capacitative reactance the ratio of electron current i
to displacement current dD/dt must be sufficiently large, and
the ratio of the angular frequency W of the r.f. to the
electron collision frequency f must be sufficiently small,
These conditions are expressed in terms of parameters n and g
where n=(i)/(dD/dt) and g = w/f

Everhart and Brown have solved the theoretical

equations and plotted G and B as functions of n and g. It



appears that g is the more important parameter in controlling
the sign of the reactance. At still greater electron current
this theory does not apply because "skin effect" prevents
condition (e) from being fulfilled.

It seems possible to give a simple physical picture
of how the sign of the reactance should depend on g. When g
is small then collisions will be frequent enough to keep the
electrons in phase with the r.f. field, so the electron current
will give a resistive component to the impedance: but the
displacement current (which would be present even in a vacuum)
will give a capacitative component. As g is increased the
collisions will not be frequent enough to vprevent the inertia
of the electrons from carrying them out of phase with the
refy so the electron current will lag behind the r.f. field
and this inductive effect may be greater than the capacitafive
effect of the displacement current. Such a simple picture
does not, however, show how the discharge could be inductive
when n is small but capacitative when n is not too small,
since it would be expected that the displacement-current
effect should be dominant at small values of n and so make
the reactance capacitative.
(1.5) R.f. discharges complying with the conditions
assumed in the theory (1l.4) have been studied experimentally
by Brown and others at M.I.T. These discharges have occupied
a cylindrical region, of dimensions much less than the
wavelength of the r.f., between close parallel plates at the

centre of a re-entrant resonant cavity, and have been maintained
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by continuous power from a 3000 Hc/s. magnetron.

Everhart and Brown carried out a series of
experiments in which the magnetron was tuned to the resonant
frequency of the cavity and maintained a helium discharge
in the parallel plate region of the cavity. During each
experiment the frequency and pfessure were kept constant
and the discharge current was varied by controlling the input
power; this was equivalent to keeping g constant while
varying mne. The diameter of the discharge was measured with
a travelling microscope. The experiment was repeated at
different pressures, corresponding to different values of g,
From these data, G and B were plotted as functions of n
and g. These experimental curves agreed well with the

’theoretical ones (le.4). The gap between the parallel plates
was 1 mem., the diameter of the discharge was of the order
of several m.m., G was of the order of 10-3 4o 10~2 mho
and B varied between - 10=3 and +2 x 10~3 mho. The pressure
range was from 3.5 to 252 mm. Hg. corresponding to a range of
g from 2 to O, and the range of n was from less than 0.25
to greater than 2., There is no mathematical difference between
the h.f. admittance of h.f. and d.c. discharges except that
the spatial electron'distribution and the geometry are
different. The authors suggested therefore, that the
increased capacitance reported in earlier experiments with
dec. discharges (1.2) may have been caused by the reactance

changing from inductive to capacitative as the electron

current increased.
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(1.6) Two other techniques for measuring the complex
admittance of r.f. discharges in microwave cavities have been
developed at M.I.T. Rose and Brown (1952) developed a
standing-wave method. When the discharge was struck, the
parallel reactance of the discharge altered the resonant
frequency of the cavity, that is, the frequency at which the
standing wave ratio was a minimum; +the parallel resistance
of the discharge altered the losses, and therefore altered
the magnitude of the standing wave ratio at the resonant
frequency. These changes enabled the discharge admittance
to be calculated. Gould and Brown (1953) found the change
in resonant frequency of the cavity by measuring the ratio of
the power transmitted through it to the power incident on it,
as a function of frequency. They chose variables such that
the data could be plotted as a straight line whose slope
enabled the discharge admittance to be calculated. Their
technique was arranged to be a null method so that a smaller
probing signal could be used with consequently less

possibility of disturbing the plasma.
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(2) BASIC DIFFERENCES BETWEEN D.C. AND R.F. DISCHARGES

In the author's experiments it was desirable to
get as much power as possible into the discharge. There were
two possible types of discharge which could have been used,
dec. arcs and r.f. discharges, and it was advantageous to use
the latter in both parts of this study for reasons given
belowes (The particular advantages of the r.f. discharge which
apply only to Part II of these studies are discussed in 10.3.).
An r.f, discharge is more efficient than a d.c. one
because each of its electrons can ionize many atoms, and
none are lost to the electrodes. It is more uniform for it has
no cathode glow or positive column but is (to a first
approximation) all plasma. Finally, it suffers less from
sputtering because its ions do not have time to reach a high
velocity and few of them reach the electrodes, and metal
sputtering may be eliminated by using only external electrodes,
The operation of a d.c. arc depends on thermionic
emission of electrons from the cathode spot, ionization of
gas atoms by electron impact (by single impact at low current
densities but also by successive impacts at high current
densities), and return of sufficient ions to the cathode
to keep the cathode spot at a sufficiently high temperature.
In ordei to gain enough energy to ionize the gas atoms, those
electrons emitted from the cathode must be accelerated through
the cathode fall, and those produced by ionization of the

2as must be accelerated throuch longer distances inm the lower
o o o

potential gradient of the positive column. The electrons
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do not travel straight through the discharge with a steady
acceleration, but each has its direction changed almost at
random by elestic collisions with gas atoms and after each
one it is either accelerated or decelerated depending on its
direction relative to the electric field. The random velocity
immediately after collision averages out over many collisions
so although the electrons have a large random velocity their
drift velocity im the direction of the electricfield is small.
The drift velocity of the electrons is built up until their
gain of kinetic energy from the electric field equals their
loss of energy by elastic amnd inelastic collisions and
diffusion. Their gain.of energy between collisions is a
functiom of the electric field and the pressure. The drift
velocity of the electrons is so much greater than that of
the positive ions that they carry at least 95% of the drift
current, and to a first approximation may be considered to
carry all of it.

The d.c. discharge suffers from a power loss equal
to the rate at which the drift current carries energy to
the electrodes. This loss is awided in r.f. discharges
because the electrons and ions oscillate locelly in the
r.f. electric field rather than being accelerated by it to
strike the electrodes. Also, as the pressure is decreased,
and the mean free path of the electrons increased, the
electrons have much less chance of ionizing in their single

transit between the electrodes of a die¢s arc than in their
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continuing local oscillations in an r.f. discharge, so the
deCe arc mechanism fails first. The r.f. mechanism does
however suffer from a decrease in efficiency with decrease
of pressure, as described later in this sections

In d.c. fields the paths of the electrons and
their gain of energy from the field depend only on the
electric field and the pressure. In r.f. fields they
depend also on the frequency of the field.

A '"low frequency' discharge is one in which the
field frequency is very much smaller than the collision
frequency, it differs little from a d.c. one. The drift
current oscillates in phase with the field and a large
fraction of the electrons and vositive ions generated in
each half cycle are lost in the same half cycle by being
swept to the electrodes (or to the walls if the discharge is
electrodeless)s The only difference from a d.c. discharge
is this change of polarity each half cycle. At a rather
higher frequency although the electrons are still lost to
the electrodes each half cycle, the positive ions do not
hgve time to cross the tube in a half cycle and so are not
loste At a still higher frequency the electrons are not
lost to the electrodes either, because there is not time for
them to cross the tube in a half cycle; +the mechanism is
then that of an 'r.f. discharge'.

The type of r.f. discharge that is most used in the
laboratory is made short compared with the wavelength of

the r.f+s but long compared with both the mean free path of
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the electrons and their amplitude of oscillation. Its
mechanism does not depend on internal electrodes, thermionic
emission, or acceleration of electrons through long
distances. Before the r.f. field is applied any free
electron which happens to be in the discharge tube moves
about colliding elastically with the gas atoms; it loses
energy in some collisions, it gains it in others, but its
kinetic energy of translation averaged over many collisions
is equal to the mean kinetic energy of agitation of the atoms.
When the r.f. field is applied each free electron gains
energy from it. In its collisions with the gas atoms it
sometimes loses energy, sometimes gains it; but on the whole
it loses less to the atoms than it gains from the field so
its kinetic energy increases over many half cycles of the
refo It eventually reaches a dynamic equilibrium in which
its mean rate of loss of energy to the atoms equals its rate
of gain of energy from the r.f. fieldes In this condition it
loses more energy in some collisions with atoms than it gains
in others, but its mean energy remains at a constant value
greater than their mean kinetic energy of agitation. So
after many half cycles an electron may have sufficient
energy to excite or ionize an atom, and then its process of
obtaining energy from the r.f. field begins again. In the
discharge there are, of course, many electrons (produced by
ionization in inelastic collisions of electrons with atoms)
and at any instant their mean kinetic energy as a group is
higher than that of the gas atoms. The principal loss of

electrons is by diffusion to the walls, resulting from
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their large random motion; there is virtually no loss of
current carriers to the electrodes. The gfficiency of
the energy transfer from the r.f. field to the electrons
depends on the ratio of the collision frequency to the r.f.
The efficiency is highest when this ratio is high, because
then collisions keep the electrons in phgse with the field.
However, when this ratio is low collisions are not frequent
enough to keep the electfons in phase W;th the field, the
momentum of the electrons carries them on out of phase, so
there is an out of phase component of drift current and
less efficient transfer of energy from the field to the
electrons.s In the limit of a very low collision frequency
(ieee very low pressure) or a very high field frequency the
electrons would oscillate in antiphase with the field and

there would be no net transfer of energye
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(3) THE PROGRAMIE OF HESEARCH.

Dr.K.7.Champion (1950-2) end Dr.N.L.Allen (1951-3)
had studied the electrical properties of high power d.c.
arcs, both inm and out of a magnetic field. The former had
considered following that work with a study of the
properties of high-power re.f. discharges, and it was this
problem which was +taken over by the author.

The discharge was to terminate a slotted section of
transmission line. Its impedance, resistance and reactance
were to be calculated (using a circle diagram) from the
standing wave ratio and the position of the first minimum
on the line, its power was to be measured calorimetrically,
and thus the r.f. voltage and current would be deduced. A
pulsed, high-power oscillator was to be used +to run
discharges at more than 10 kW. pulse power. If the main
experiment were successful it was to be extended 1o include
the effect of a magnetic field on the discharge.

The differences between d.c. arcs and r.fe.
discharges in general have been considered in Chapter 2.

In this chapter therefore the differences between the
particular r.f. discharges used by Brown and others, and
those used by the author, will be discussed. The main
differences were in power and frequencCye

The power input to these discharges was intended
to be pulses of more than 10 kW., in contrast to the continuous
wave discharges of a fraction of a watt which were used by

Brown., The result of this would be a much larger value
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of the electron current, and therefore of m, and the
discharge impedance was expect@d %o have a large resistive
component in which +o dissipate the power (since none could
be dissipated in the reactive part).

The frequency of 300 llcs was to be a tenth of
that used by Browvn and the consequences of that are as follows.
The displacement current (dD/dt) would be correspondingly lower
and for this reason also n would be higher. Discharge
dimensions of cm. (instead of only mm.) would be small
compared with the wavelength; consequently the electron
mean free path would be small compared with the dimensions
until it became of the order of mm., at pressures of the
order of 0.1 mme Hge The amplitude of electron oscillation
would also be several mm., for assuming an electron
temperature of 100,000°K an electron of average velocity
moving at about 2 x 108 cm./sec. (see Chapter 6, equation 1;
% ns? =-g-kT) would travel about 3 mm. in a half cycle of
the refe

The electrode geometry could be either parallel
plate or coaxial end both types could be designed to keep
radial diffusion smalls; though if the coaxial type were used
the lines of force would not be parallel so the mathematics
of (1.4) would be made more complicated.

Champion and Allen found that a magnetic field
increased the impedance of a d.c. arc and decreased its
minimum running pressure owing to the increased paths of the
electrons spiralling in the megnetic field. It was not

expected to have so large an effect on a r.f. discharge
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because in this the effective ionizing paths of the

electrons (sum of oscillations) would always be longe
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(4a) APPARATUS PROVIDED.

Dr.Chempion had already begun work on this
problem. The author designed and built his own oscillator,
but took over from Dr.Champion the following appafatus
without modification,

(A) An air cored solenoid in which a pulsed siﬁusoidal
field of 22,700 gauss peak was produced by energy which had
been stored in 8 microfarad condensers charged to 25 kV.
(Champion 1950),

(B) A trigger circuit which produced a group of
three trigger pulses sychronised +to occur at any desired
Phase af the mains cycle. The group could be produced either
singly or at a repititiom frequency of once per second. The
second and third pulses could be varied independently to
occur from O to 3.5 millisec ‘after the first one. (Champion
and Allen 1952).

- (C) A five section artificial line which could
provide a 2.5 millisec pulse of up to 2.5 kV. and 115 amp.

(D) A twenty-six section artificial line which could
provide a 20 microsecond pulse of up to 7 kV. and 100 amp.
It had a characteristic impedance of 60 ohms.

(BE) A slotted section of coaxial line.
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(4b) DESIGN OF NEW APPARATUS.

(4,1) Arrangement of Apparatus.

The slotted section of coaxial line, E, was to be
terminated by a discharge tube which fitted into the end
of ite The tube ﬁould héve one electrode connected to
the inner conductor of the line and the other one to the
outer conductor; it would also have a subsidiary electrode.
This part of the apparatus was to be small enough to fit
inside solenoid A so that measurements of discharge
impedance could be made either within or without a magnetic
field. The trigger circuit, B, would control the sequence
of events: firstly, a d.¢. pulse from artificial line C
applied to the subsidiary electrode would break down the gas
and form a plasma in the tube; secondly, the magnetic field
(if used) would begin its 10,7 m.sec. veriod; +thirdly, as
the de.ce pulse died away an oscillator would supply an r.f.
pulse to the already ionised gas without losing r.f. power
in having to break down the gas., The trigger circuit could
vary the time interval between the first, second, and third
events from O to 3.5 me.sec., and so the r.f. discharge could
be made to occur at any value of the magnetic field up to its
maximume. It was hoped to put about 50 kW. into the
discharge for 20 microseconds at a repetition frequency of
once per second, to give an average power of the order of a
watt which could be measured calorimetricallye.

(4,2) The Oscillator.

The Oscillator was designed to give a pulsed output
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of up to 50 kW. using the N.T«. 99 (C.V.1256) triodes which ‘
were already in s tocke. A wavelength of about a metre was
chosen because this was long compared with the dimensions of
the discharge but not so long as to cause the standing-wave
indicator to be unduly bulky.

It was decided to use the two tiodes in push-pull
in a tuned-grid, tuned-cathode circuit with their anodes
modulated by artificial line D. The great advantage of this
circuit is that since there is only d.c. voltage between anode
and earth and only r.f. voltage between cathode and earth,
therefore, the voltage between any point and earth is kept
to a minimum. A secondary advantage is that since there
is no d.c. voltage on the cathode line it may be connected
to the load either directly or indirectly. The N.T.99 is
constructed with its anode forming part of its envelope.

This makes N.T.99s very suitable for this circuit since two
of them can be connected by a negligible anode-to-anode
impedance by mounting them_side by side with their anodes
set in a common metal platé.

The construction of the oscillator is shown in
diagram 1lA. The valves were mounted side by side with their
anodes A protruding through close fitting holes in
duralumiﬁ plate B. Their grids were connected by a parallel
rod type of transmission line G of characteristic impedance
210 ohms, and made of copper. Their cathodes were connected
by a similar line I of characteristic impeiance 180 ohms.

Both grid and cathode lines were short-circuited by a bar E
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at their end remote from the valves and also carried
another short-circuiting bar F which was variable in pasitione.
The grid line was used in the quarter wave mode: but the
inductance of the cathode leads of the valve was so great
that the cathode line had to be used in the three quarter
wave mode. The filament leads H were screened from r.f.
by passing them down the centres of the rods of the cathode
line and were decoupled by condensers Je The whole
oscillator was inside a metal screening box I to which was
fixed the short-circuited end of both lines, and from which
the anode mounting plate was well insulated by a distrene
spvacer Do DBoth anodes and grids were cooled by air blast.
The oscillator's wavelength measured on a parallel line
wavemeter was approximately 110 cm.
(4.3) Couplinge

Various forms of coupling to a dummy load were
tried and the square of the voltage across the dummy load
(measured with the detector described below) was assumed to
be proportional to the output power. The dummy load was a
carbon resistance of nominal value 10 ohms. At these high
frequencies it would not have its nominal impedance but would
probably act as a larger resistance in parallel with a small
condenser (Blackburn 1948), therefore, the voltage across it
could not be used to calculate the absolute power output of
the oscillator but only to compare the effectiveness of
various types of coupling. Various forms of indirect

coupling were tried: condenser coupling, loop coupling,
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and coupling with a loop which was in series with a'condenéer
to give a series resonant circuit. However, it was found that
direct couvrling to the cathode line was most e ffective,
therefore it was decided to use that between the oscillator
and the slotted section of coaxial line,.

(444) The Detector.

The detector part of the standing wave indicator was
designed to show the envelope of the output pulse on the
screen of a cathode ray oscilloscope. All the circuit except
probe A was inside a screening box B, and B was kept in good
electrical contact with the slotted section by means of a
spring S. This is shown in diagram 1B. Probe A was connected
to the anode of a Cl.V.58 diode via a potential divider Cy Co.
The voltage drop across resistance R in the circuit was
proportional to the current in the diode and therefore to the
three-halves power of the voltagebpicked up by probe A., The
oscilloscope had a sufficiently high input impedance for the
envelope of the pulse (25 Ke¢/s Fourier fundamental component)
to be able to follow it without gross distortion. The time
constant of R and the capacity %o earth (C1 plus 20 PF input
capacity of oscilloscope) was 0.9 microsecond, which was
short compared with the pulse length (20 microseconds) but
long compared with one period of the r.f (3 milli-microseconds),
consequently the oscilloscope trace followed the pulse

envelope but not the r.f.
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5. TESTING OF APPARATUS.

When the apparatus was tested it was found impossible
to get consistent results; the reason for this failure was
eventually traced to frequency instability of the oscillator.

The cathode line of the oscillator was directly
coupled to ihe slotted section of coaxial line and the line was
terminated by a dummy load. Various dummy loads, each made
from a carbon resistance, were used. The top of the slotted
section and the sliding surface of the screening box of the
detector were kept clean throughout the test to make good
electrical comtact. Attempts were made o match the line
so that there would be no standing waves, and also to mis-
match the line and check that the magnitude of the standing
waves corresponded to the impedance of the load. Neither of
these objectives could be attained. The standing wave
frequency was found to be always a harmonic of the oscillator
frequency (generally three times its frequency), the waves
were often not sinusoidal, and it was difficult to get
agreement between successive measurements. Mechanical
measurements on the slotted section showed that there was no
regular variation in its construction which could have caused
apparent harmonics. It seemed possible that the harmonics
might have been caused by the r.f. choke in the detector
circuit resonating at that frequency with its own capacitys;
but changing to an entirely different r.f. choke had no effect
on the harmonics.

It seemed then that these difficulties were caused



2%.
either by the load 'pulling' the oscillator frequency or by
inherent frequency instability of the oscillator itself.'
There was no cathode ray oscilloscope to hand on which the
oscillator frequency of 300 Mcs. could be observed; so it was
decided to put an impedance matching device between the
oscillator and the load so that the load could be certainly
matched and not 'pull' the oscillator frequency. It was
decided to use a parallel plate transmission line and stubs
because of mechanical difficulties with coaxial stubs. The
parallel plate line and stubs were made with the same
characteristic impedance as the coaxial line, and the detector
was modified for use with the parallel plate line. Both
single and double stubs matching was tried, but without any
successe

It was considered therefore that the difficulties
were caused by freguency instability of the oscillator, and that
the experiments could not be carried out unless a stable
oscillator was builte The author had no experience of
building stable r.f. oscillators, consequently, it was
considered advisable for his work on this problem to be

discontinued,
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(6) THE TEMPERATURES OF A GAS DISCHARGEH.

The molecules of a gas collide with each other so
frequently that if otherwise undisturbed they reach a dynamic
equilibrium in which they have a2 Maxwellian distribution of
their kinetic energies of translation. The absolute temperature
T is defined as a quantity which is proportional to the average
kinetic energy of translation of the molecules at equilibrium.
If v is their most probable speed (the peak of the
distribution curve) ¢ their mean speed, s their root-mean-
square speed, m their individual mass, and k is Boltzmamn's
constant, then the temperature T of the gas is defined by any

of the following equations:

uv2 = kT, %m02==€FkT, jms? = A-KkT (64)
VThis definition implies that the molecules are

truly in equilibrium and have a Maxwellien distribution of
energies. In such processes as diffusion, conduction and
electrical discharges the gas is not in true equilibrium,
though it may be in a steady state in which gain and loss of
energy are equal, and its energy distribution may be approximately
Maxwellian,

Although the concept of temperature is not rigorously
applicable to a discharge it is a convenient way of describing
the average emergy of the particles (molecules, ions,
electrons) instead of using ergs or equivalent electron-volts;
and although the energy distribution in unlikely to be

Maxwellian, the absolute temperature T may by analogy be
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said to be related to the root-mean-square speed s of the

given non-ilaxwellian distribution by:

fm(s1)% = 2 xm (6B)
(ince the distrubition is non-llaxwellian, s, ¢ and v are
not related in the same way as in (6A).

In a self-sustaining gas discharge most of the gas
is ionized and therefore conducting, with about 95% of the
current being carried by the electrons., In the main ionized
region, called the 'plasma', the concentrations of positive
ions and electrons are boih high and are approximately equal.
Since the plasma is highly conducting and electrically neutral
there is only a small average voltage gradient along it, but
in other regions there may be much higher gradients e.g. in
the Crooke's dark spsce of a glow discharge.

The electrons in a discharge gain much more energy
from the electric field than do the ions, and neutral atoms
of course gain nonee. So from this point of view the discharge
may be regarded as a heated "electron gas" mixed with an
unheated "heavy particle gas" with a continual trahsfer of
energy from the former to the latter. This energy is
trans ferred by elastic and inelastic collisions between
electrons and heavy particles. Llastic collisions raise the
temperature Tg of the heavy particles, inelastic collisions
excite or ionize them instead, but both types of collision
decrease the electron temperature Te.

A statistical equilibrium is set up between the

energy gained by the electrons from the field and that lost
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by them in collisions with atoms and ions. If the collision
frequency is f and the elecfric field B volt/cm. then an
electron of drift speed u gains Bu/f electron volis between
collisions. At high pressures practically all the collisions
are elastic and in each one an electron of mass m loses about
2 mw/M of its excess energy w to a heavy particle of mass ﬁ.

For equilibrium Bu/f = 2 mw/M (6C)
If w falls by dw in time dt, and to wy in time +

dw = =(2mwf/M)dt ~ (6D)

wy = w. exp (=2mft/M) | (68)
So w falls to 1/¢ of its value in the 'relaxation time' +r,
and to less than 1% in 5tr. If c is the mean velocity.of
the electrons and 1 their mean free vath,

tr = M/2nf = M1/2me (6F)
Orders of magnitude for an arc in air =t atmospheric pressure
are: M = %0,000m, 1 = 10~%cm., c¢ = 10° cm/sec., so tp is
sbout 10~8sec.; also B = 20 volt/em., u = 10%cm/sec.,
£ = 1012/sec. so (from 6C) w = 0.03eV. and therefore Tg-Tg
is of the order of 250°C., In practice, T and Ty are
approximately equal.

| At low pressures the electrons lose most of their

energy by inelastic collisioms, so these losses must be
added to the right hand side of (6C). Since both u and 1/f
are inversely proportional to p (if other factors are
unaltered), it follows that Tg can be much higher than T, at
lowrpressures.

In the plasma the energy distribution is likely
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to be Maxwellian, or approximately so. However, it is unlikely

to bé so at its boundariess for at the electrode boundaries -
there is the greatest drift velocity in the direction of the
electric field, and there is a flow of energy across the other
boundaries (to the walls at low pressure, and across the steep
temperature gradient at the natural boundary at high pressure).
oince gas discharges are not systems in true
equilibrium their temperatures are not thermodynamic/
rarameters which are independent of the gas; but they are
convenient parameters for describing its physical statee.
Consequently, although for a substance in true equilibrium
it would not be necessary to know any of its physical
properties before measuring its temperature, it is necessary
to know some before measuring the temperature of a gas
discharge (es.Ze the molecular weight must be known before
the gas temperature can be found by the Doppler breadth
method). Furthermore, since each method of temperature
measurement corresponds more or less sharply to one component
of the discharge, the results obtained by different methods
can only be compared when it is known precisely which

temperature was measured by eache.



324

(7) HETHODS OF MBASURING THE TEMPERATURES

OF A GAS DISCHARGE.

(7+1) Introduction.

A comprehensive review of methods of measuring the
various temperatures of a gas discharge has been given in
a report by Edels (1950) to which the reader is referred for
details and further references: shorter reviews are given
by Suits (1941) and Mohler (1941). In this section brief
notes are given on some of these methods and most attention
is paid to those which have most connection with the author's
worke

At high pressures all the components have the same
temperature, which for a carbon arc in air at one atmosphereé
pressure is of the order of 5000°K. At low pressures the
electron temperature is by far the highest being of the order
of several tens of thousands of CK3; the ionic, atomic and
molecular temperatures tend to be the same because the ions
gain about as much energy from the electric field as the
neutral particles gain from collisions with electrons, and

they may be as low as 100° C st low currents and pressures.

(7+2) Electron Temperature.

The electron temperature may be found either from
the current vs. voltage characteristics of a Langnuir probe
or from the intensity distribution in the continuous
reconstruction spectrum,

(a) TIn the first method a small probe is inserted in the



33
discharge and the current I collected by it is measured as
its potential V with resvect to one of the discharge
electrodes is varied. I is the sum of all electrons whose
component of wvelocity perpendicular to the surface of the
probe.enables them to reach it against its retarding potential
(V)p with respect to the plasma, and which strike the probe
each second. It can be shown that for a Maxwellian energy
distribution:

I = const.q exp. é—(V)p. e/k Teg (7A)
where k is Boltzmann's consﬁant and Tg is)the electron
temperature. Since (V)p end V differ by a constant amount
a plot of log I against V gives a straight line from which
Te may be deduced; +this is not valid for r.f. discharges
since (V)p- V is not then constant. When V = O the probe is
at "wall potential" and (V)p is a few volts negative. It is
separated from the plasma by a vpositive ion sheath of
‘thickness d (see 1.2). The ion current to the probe equals
the rate of flow of ions across the sheath boundary multinlied
by the charge e of each; since it is space-charge limited
it is proportional to (V)pﬁéydg. Bouating these two expressions:

(Ne/4)e = const., (V)Pjé /a2 (7B)
where N is the positive ion concentration and ¢ their mean
speed. As V is made increasingly negative, so is (V).
therefore d increases. As V is made more positive and is
increased through the plasma potential, so (V)p is decreased
through 0, the positive ion sheath disappears, and since

the ion temperature is low the ion current rapidly stops
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and a negative space-charge builds up. This causes a sharp

break in the plot of log I against V, which gives the plasma
potential.

In usiné probes it is assumed that the plasma
potential remains constant, which is not true for r.f. discharges
as mentioned above. It is also assumed that the probe does
not alter the region studied, and this is satisfied in a
plasma, which is protected from the probe by the sheath and
has a high ion concentration which is virtually unaffected by
the small current to the probe; it would not be satisfied in
regions of rapidly varying potential such as Crooke's Dark
Spaces It is further assumed that the electron energy
distribution is not altered within the sheath by collisions
with molecules., Near the plasma potential the sheath
thickness is much smaller than the electronlmean free path
at low pressures. However, at pressures of the order of
1l cme Hg the mean free path becomes of the order of the
sheath thickness (it is about 0.03 cm. in air at 1 mm. Hge
pressure). The situation gets rapidly worse with increasing
pressure because the mean free path is inversely proportional
to the pressure, whereas for it can be seen from equations
(7B) and (6A) that for a given N and (V)p the sheath thickness
d varies as C'% amd therefore as T(%bn), and it has already
been mentioned in (7.1) that T(ion) Varies by a factor of
only about 50 as the pressure varies by a factor of 1000
or more,

(v) The continuous spectrum of the afterglow of a
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discharge is the result of electron to ion recombination.

It extends from each series limit no to higher frequencies
because before their capture'the electrons had a continuous
range of energies; +the frequency n radisted on capture of
an electron of velocity v is given bys

hn = hnp + mv2/2 where h is Planck's constant.

The intensity of the continuous spectrum at frequency n depends

on:

(a) the variation with velocity of the cross-section for
radiative capture, and of the cross section for the
reverse process in which the photon hn is absorbed
by an atoms;

(b) the produet of the positive-ion and electron
concentrationss

(e¢) the velocity distribution of the electrons (usually
Maxwellian).

The experiments of Mohler (193%3-37) with low
pressure Cs- vapour discharges verified the Quantum theory
prediction that the cross section depended on l/v for
hydrogen-like atoms. So using the theoretical exvression for
(a) he deduced (b) and the electron temperature from
measurements of the relative intensity of the recombination
spectrum at two wavelengths, |

Cillie (1936) deduced the variation with electron
temperature in the intensities of the lines of the Balmer
series relative to the intensity at the head of the Balmer

continuum. There was sgreement between the theoretical and

observed values for the solar chromosphere, but not for
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certain planetary nebulae. Ravenhill and Craggs (1951)
used a similar method to find the electron temperature in
the afterglow of discharges in hydrogen at one atmosphere
pressure.

Under certain conditions the electron temperature

is equal to the "excitation temperature" which is deduced from
the relative intensities of lines in a spectral series. This
is mentioned in (7.4).

(7+3) Gas temperature from density measurements.

The gas temperature of a discharge in an ideal‘gas
could be found simply from the gas density. lNore data is
gere rally needed for a real gas, c.ge for air the partial
pressure and constitution of each of the dissociation products
must be known over +the measured range of temperaturee. There
are several methods of measuring the density of a discharge.
(a) A method using X-ray or alpha particle absorption was
developed by von Engel and Steenbeck (193%1-3), and
Ramsauver did similar work using_electron beams. The
absorption in the cool gas at the boundary Wwas very
large, so absorption measurements were made with
different lengths of discharge and the end effect was
eliminated as a difference. They measured the temperature
of arcs in air with an accuracy of X3500K for
temperatures of abour 5000°K. The use of alpha particles
seems preferable, because they are not absorbed
exponentially like X-rays and do not suffer such large

fluctuations in range as do electrons, therefore the

measurements should be less affected by the cool
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boundaries. The method would be less accurate at lower

temperatures because of smaller difference between the

absorptien with and without the gas discharge.

(b)

(e)

Another method was developed by Suits in 1935, +to
measure the velocity of a sound pulse throush the
discharge. Since the velocity depends on the ratio of
the specific heats and the molecular weight, it is
necessary to know these quantities for all the
dissociation products of the gas in the temperature
range which is studied. In Suits' experiments the

sound pulse was generated by a spark in the hot gas of
the discharge, so no end-correction was needed at the
source. However, since the detector had to be outside
the discharge the measurements were more accurate for
long ercs than for ghort ones. The best detector was a
second spark whose voltage (displeyed on & C.T.0.) showed
a sudden rise when the sound pulse reasched it.
Temperatures of the order of 5000°K were measured to

I 200°K; +the measurements would be less accurate at
lower temperatures.

A more sensitive method of measuring the change in

gas density is 1o use a refractometer. This has been
done by Milatz, Vreedenburg and Braak for a low-pressure
xenon discharge. The light beam was narrow enough to

be used to probe different parts of the discharge and so
obtain the radial temperature distribution, and

temperatures as low as 3300K were measured to X 2%.
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The method needs a probing beam which is much brighter
than the discharge; the advantage of its high
sensitivity could only be used to the full for steady

discharges.

(7+4) Excitation temperature,

Speétroscopic methods have the advantage of causing
the least disturbance of the discharge and of needing the
minimum length of gas pathe The majority of them are used to
determine the excitation temperature Ty, which is the
temperature corresponding to the distribution of excited atonms
among the various excited states.:

(a) The relative intensities of lines ending in a common

erergy state depends on their relative transition
probabilities and the concentration of atoms in each excited
states The latter depends in turn on the balance between those
processes forming the excited state and those degrading ite.
The formative processes include upward transitions from lower
states and downward transitions from higher states. The
degrading processes include transitions to higher or lower
states. Upward transitions may be caused either by collision
or by light absorption, downward transitions may be radiative
ones or be "collisions of the second kind" in which the
potential energy of the excited state is changed into kinetic
energy of the separating varticles. Further complications
are caused by ionization, recombination, diffusion and three-
body collisionse. Since there is such a multiplicity of

processes the practical success of this method of temperature
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measurement depends on obtaining a discharge for which
suitable simplifying assumptions can be made,

If excitation takes place mainly by collision with
electrons and if +the lifetime of the excited state is short
compared with the average time between collisions of excited
with unexcited atoms, then Ty corresponds to Te; this would
be expected at low pressures and high current densities.

If it takes place mainly by abomic collisions, or if there are
many collisions of excited with unexcited atoms in the life-
time of the excited state, then Ty corresponds to Tg; this
would be expected at high pressures.

However, unless there is a known equilibrium
distribution of the atoms in the excited states, the
calculated value of Tyx will not be constant throughout the
spectral series. The wider the spacing of the energy states,
the higher is the necessary energy input to the discharge
before there can be an equilibrium distribution among them all.
Consequently a monatomic gas with cloée energy levels would
reach this equilibrium at a lower temperature than would
one with widely spaced levels. Similarly, with increasing
temperature in a molecular gas this equilibrium would be
reached first among the rotational levels, secondly among
the vibrational levels and finally among the electronic levels.
At the high temperatures of the atmospheric carbon arc both
rotational and vibrational energies would be expected to
have reached it and the most 'successful measurements of
Tx seem to have been made with CN, Cp, CH, A10 and other

bands excited in such arcs. In other measurements there
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have generally been discrepancies between values of Ty
calculated from different spectral series excited in the
same discharge, or even from different pairs of lines in the
same series. A full review of experimental results has been
given by Edels (1950).

(b) Excitation temperatures have also been found by two
methods in which light from a black body is passed through

the discharge. In the method of anomalous dispersion, the
continuous black body spectrum is passed through a Jamin
refractometer of which one limb contains the discharge and

the other is evacuated; +the fringes are then passed through
a spectrograph, giving both a continuous spectrum and the
discharge spectrum crossed by interference fringes. In the
region of anomalous dispersion near the absorption lines

of the gas the fringes are bent corresponding to fhe rapid
¢hange in refractive index. TFrom measurements of the relative
intensity of spectrum lines with the same upper level, and of
the fringes in their neighbourhood, it is possible to

deduce the relative concentrations of excited atomsvin the
various energy levels. In the second method the light from
the black body is projected through the discharge onto the
slit of a spectrographe. The line spectrum of the discharg
appears superimposed on the continuous spectrum and lines which
are strongly absorbed may appear either dark or bright, depending
on the temperature of the black bodye. The temperature of the
black body is altered until the background matches the linej;

this is called the 'reversal temperature' and has been shown
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to be the same as the excitation temperature. The method is
limited by the fact that most discharges operate at reversal

temperatures higher than those of available black bodies.

(7.5) EBEquilibrium temperature.

The Saha equation for a thermal ionization reaction
can be applied only if the components are in eguilibrium
so it may be used for high pressure discharkes but not for
low pressure ones. The concentrations of the various
components must be known, and for a monatomic gas these may
be deduced from the pressure, voltage gradient, and current
density. A typical use of this method was by Elenbaas, who
checked it against the sound wvelocity method for a mercury
discharge at 1 atmosphere: pressure and then used it at 200
.atmospheres where the other method could not be used. The
temperature of the mercury arc at 200 atmodpheres was found
to be 8900% 800°K,

The Saha equation has also been used to deduce the
temperatures of spark channels in hydrogen, by Craggs and
Meek (1946) and by Craggs and Hopwood (1947). The percentage
ionization in the channel was found from the Stark broadening
of the Balmer lines, and this was then substituted in the
Saha equation to give the temperature., The line contours were
found in two ways: Dby photographing the spectrum and
plotting the line contour with a microphotometer; and
by plotting them directly with a photo-multiplier, amplifier,
and cathode-ray oscilloscope; +the methods gave identical

contours. Theoretical contours deduced from Holiemark's
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analysis of Stark broadening for each important component
of H-alpha, H-beta, H-gamma, were added to give resultant
theoretical contours for wvarious average intermolecular fields;
the Holtsmark analysis applies only to the wings of the lines,
The average intermolecular field was found by comparing
the wings of the lines with the theoretical contours, then
the ion concentration was calculated from Holtsmark's
equations. The pvercentage ionization was calculated from
the ion concentration and the pressure, and this was
substituted in Saha's equation to find the temperature. The
value obtained by this method (described fully in the 1947
paper) agreed with thai deduced from the pressure, voltage
gradient, and current density (1946). The ion concentration
was about 2.5 x 1017/00 and the temperature about 12,000 K,
It was considered that thermal egquilibrium would be virtually
established in the spark channel during even the shortes’t
pulses used (1 microsecond) because during that time many
thousands of electronic collisions would have occurrede.

The main prac%ical differences between the use
of line contours in this method and their use in the
Doppler-breadth method described in chapter 8 are as follows.
This method is applicable only at high pressures (because there
must be egquilibrium) and Stark broadening is used; the
other method can be used only at low pressure because at
higher pressures Stark broadening is a nuisance. A% 12000°K

£

in the spark this method gives lines 25 - 130 cn~! half

breadth; at about the same temperature the Doppler
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broadening gives only about 2 ecm~L half breadth so needs
to be studied with apparatus of much higher resolving power.
This method uses the shape of the wings of the lines; the

Doppler method uses the half-intensity breadth of the iine.

(7.6) Comparison of different methods with the same discharge.

There are comparatively few experiments in which the
- temperature of the same discharge has been measured by several
different methods. Kruithof (1943, 1944) found agreement
between excitation and equilibrium temperatures for a carbon
arc (with Ca and Sr impurities introduced) in air, but this
result is not conclusive because the calculation was carried
out in part on the assumption that Saha's equation was valid
for the discharge. Edels and Craggs (1951) have measured the
electron, excitation, and equilibrium temperatures of
hydrogen arcs at 1 to 2 atmospheres pressure. The electron
concentration N was deduced from the Stark broadening of the
Balmer lines, this was substituted in the drift current
equation (I = Nev) and the drift velocity v so deduced
corresponded to an electron itemperature of about 5000°K.

The excitation temperature was found to be of the same order
of magnitude as Te on comparing H-beta and H-gamma, but about
twice as great on comparing H-alpha and H-gemma. The |
equilibrium temperature was found by the method described in
(7.5) to be about 9000°K. Such discrenancies between
equilibrium and excitation temperatures have also been

found for H and He in the solar chromosphere.

Maecker (1953) has successfully used several
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spectroscopic methods together in order to measure the
temperature distribution in a 200 amp. carbon arc at
atmospheric pressure. The relative electron concentrations
in different regions were first deduced from the intensity
distribution in the continuum (7.2.b), then the absolute
electron concentration in the core was deduced from the
Stark breadth of the H-beta line (7.5). The equilibrium
temperature in the core was found from relative intensity
of lines of an element in its ionized and neutral states
(17+3 and Appendix 3) and Saha's equation. There was
agreement between ecuilibrium temperatures found from CI
and CII lines, from Cd I and Cd II lines, and the excitation
temperatures of OI lines; these were nearly 11,000°K at the
axise Iines of ionized atoms were not appreciably excited
in regions at less than 10,000°K; but the excitation
temperaturesof these regions could still be found from the
lines of neutral atoms, using Hg and C lines (which agreed)
over the range 9000 to 6000°K., and the Na-D lines in the
4000°K range.

Comparisons of the Doppler-breadth method (Chapter 8)

with other methods are described in (9.4, 9.7).
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(8) MEASUREMENT OF ATOMIC AND TONIC THEMPERATURES FROM

THE DOPPLER BROADENING OF SPECTRUM LINES.

(8.1) Doppler broadening.

The contour of a spectrum line which has been
broadened by Doppler effect has the same shape as the
distribution curve for the line-of-sight velocities of the
emitting atoms and ions of the gas discharge and so is -
approximately the shape of the 'Gaussian Error Curve'.
Therefore at a distance x from the centre of the contour
the intensity is

I = const. exp (-x2/2)
and a plot of loz I %o %2 gives a straight line. The
difference between the two values of x at which I has fallen
to half its maximum value is called the 'half-intensity
breadth' or 'line breadth', bs It can be shown (White, 193%4)
that
b

1.67 (n/e) (2 B2/W)% in em.~1 - (84)

b = 1.6% (1/c) (2 RT/M)% in cm. (8B)

where: n is the wavenumber of the line and 1 is its wavelength,
¢ is the velocity.of light, R is the gas constant, M is the
molecular weéight of the gas, T is the temperature in °K.

The following deductions may be made from these
equationsa
(2) The line breedth is directly proportional to the
wavelength of the line. Consequently, if a grating
spectrograph is used it is best to study a line at the

red end of the spectrum; however, if a prism spectrograph
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is used the breadth of the line seen on the vhotographic '
plate will probably be dominsted by the abnormal dispersion
of the prism and it is then best to study a line at the
violet end of the spectruma-

(b) The line breadth is inversely proportional to the
square root of the molecular weight of the gas therefore it
is best to use either a hydrogen or a helium discharge.

(¢) The line breadth is proportional to the square root

of the absolute temperaiure, consequently this method of
temperature measurement is not very sensitive or accurate.
(d) The Poppler broadening is independent of the pressure.
Line broadening from other causes generally increases with
the pressﬁre, therefore measurements of Doppler breadth are

best made at low pressures,

(842) Other causes of line broadening.

The natural breadth of a spectrum line is only of the
order of a ten-thousandth of an A. and was therefore
negligible for this experiment. Although pressure and
resonance broadening would he of the order of the Doppler
breadth at NeTeP., they are both proportional to pressure
and so would be negligible at +the pressures used in the
experiments (1 mm. Hg to 002 mm. Hg)e. Distortion of the
line contours by self-absorption was avoided by not using
resonance lines, or other easily excited ones, and using
short discharge tubes. The discharge had to be run at high

current densities in order to obtain high gas temperatures,

s0 Stark brosdening was inevitable. However, since Stark
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broadening is proportional to the pressure it was expected
to be less thean the Doppler broadening at the low pressures
used. -

The line breadth would also be affected by
instrumental limitationss These limitations were studied
experimentally and are described in chapter 13,

Since there are so many possible causes of
broadening and it is difficult to ensure that all the
unﬁanted ones are negligible, the gas temperature deduced
from the Doppler breadth must be considered to represent

a maximum velue for the temperature of the atoms.
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(9) REVIEW OF PREVIOUS MEASUREMENTS OF TEMPERATURE FROM

IHE DOPPLER BROADENING OF SPECTRUM LINES.

(9.1) Fabry and Buisson (1912) showed that under suitable
conditions of excitation the line breadth is caused simply
by Doppler broadeninge. They used A.C. discharges in

Geissler tubes filled with helium, neon, and krypton
respectively, all at 1 mm. Hg pressure. They found the
limiting order N up to which interference could be

observed and assumed that the breadth of a line of wave-
length 1 was equal to 1/N. They calculated the value of N
to be expected at room temperature and at liquid-air temperature
if the breadths of the helium line at 5876A., the neon line at
5852A, and the krypton line at 5570A, were caused only by
Doppler broadening, then observed the value of N for each

of the lines. At room temperature the agreement between the
observed and calculated values of N was better than ¥ 1%;

at liquid air temperature the agreement was not so good,
which they attributed to +the discharge being above the
temperature of the liguid air. However, the results agreed
fairly well with the assumption that the breadth was
proportional +o (T/M)‘%.

(9.2) Babcock (1923), at Mount Wilson, made measurements
of the breadth, intensity and wavelength of the auroral
green line at 5577A. with Fabry-Perot etalons. The source
was the faint persistent light of the night sky, and since
5577A. is the only emission line within a long range of

that spectrum the interference rings from the elalon were



photographed directly, (i.e. without crossing the etalon
with a spectrogravh). The highest order of interference
used was 85,000 waves, obtained with a gilded plane parallel
glass plate. A conservative estimate of the width of the
auroral green line was that it did not exceed 0.035 A. In
1923 the temperature of the atmosphere at that height
(200-300 Km) was thought to be 500°K and therefore the
then-unidentified auroral green line must have been
emitted by an element at least as heavy as helium. It is
now known that the auroral green line is produced by a

' forbidden transition' in oxygen atoms, consequently
Babcock's results show that the temperature of the emitting
at om is of the order of 1200°K, or less; other evidence
now seems to indicate a temperature of therorder of 1000°K
(Mitra 1947).

(943) Orstein and van Wyk (1932) studied the line
contour at 5016A. emitted from a hot cathode discharge

in helium at 2 x 10‘2mm.Hg. pressure. The discharge was
confined between coaxial cylinders of which the outer was
kept at 650°K and the inner at 370°K. Observations were
made perpendicuiar to the walls with a Fabry-Perot etalon
crossed with a prism spectrograph. The line contour was
corrected for instrumental broadening by using the
theoretical results of Burger and van Cittert. The violet
side of the contour corresponded to atoms leaving the
cooler wall and travelling towards the observer; the red

side corresponded to atoms receding from the hot wall, and
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from the obserﬁer. The form of the distribution function was
tested by plotting the logerithm of the intensity against the
square of the distance from the centre of the line, which
would give a straight line for a lMaxwellian distribution.

The violet side had an exactly llaxwellian distribution
corresponding to 400°K; the red side was Maxwellian except
for a deviation near the centre of the line, and corresponded
to 480°K, The di fference between the temperature of the

gas and the cold wgll was explained by the heating of the

gas by the discharge. That at the hot wall was explained by
the incomplete exchange of energy between the wall and the
gasmolecules, giving an 'accommodagtion coefficient'! for
helium on glass of (480-400)/(650-400) i.e. of 0.32. Vhen
the heating coil for the outer cylinder was switched off the
line contour became symmetrical, Maxwellian, and corresponded

to 320°K for both walls.

(9.4) Gaydon and Wolfhard (1940) used the Doppler
breadth of spectral lines to measure the translational
temperatures of CH radicals in oxy-acetylene flames.
Observations of the CH bands around 4315 and 3900 A were
made with a Fabry-Perot etalon crossed with a prism
spectrograph. The instrumental contour was found from the
spectrum of a watercooled Hg arc, for which Doppler and
pressure broa=dening were small. The are was much brighter
than the flame, S0 several short exposures of it were made
at intervels during the exposure to the flame spectrum;

this gave mercury lines superimposed on the CH spectrum and
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falling between the CH lines. The instrumental contour
deduced from these mercury lines was integrated graphically
with an ideal Doppler contour for an assumed temperature,

and compared with the contours of the CH lines. At one
atmosphere pressure it was found that there was very little
pfessure broadening of the UH lines and the translational
temperature of the CH radicals was of the order of 2600°K,
rather less than the theoretical maximum flame temperature.
For pressures of 2 to 14 mm.Hg. the translational temperatures
were of the order of 4000°K, much higher than the theoretical
maximum reaction temperatures of 2500 - 2800°K. Temperatures
deduced from the intensity distribution in rotational bands
were of the order of the theoretical maximum ones. It was
suggested that this showed that there was not normal thermal
excitation of CH, but excitation by collision with other
active species within the flamee

(92.5) Meinel (1950) and Gartlein (1951) have used
grating spectrographs to deduce proton speeds in auroree

from the contour of the H-alpha line of auroral arcs. In
the spectrum of a major auroral storm in August 1950 lleinel
found that H-zlpha viewed towards the magnetic zenith was
very asymmetrical with the entire line shifted to violet;
while viewed towards the magnetic horigzon it was symmetrical,
though broadened. The breadth corresponded to a velocity
spread of 0 to 3300 Km/sec. This could not be the velocity

spread of the incident protons since it is known that all
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arrive nearly simultaneously in the upper aitmosvhere, so

it was suggested that this must be the result of their

loss of energy by collision there. The violet wing of the
line showed that they must have entered the atmoshphere with
a speed of at least 3300 Km./sec.; this is a lower limit
because the proton has but small probability of emitting
H-glpha through electron capture at higher speeds.

Gartlein end his collaborators in September 1950 observed the
same part of the same arc of a moderate aurora with equal
spectrogrephs at stations 300 Kme and 70° to 90° apart.
Previous spectra taken perpendicular to auroral rays had
shown only broadening: but these, observed along the rays,
showed a violet shift as well, This demonstrated that the
particles emitting H-alpha were influenced by the earth's
magnetic field and must therefore be protonse. It was
suggested that the breadth of H-alpha indicated either the
velocity spread caused by scattering, or the line of sight
components of the velocity of the protons spiralling down
in the esrth's magnetic field. The violet wing was
displaced 10 A. in one photograph and %0 A. in the other,
corresponding to line of sight velocities of 450 Em./sec.
and 1350 Km./sec. respectively at the two stations.

(946) Foster (1953) deduced the energy of the He atoms
and ions, in & high vacuum ion-pump which he was developing
from the breadths of the He I line at 4438A. and the He II
line at 4686 A., and found them to correspond to 3,200°K.

and 5,200° respectively. He used a Fabry-Perot interferometer
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crossed with a prism spectrograrhe.

(907) Schoen and Holmes (1954) compared temperatures
deduced from Hpo+ rotation bands with those deduced from
the Doppler breadth of He lines in d.c. discharges through
mixtures of No and He at unstated pressures. For the line
breadth measurements the spectrograph was crossed with a
Fabry-Perot interferometer. The He line contours were
asymmetrical (probably owing to pressure broadening) and
even their narrow half indicated at temperature of from

250 to 400°K as against 108°K. deduced from the band

spectra..

(9.8) During the total eclipse of the sun on June
30th, 1954, Redman (1954) photographed the spectrum of
the chromosphere using a plane grating of high dispersion,
in order to measure its temperature. At the same time von
Klueber and Jarrett photographed the coronal green line
(5303A.) through a Fabry-Perot etalon in order to deduce

the temperature of the coronae.



TABLE T,

Hydrogen Iines.

Wavelength Breadth at 104 OK. Dispersion Breadth on plate
_in Al in A _mn/A mm x 102
3970 28,6 0.09 2455
3750 27«0 0.105 2485
3691 2646 Oredd 249
TABLE 2, Helium Iines.
avelength Breadth at 104 °k. Dispersion Breadth on plate
S pectrum _in A. in A. _mm/A. mm x 102
He I 2829 10,2 025 2455
2764 9.95 0+.255 2465
2723 9.8 0.28 275
He II 2100 Ge85 0275 2
2511 940 04375 30
2%85 Beb 0«435 Y
2306 Be3 04485 4,1
2252 Sel 0.58 4o'7
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(10). THE CHOICE OF EXPERIMENTAL CONDITIONS.

(10.1) Spectrum lines.

The discharge spectrum was obrained by using a
Hilger large quartz prism spectrograph which when used with
the best slit width for the wavelength range studied
(2000 - 4000 A,) formed lines with a minimum instrumental
breadth of 0,025 me.me It was calculated that this
instrumental bréadth was less than the Doppler breadth at
1@4 °R. for hydrogen lines of wavelength less than 4000 A.
and for helium lines of less than 2900 A. This is shown for
typical lines in tables 1 and 2, from which it is apparent
that it is advantageous to study the hélium Jines; for
although they are not so intense as the hydrogen lines are
and are in a spectral region where the photographic
emulsion is less sensitive, yet that is the region where
the spectrograph produces the greatest dispersion. The He I
lines are the highest members of a series of very close
triplets (unresolved by any spectrograph, except for the
lowest members of the series) of which one component is so
much more intense than the others that they appear to be
singlets: the He II lines are singlets. Stark broadening
would be grester for the He II lines of the hydrogen-like
helium ion than for the He I lines of the neutral helium
atome. The discharge conditions were aimed to excite the

He II line at 2511 A. sufficiently for its Doppler breadth

to be measured.



Percentage ionization of helium at various temperatures and pressures

Temperature Pressure in atmosNpheres

i 1 10-1 1072 1073 10~4
10,000 0 0 0 2 6
12,000 0 0 3 10 20
14,000 0 5 18 13 66
16,000 5 24 45 5 97
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(10.2) Discharge Pressure.

A low pressure discharge was used for three
reasons: to reduce unwanted causes of line broadening, to
enhance the He II lines, and to reduce the heat capacity of
the gase.

The eifect of pressure on unwanted causes of line
broadening has been discussed in (S.2). Its effect on the
percentage ionigation of helium is shown in table 3, in which
it is assumed that equilibrium has been reached (Ssha, 1950).

By reducing the mressure of a small volume of gas,
and therefore its heat capacity, it was energetically
possible for it to be heated by 10,000°K. with the rof.
oscillator which was available (12.2). The energy would be
used in raising the atoms by 10,000°K., raising the
electrons to a much higher temperature of perhaps even
100,000°K., and in ionizing the atoms.

To raise an atom by 10,000°K. would need (10,000/7,730)

= 105 eVo
" n n glectron 100,000°K. " " 13 eV,
To ionize an atom would need 24,5 eV

To excite the He II line at 2511A.would need o eVe
so the energy needed per ion-pair would be about 44 eV,
Assuming the extreme conditions of 100% ionization amnd
excitation at a pressure of p mm.Hz. the energy needed
Per C.C. would De

(9/760) (6 x 1023/22400).44(1.6 x 10~17) = about 0.2p
joules/cc.

The oscillator output was expected to be 100 kWWo and 1%



was hope to concentrate at least 30 KW. of this into a
smalle: volume of gas Vec. so during the r.fe pulse there
would be

(20,000/V) 21076 joules/cc./microsec. available.
Equating the power available to the power required shows
that the condition for such a discharge would be

PV. = 0,1 mm, Hge. CCoe

Therefore if 20 Kii. could be concentrated into about 1 cc.
of gas at about 0.1 mm. Hge pressure its temperature could
be raised to 10,00009K. in a microsecond end maintained
there for the whole of the 20 microsec. pulse.

A likely difficulty at low pressures was that a
considerable propvortion of the gas would be lost owing %o
"clean up", i.e., owing to adsorption on the walls of the

discherge tubeo,

(10+3) Power Supply.

An r.f. discharge was used because of its
advantages over a d.c. one for this type of work. Its

advantages of greater efficiency at low pressures, more
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uniform ionization, and less sputtering, have been discussed

in chapter 2. Following from the first of these, it is also

known to enhance the lines of ionized atoms because its
electrons can gather the necessary excitation energy over
many half cyclese.

The discharge was pulsed in order to run it at

high power. The 20 microsec. pulse length was of the order

of 3000 cycles of the r.f.; +this was expected to be long



enough for a steady state to be reached for the main
energy bakence in the r.f. discharge (chapter 2), but

not for secondary processes such as the formation of

metastable ions (Biondi 1951).

57.
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11, PRELIMINARY EXPERIMENTS WITH PULSED D.C. DISCHARGES,

These exﬁefiments showed that fast plates would
have to be used, and that 'clean up' would be a serious
problem at low pressures,

The first tube used is shown in 2A; i+t had a
tungsten rod anode and a tubular copper cathode which also
carried the quartz windowe. The power supply was the
artificial line C described in 4a, which provided a 2.5 me.sece.
pulse at 5 K.V. The tube was filled with helium at 0.18
mm.Hg. pressure. After an exposure totalling 54 secse. the
helium had so "cleaned up" that it would not break down
at 5 kV. and heavy sputtering of the copver cathode had
obscured the windowe To avoid sputtering, the window of
the second tube (2B) looked perpendicular to the discharge,
which was between tungsten electrodes. The tube was run in
series with the solenoid A described in 4a so that voltages
up to 25 KV. could be put across ite It was filled with
helium at 0.29 mm.H@. pressure and run at 8 kV. but 'cleaned
up' and after an exposure totalling 50 secs. not even 25 kV.
could break it downe It was refilled 2t 2 mm.Hg. pressure
and ran satisfactorily for an exposure totalling 220 seconds.
Photographs were taken on Ilford 'Zenith' plates; the first
exposure showed only impurity lines; +the second showed

a few faint He I lines as well but no He II lines.



59
12, APPARATUS FOR BXPERIMENTS WITH R.F. DISCHARGES.

(12.1) Arrengement: of Apparatus.

A rectifier set supplying up to 150 mA. at 20 kV,.
charged up an artificial line. This was discharged by a
trigger pulse which was synchroniged to the mains so that
it occurred during the half cycle in which the line was
not charging and so avoided producing X-rays in the
rectifier. The output pulse from the line was used to
supply the anodes of an r.f. oscillator, which was shunted
by a resistance so that the line and its load had the sane
characteristic impedance and the output »nulse was
rectangular. The ouipuf from the oscillator pulsed the
r.fs discharge, whose spectrum was examined with the prism
spectrographe. The discharge tube was made part of a
circulating system in which gas which was continuously being
circulated and purified replaced that which was lost by
'clean up' in the discharge tube.

The various pieces of apparatus are described in

more detail in the following paragraphs.

(12.2) The Oscillators.

The oscillator was designed by Professor Sayers and
was built in the departmental workshop. Its construction is
shown in diagram 3A. Two C.V. 240 triodes were used in
push-pull in a tuned-grid, tuned-cathode circuit. They were
anode-pulsed and operated under 'Class C' conditions with

up to 10 kV. anode voltage and -1 kV. grid biasSe.
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The filament leads were screened from r.f. and the whole
oscillator was contained in a metal screening box with
separate compartments for cathode and grid circuits. The
valves were cooled by air blaest. The cathode line was
directly couvled to the coaxial output line (A) by means
of a sliding imer conductor carrying a bar (B) which
projected through a slot running the length of one tube (C)
of the cathode line and maode spring-loaded contact with the
other tube (D). A 'Mufnol! rod (not shown) joined to B
projected through the box so that the operator could vary
the position of B from outside. The position of the
movable short-circuiting bar (B) of the grid line could be
varied by similar means. By varying the positions of B
and E the oscillator could be matched to its load and also
its wavelength could be varied.

The d.C. circuit, diagram 3B, shows how grid bias
was provided. The cathode bias resistance R, ensured
operation in 'Class A' conditions in the initial period of
build up of oscillations; then grid current flowing through
both R1 and Ro orovided further bias so that the valves
operated under 'Class C!' conditions.

Refe. 0scillators are generally run with a puise
length of one or two microseconds and a repetition frequency
of about 500 per second. In order to allow the gas discharge
load to have more time to reach a steady state this
oscillator was designed to have a pulse length of twenty

microseconds, and a pulse repetition frequency of 50 per
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wavemeter and found to be tunable over the range 180 to
230 cms, by varying the position of B on the cathode line,
and of B on the grid line.

The power output was measured calorimetrically.
The first measurements were made with the oscillator
coupled to a dummy load consisting of a carbon resistance
immersed in the water of the calorimeter, and bias resistances
Rl and Ro were changed until the efficiency was a maximum.
The maximum efficiency obtained with either a 25 ohm or 5 ohm
(dece value) load was 45% X 2% for Ry = 25 ohms and
Ro = 100 ohmse The load was then charged to a discharge
tube which was surrounded for most of its length by a
continuous flow (440 cc/min.) calorimeter which had been
previously calibrated using a heating coil of similar
dimensions to the discharge tube. The tube contained air
at 102 mmeHge pressure and was more difficult to match to
the oscillator than the dummy load had been. However,
although the calorimetric measurements showed that the
efficiency was only 15% with that particular discharge, they
also showed that it was possible to get 25 k7. pulses into
the gas without overloading the oscillator and this was

judged to be sufficient for the purpose.

(1243) The Gas Circulating Systeme.

The system is shown in diagram 4A. The gas was
circulated by a two-stage mercury diffusion pump P through
reservoir R, valve V, discharge tube D and back to the

o

pump. Traps T and To were immersed in liquid air to
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keep mercury from the discharge tube; trap T3 was
filled with activated charcoal and was also immersed in
liguid air so that other impurities would be removed from
the helium as .it was circulatinge ..The valve V is shown in
diagramr4B from which it is clear that the rate of flow of
gas from R to D, and therefore the pressure in D, could be
reduced byllowering the glass cylinder C which was attached
by a cotton thread to the winch We. It was found essential
to meke C a very close fit inside the tubing in order to
cover & wide range of pressure. The pressure in the systen
was measured with a Pirani gauge, Ge. This was unfortunately
made of soda glass and had to be connected to the system
by a cone and socket, therefore in order to prevent grease
vapour from this entering the discharge the gauge was put
downstream from the discharge tube. The makers supplied a
set of calibration curves which enabled the gauge to be
used for various gases, including helium, without further
calibratione The difference of pressure between the
discharge tube and the gauge was calculated (from a formula
given by Dushman) to be less than lo'zmm.Hg. for the
experimental conditions. The pressure of the discharge
could be varied from 1 mm.Hg. with the valve full§ open to
2 x lo"zmmng. with the valve fully closed. The only grease
between the activated charcoal in trap TB and the discharge
tube D was that on the winch W (which was made from a glass
tap); lest this grease vapour should prove troublesome in

the discharge the valve V was joined directly to trap Ty,
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which could be surrounded by liguid air if it were necessary.

The system was mounted on a duralumin frame
(shown dotted in diagram 4A) consisting of a central
torsion~bar through which were driven sqguare rods to take
the weight of the glass components. The system was suspended
from a retort stand by a coil spring attached to the
duralumin frame near to the centre of gravity (x) so that
it could be connected either to the pumping train for filling
with gas, or to the oscillator for running the discharge,
without undue risk of breazkage.

When the discharge tube was run at pressures of
the order of a mm.Hge the discharge filled the whole system.
The blue colour of the mercury discharge was clearly
confined between traps T3 and T, however, there were always
mercury lines in the spectrum photographs as was to be
expected since the mean free path for mercury was only
about 0.2 cm. even at the lowest pressure used (0.03 mm.Hg)

and the traps were of more than 1 cm., diameter.

(12.4) Spectroscopic ApparatusS.

T A

A Hilger ILittrow large quartz prism spectrograph
was used to photograph the spectra. Two condensing lenses
were used. A condenser of long focal length placed close
to the slit of the spectrograph was used to illuminate the
slit uniformly along its length and form an image of the
discharge at the collimator lens, then by putting a known

step-filter directly in front of the slit each plate could
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be calibrated for variation of photographic bleckening
with intensity of light. A slit width of 0.05 mme was used
for this since only the peaks of the lines were needed for
the calibration. The long focus lens was too slow to be used
with the narrow slit (0.005 to 0.015 mm.) neededlfbr the
measurement of line breadths; so for that purpose it was
replaced by a lens of shorter focal length and smaller f
number, which formed an image of the discharge at the slite.
The line contours were plotted using a Hilger non-recording
photo-electric microphotometer in the Department of Physics.
The ratio of the steps of the filter was known for visible
light but not for ultra-violet. An attempt was made to
calibrate the filter by using an absorption spectrophoto-
meter over the Wavelengtﬁ range used in the experiment.
This was unsuccessful because when the instruments' beam
had been reduced sufficienﬁl& in area (by about 1000:1) to
examine one step of the filter, its photocell could not

respond to ite

(12.5) Discharge Tubes,

Four types of tube were tried; +these are shown
in 5A, B, C, De All were made to fit the coaxial output
line of the oscillator and all were joined to the gas
circulating system by a side arm shown in the diagram; in
B, C and D the window looked along the discharge, in A it
was on another side arm. Types A and B were unsatisfactory,

C was partially satisfactory, D was successful. "Araldite"
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was better than silicone varnish as a cement for the windowe.

Type A: had copper-to-glass seal electrodes for
low impedance; these seals coqld not be cleaned properly
and they sputtered badly. No lines of He II appeared on the
spectrum photographs.

Type B: awoided A's defects by being electrodeless
but suffered from Severe sparking where the glass slid into
the inner conductor of the output line; again, no He IT
lines appeared in the spectrume.

Type C: was silvered to make good contact where
it joined the inner conductor, also had a corona shield and
had a matching stub inserted between i+t and the oscillators
these measures did not prevent sparking when the pressure

was below the order of 10+

mmeHge The constriction in

this tube was designed to concentrate the r.f. power into

a small volume of gas in the hope of exciting the He IT
spectrum. In this it was successful. Photographs taken
with the fast lens showed the usual long lines of Hel and

Hg (from the pump) which were therefore excited in the

whole tube, and also short lines of He II at 3203A and
273%A. which were therefore excited only in the constrictione
There were also short lines of Si (except 2882A which was
long) showing that the power in the constriction was
sufficient to sputter the glass (there were no silicone
compounds in the vacuum system). Most of the work of
chapter 1% was done with this tube; eventually the sparking

5 . . a 3+ k
at low pressure so de-vitrified the glass that 1% cracked
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off at the edge of the inner conductor of the output line.

Type D: This tube was also constricted but had
electrodes of large area 10 reduce the impedance between
the electrodes and the gas afd thus reduce the chance of
sparks tracking along the surface of the glass. There was
no trouble with sparking, even without a matching stub
in the output line, and the discharge could be run ab
Pressures as low as 10‘2mm.Hg. At the lowest pressures the
luminosity was very feeble and could probably have been
increased if a good matching device had been available
(eege a double stub) to match the tube better o the line.

This was the tube which was used in the main
experiments; it is shown in diagram 5D. The inner and outer
conductors of the output line were stepped up in diameter
from " to 1" and from 13" to 24" respectively, thus keeping
the characteristic impedance about the same, and the
electrodes were connected to parts A and B of the tube,
each of which had an area of about 10 sgeinse. A fitted
tightly into a thin flexible copper outer conductor D.
B fitted closely inside a thin copper sleeve E on the end
of cylinder F, which was in turn connected via bellows and
a short tube G to the %" dia. inner conductor. This
arrangement: saved the ‘tube from mechanical sitrain. The
sharp edges of G and of the bellows were shielded by F, and

both the end of F and the end of B were rounded to prevent

sparking from them. The quartz window H was fixed with cold-
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setting 'Araldite'! to a ground glass flange, Tube I was
sealed to the gas-circulating system. The discharge +tube
and its electrodes were built into one unit which was easily
connected to the oscillator's output line at G and J.

Constriction C was about 0.3 cm. diameter and
4 cm. long. Most of the high temperature helium atoms would
stay inside it since even at the lowest pressure used
(0.0% mm, Hg.) their mean free path would be only'about 1 cmoe
(047 cm. at 300°K., increasing only slowly with ﬁemperature)
and only a fraction /¢ would have a path length greater
than the mean. C was not made longer than a few cm. because
atoms which travelled at an angle to its axis would be
reflected from its walls with a velocity distribution which
depended on the wall temperature and the accommodation
coefficient (see 0.3) rather than on the gas temperature
alone, so tending to increase the number of atoms with low
components of velocity in the axial line of sight and
making the line-contour appear broader in the wings and
ngrrower in helf-intensity breadth. In practice, this effect
on the contour was less important thaen broadening by Stark
effects The collisions of the electrons (mean free path
about 5.6 times that of atoms) with the walls appears to
have had an adverse effect on a later attempt to measure
the excitation temperature (17.2).

The solid angle subtended by C at H could have

been increased by meking A concave towards Cj; also, the
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power inpdt to C could have been measured by constant-
flow calorimetry if it had been surrounded by a water-
jacket. However, neither of these modifications were used

because of shortageu'of time and difficulty of construction.



700

13, INSTRUMENTAL EFFECTS o

(13,1) Summary.

Subsidiary experiments, which were performed o
find out how much ingtrumental effects altered the breadth of
spectrum lines on the photographid plate, showed the
following.

(13.2) The variation in temperature of the spectrograph
proved to be very important.

(13+3) The focus of the collimator of the spectrograph
was not critical,

(13.4) The width of the spectrograph slit was important.

(13+45) The width of the microphotometer slit was not
criticale

(13,6) The grain of the photographic plate was not
important.

(13.7) The instrumental line contour was found to be
approximately Gaussiane

(13+2) The variation in the temperature of the spectrograph.

AcmmgeofsﬁowMW@htwmmmuwecaww
braocdening of the spectrsl lines and changes in focus, because
the refractive index of the quartz parts and the dimensions
of the metal parts change.

The displacements of a line of wavelength 1 due to
change of the refractive index Brd of the quartz prism
with temperature T was estimated as follows:i-
-1.86 x 10~-%/°c,

6.25 x 1072 /A

at 2500A., dn/aT
end dn/d1



3
d1/am = (an/dT) / (dn/dl) = 3 x 10~2A/°C at 25004 )

o % (134
Similerly d1/4T = 8.4 x 102 A/9C at 3000A

The change in focal length f of the quartz lens was

estimated from the formula for a thin lens

/t'= (m - 1) (/g = 1/p,) (13B)

from which d4f _ -1 dn _ -f .dn (13C)

S e b— ]

ar ~ (0-1)2 (1/py- I/,) T~ oI af

f was 170 cm., at 2500A. n = 1.6 and dn/dT = -1.86 x 1.0=6/0C
so the decrease in f was only 5.% x 10~4 ey / Q.

The expansion of the 170 cm. of spectrograph bed
between the lens and the photographic plate was estimated
at 2.2 x 10=2 cm/°C., which added to the chenge in focal
length would cause the plate to be out of focus by 2.7 x
10=%cm./%°C. The lens was 7.5 cm. diemeter, so subtended an
angle of tan~1(7.5/170), and the plate was inclined about
%30° to the optical axis, therefore the diameter of the
pencil of light at the plate would be: (7.5/170)(2.7 x 1073)
cosec 30° = 2.4 x 10~%cm./°C which corresponds to only
6.5 x 10~%4/°C at 2500 A. end is small compared with the
effect of the prism (13A).

The following experiment was carried out to
measure the displacement of a line. The temperature of the
spectrozraph was measured to 0,05°C. by a mercury thermometer
whose bulb pressed closely against the metal case of the
spectrograph, but was lagged from the surrounding air. The

spectrum of & neon bulb was photographed; this took only
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ten minutes during which time the spectrograph tgmﬁerature
never changed more than 0.1°C. The spectrograph ﬁas left
completely undisturbed for several hours while the temperature
was allowed to drift several °C, then the spectrum was
photographed again on the same pnortion of the plate. Each
line in the spectrum appeared as a 'doublet' whose
separation was due to the change in temperature. The
distance between the peaks of the 'doublets! of shortest
wavelength was measured on the microphotometers; owing to the
neon bulb having a glass envelope the shortest wavelengths
were 2968, 3022, %024A. of a Hg. impurity. The mean
displacement was 15 x 10™2A./°C,. almost twice the calculated
value for 3000A. It was reasonable to conclude that the
displacement at 2500A would therefore be approximately
6 x 1072 A/°C, rather than 3 x 1072 A./°C as calculated.

Since the Doppler broadening for 104 °K at 25004,
was only 9 x 10724, it was clearly necessary to keep the
temperature of the spectrograph as steady as possible during
exposures of the discharge spectrum. This was attempted by
keeping the laboratory temperature at a constant value
higher +than the maximum daily room temperature by means of
3 kiie electric fires under the control of a thermostat with
a differential of 0.25°C. A box built round it and its own
large thermal capacity helped to protect the spectrograph

from sudden fluctuations in temperature and fans were used

to reduce the temperature gradients in the room.
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(13.3) The focus of the collimator,

Photographs were taken of a neon bulb spectrum
for various settings of the focus of the collimator. The
contours of the neon line at 3600A. were plotted using the
microphotometer and converting its galvanometer defleéction
t0 relative intensity (as described in chapter 15). The
line breadths were measured graphically, and it was found
that they did not vary greatly with focﬁs; however the
collimator was of course set to the best focus. DILater on
this experiment was repeated for the gctual discharge tube
using the mercury line at 253%37A. and the result was
confirmed. The results for both wavelengths are shown
graphically in 6A. The dotted line shows the Doppler

breadth at 10%°K and 2511A.

(1344) The width of the spectrograph slite

The effect of slit width on the peak intensity
and the half-intensity-breadth of spectrum lines has been
treated theoretically by various authors, but complete
agreement is lacking and attempts to check the theories
have been inconclusive., It is generally agreed that there
is a critical slit width ¢ and that

¢ = (f-number of collimator lens) x (wavelength used)

(13D)
As the slit width is increased from infinitely narrow to the
critical width the peak intensity rises rapidly but the
bresdth increases only slightly. For wider slits the peak

intensity rises more slowly but the breadth rises linearly,



being directly proportional to the slit width.

From 13D the critical slit width for 2500A. with
the spectrograph used (f = 22.7) was 6 x 10™%mm. An
experiment was done to check this under conditions as near
as possible to those of the main experiment; unfortunately,
the control for varying the slit width was calibrated in
steps of 5 x 10°%mm. and could not be set accurately to a
fraction of a steps It was impracticable to do the
experiment with the line at 2511A. from the actual discharge
tube because this line was very difficult to obtain.
Instead, a low pressure mercury in quartz discharge was
used with same arrangement of condensing lens as for
the discharge tube; +the only difference was that it was
an extended source (about 100 cm? instead of 4 cm?).
Exposures of 100 seconds were ample. The mercury lines at
2483 and 2484A. were studied with the microphotometer, and
the Variatioh of the peak intensity and half-breadth is
shown in 6B and 6C.

The scatter of the points was too great to say
whether or no there were a sudden change in the slope of
the half-breadth v. slit width curve, but there certainly
was an increase in slope with slit width which was greatest
in the region of the calculated critical slit width (c).

The graphs of intensity v. slit width seemed however to show
that the intensity continued to rise rapidly up to about
three times the calculated critical slit widthe. The

Doppler broadening expected at 104 0K for 2511A. is shown
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on the graphs for comparison with the rest of the data.
Dotted curves are also drawn to show how the half breadth
results might be interpreted to agree with theoretical
requirement of a sudden change in slope, but this cannot
be said to be either verified or disproved because of the
scatter of the experimental points.

The random error in the measurement of the half
breadth appears from 6B and 6C +to have been about £20%.
Within such limits it was not possible to detect any
change of line breadth over the wavelength range 2480-303%0A.,

(graph 9B).

(13e5) The width of the microphotometer slite

Various lines were scanned with photocell slit
widths varying up to one sixth of the half—intensity-
breadth of the line and four times the spectrograph slit
widthe Within this range the width of the photocell slit

did not affect the line breadthe.

(1346) The grain of the photographic plates

Bven the'largest grains would not be expected to
be larger than aboutle-Bmm., and it was estimated by
examining a developed plate under a microscope that the
average grain size was of the order of not more than a
twentieth of the half breadth. In using the microphotometer
at least 1 mme length of line was always used so the effect
of the grain would be averaged out; this was confirmed by
the fact that the microphotometer readings invariably gave

o smooth line contour. Ilford 'Zenith' plates were usede.
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All the plates were developed in 'Promicrol' fine grain
developer which is said to increase the effective speed
of the plate.

(13.7) The instrumental line contours.

If instrumental broadening by itself produced
a Gaussian line contour of half breadth by, and Doppler
broadening by itself produced a Gaussian contour of half
breadth b, then their resultant contour would also be
Gaussian and would have half breadth b2 where, in units
of ems™l (Allen 1932).

o2 = bP+ By 2 (138)

Consequently, b could be deduced from measureﬁente s 3 4
by and bo. For accuracy in the main experiment the
spectrograph slit width was kept sufficiently narrow for
b1 not to exceed the expected magnitude of be. The Doppler
broadened contour was expected to be Gaussian (8.1). The
instrumental contour was found to be nearly CGaussian,
except in the wings, for the neon and mercury lines
(2484, %208, 3600 A.) already studied (13.%, 13.4); these
lines had been emitted from relatively cool sources and so
b had been negligible compared with bj. Phots of the log.
of the intensity against the square of the width of the
contour (10.1) did not deviate from linearity until the
intensity had fallen %o less than 20% of its peak value

(curves "i" in figs 12 and 13).
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14, BXPERIVENTAL PROCEDURE.

(1I4.1) The gas circulating system was evacuated and at

the same time the charcoal wasbaked to out-gas it

The pump of the circulating system was isolated by closing
the appropriate taps and the rest of the system was filled
with neon at about 1 mm.Hg. pPressure. Copper foil electrodes
were wrapped round the discharge tube and the rest of the
neon-filled section at intervals of a few inches and were
connected altermatively to opposite sides of the coil of

the Department's 100 Kce ref. heater. (The heater was

used at power '2', the coil was water cooled, and the

Power was switched on for three minute intervals, with

three minute rests between each interval lest a hole should
be burned in the glass). Gases such as air, water vapour
and carbon dioxide which were driven out of the glass by the
ionic bombardment c hanged the colour of the neon discharge
from red to bluish. After about thirty minutes

bombardment the section was refilled with clean neon and
this process was repeated until the discharge stayed the
colour of clean neon; +this took about six hours bombardmente.
When the glass had been so cleaned the neon was pumped out,
ligquid air was put round 211 the traps, and the entire
circulating system was filled with helium at the required
pressure. The system was then removed from the pumping
train and connected to the oscillator. The walls were

bombarded with neon instead of helium because it was easier

to see the colour change with contamination; and aelthough
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it was necessary to avoid band spectra, it was not necessary
to avoid neon lines because they did not fall near the.

helium line studied.

(14+2) The thermostatic control for the room was switched
on sixteen holirs before exposures were begun, in order to
allow the prism temperature to become steady, and it was
kept on day and night until the exposures had all been
finished. For a three hour exposure the indicated change
in the daytime was 0.3 #0 0.5°C, and in the evening it was
about 0.1 to 0.,2°C generally being less on clear evenings
than on cloudy ones; after midnight the temperature tended
to fall againe The oscillator input was 150-200 watts.

and it had to be within a metre of the spectrographe The
heat dissipated by it tended to cause a slight rise in
spectrograph temperature after switching on, so it was left
running for an hour before each exposure was begun. In
order to measure the line broadening caused by the
temperature drift, the spectrum of a neon bulb was
superimposed on the same part of the plate for ten minutes
before and ten minutes after the exposure to the discharge

spectrum,

(14.3) Bxposures of the discharge were for three hours
running time which was equivalent to 10.8 secs. continuous
exposure (intermittency effect is unimportant for pulses
less than 100 microsec.); +this was about the longest time

for which the temperature drift could be kept small, and



doubling it would have increased the plate blackening

by only 30% at the cost of doubling the temperature drift.
The results showed later on that the temperature drift

had serious effects even in three hours. For the
measurement of line breadths the discharge spectra were
photographed for three slit-widths up to the maximum that
could be used for reasonable accuracy (13.7) i.e. 0,005,
06010, 0,015 mme; also for the minimum pressure for a
reliable discharge, and two higher ones; 0.03%%, 0.15 and
about 1 mm.Hge The last pressure was uncertain because
the Pirani-gauge head had become unserviceable, but it
was the highest obtainable and was certainly not less +than
1 mm.Hge Cealibration marks with the seven-step filter,
slow lens, and wide slit, were put on the plate during
daytime when the temperature drift was too great for the
main experimentes A second set of calibration marks were
made with the filter inverted to check its uniformity of
illumination. Iron arc comparison spectra were also put
on the plates. During development the plates were briushed
with a soft brush to reduce Eberhard effect and this
treatment seems to have been successful for the lines

studied (which were not wery strong).
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15, THE METHOD OF FIRDING THE LINE CONTOURS .

The wavelengths of the lines were found by
comparison with the iron arc spectrum, generally this
could be done by inspection but the wavelengths of
important lines (such as 2511A. of He II) were measured
using a travelling microscope. The lines were then scanned
-with the microphotometer teking the 'clear glass' reading
near each particular line. The galvanometer deflection G
was converted to relative intensity I by plotting a
calibration curve from the density marks on the plate. This
calibration curve was made by plotting the peak deflections
for the seven calibration steps on log-log paper against
numbers proportional to the relastive intensities of the
light beams which had come through the seven calibration
stepss +the ratios of the intensities were those for
visible light, since those for ultra violet light were
unknown. The two sets of density marks for each line agreed,
thus showing that the filter had been uniformly illuminated.
The mgin lines of interest lay in the range 2723 -~ 2882A.
The curve for a line whose peak calibration deflections
ranged up to G} was not parallel to the O to G; region of a
stronger line whose peak calibration deflections had ranged
up to Gy (greater than Gy) but deviated from it in the
region of G1, as shown in 7A. This shape of the calibration
curve for the weaker lines could not have been a
photographic effect because each one deviated at a different

velue of @, it must therefore have been caused by having %o
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plot intensity ratios for visible light instead of for the
region 2723-2882A. In view of this the best curve was
obtained by displacing that for each line laterally along
the log I axis and drawing the mean, and this mean curve,
shown in TB., was used as the calibration curve for that
spectral range. The line contours for the helium lines
272% and 276%A. and the He II line 273%%A. were plotted from
both the individual calibration curves and the mean one;
the average difference in half breadth was less than 3% for
2723 and 27%3%A., and about 10% for 2764A. The calibration
curve deduced by the 'two line method' (Churchill 1944)
using the helium lines 2829 and 2764A. gave six points
which agreed well for one plate with the mean calibration
curve; for the other plate the method gave only three
points and was not much use. The mean curve for both
plates was the same within the limits of experimental error
and the scattering of the points about each curve was also
about the same. The calibration curve for the mercury
resonance line 253%7A. did not fit the mean curve, so the
scattering of the points was not so great as the variation
in plate calibration over about 300A. in the ultra violet
(where it probably varies much more rapidly than in the

visible region).
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16, THE SPECTRA.

(16,1) Useful helium lines.

The He II line at 2511 A. was only just visible
éven on photographs, such as plate 8, which were taken with
a much wider spectrograph slit than could be used for a‘
reliable estimate of Doppler broadening (13.7) and there
was no trace of He II lines of shorter wavelengthe. There
were however three He I lines (2723, 2764, 2829A.) and one
He IT line (2733A.) from whose breadth the gas temperature
was estimated. The breadth of the He I line at 2945A, and
of the He II line at %203%A. could not be measured sufficiently
accurately because of the smaller dispersion at those wave-
lengths, and the He I line at 3188A. was over-exposed,

The excitation temperatures for the series were estimated
from the relative intensities of all the lines (except 3189)
of He I, and both of He II; t@e equilibrium temperature
was estimated from comparison gf the two series. The
dispersion at the appropriate wavelengths was found from
measurements of the iron-arc spectrum which ﬁas on the

same plate as the helium lineso.

(160,2) Effect of the constriction in the discharge tube.

The constriction fulfilled its purpose of
concentrating as much power as possible into a small volume
of the gas. This was shown both by the discharge being
brightest in the constriction, and by spectrum photographs
taken with the condenser of short focal lengthe These

photographs showed both 'long'lines which had been exc?ted
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throughout the discharge tube, and 'short lines which had
not been gppreciably excited outside the constrictione. The
part of each line which corresponded to the constriction
was uniform in density, but the rest gererally became fainter
towards its ends. The 'long lines were generally those of
the He 1 and Hg. spectra and the 'roie ultime! of Si (2882);
the 'short' lines were generally those of He II, C II, and
the other lines of Si, showing that the degree of ionization
and the bombardment of the glass had been greatest at the
constriction. Whether a line appeared 'long' or 'short!
depended to some extent upon the brishtness of the discharge
as a whole: e.ge. at 1 mm. Hge pressure it was easy to
obtain a high power discharge and the He II lines 3%20% and
2733 were 'long', but at 0,07 mn.Hze. when it was difficult
to match the discharge to the oscillator and its total
brightness was less, both those lines were 'short'e The
He II line at 2511 A. appeared only in the comstriction
and only at pressure of less than 1 mm. Hg. and was very
feeble. Plate 8 shows the 'long' and 'short' lines
photographed in 2 hours running time (2 7.2 secs.exposure)
with a wide slit (0.05 mm) but different pressures and

(unavoidably) for different power dissipationse

(1643) Impuritiese

Since the traps were not very efficient at these
pressures (12.3) there were slways impurities (such as Hg)
in the spectrum. There were Si lines too which must have

been produced by sputtering of the glasse since they were
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most intense in the constriction, where the bombardment
would be most intense, and there was no silicone grease
in the system. The 'raies ultimes' of boron, (2947.7,
2946.8) also presumably came from the (pyrex) glass. The
three possible sources of carbon for the CII lines were
the Apieéon grease on the winch of the valve, the charcoal
im trap T3, and the Areldite which cemented the quartz
window to the tubes The grease undoubtedly contributed
something because the intensity of the carbon lines was
diminished by immersing trap T4 in ligquid air and a
deposit of greaée formed on the sides of the trap. hen
the discharge was running there was also a faint blue glow
round the 'Araldite'. TFortunately, none of these lines fell
near enough to eny of the He lines to interfere with their
contours. The lines of the heavier elements (Hg and Si)
were indeed useful as 'norms' to show the broadening which
had been caused by the instrument rather than by Doppler
or Stark effects

There was an unidentified line which fell at
2733,17A., within the contour of the He II line at
27%%432A. and was discovered from the asymmetry which it
caused in the contour (shown in 9A). Its wavelength showed
that it may have been a faint line of Xe IT (273%3.15) or
A (273%.06) but its identity is doubtful because other lines
of the same elements, which should have been much more
intense, were not in the spectrum,

In nearly every spectrum taken of amny of the r.f.
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discharge tubes (54, B, C, D.) there appeared to be a
faint, complicated, system of bands extending from 3073A.
to the red. These have not been identified, but the
radicals probably came either from the tap-grease or from
the 'Araldite's  There did not eppear to be any Heo band-
heads at 3200.6 or 3206.4 A.U., nor any continuum

(recombination spectrum).

(16+44) Use of lines of Hze and Si as 'Norms?.,

Lines of Hg and Si, the heaviest eleménﬁs present
in the spectra, were used to show the instrumental breadth
alone since their respective Doppler breadths would be only
(4/200)% and (4/28)% that of He. The maximum Doppler
breadth b of the He lines was eipected to be about equal
to the instrumental breadth by and their resultant bfeadth

b2 to be given by equation 13E:

for He:  bp° = b2 + M2 = 2 b1° (approx.) (16A)

Similarly for Hg: bp? = (b¥50)g, + 112 = (1 + 1/50) b12)

(approx.) §
5 (16B)
n n Sl:b22 = (b2/7)He + b12 = (1 + ]/7) bl ) .
(2pproxe.)

Preliminary experiments (13.4) had shown the
random error in the measurement of by to be X 20%, so no
further comparable error was introduced by assuming
b2 = ;2 for both Hg and Si,and this was confirmed by
later measurements not showing more than 20% difference

between the breadths of their lines (table 5). Agaim,
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no further error was introduced by measuring these 'norms!
in a different region of the spectrum from that of the He
lines, since previous measurements had not detected any
variation of by with wavelength (13.4 and 9B), and this
was also confirmed by later measurements (table 5). If
more accurate measurements had been possible the equations
of (16B) would have been a better apvroximation, and the
preliminary experiments would have shown the variation of
b1, with wavelength.

The lines used as 'norms' were those of Hg at
2848 A. and of 8i at 2882A.3 other lines of Hg, which were

nearer the He.lines, were too faint to be used.

(1645) The line contours.

The contours of the He lines at 2764 and 2829A.
were compared with those of the 'norms'. The 'norms were
approximately Gaussian, as expected from (13.7), but the
He lines were broader in the wings, as shown in (10). A
more sensitive test (16.9) showed that both He and 'norm!
contours deviated considerably from Gaussian ones, and that
for the He lines it was probably caused by the combined
effects of Stark broadening and the temperature drift of the
spectrograph while for the norms it was caused by ﬁempeiature
drift alone. The He I line at 2723%A. and the He II line at
2733A. were rather faint and their wing contours were lost

in the background of the photograph, so it was not possible



TABLE 4, THIS SPECTRA,

Symbol S1it width Pressure Temperature drift (°C) shown by:
___E_m.m.L Sf‘i.m,wﬁg’_'l thermometer  neon bulb spectrum
S1 0.010 approx. 1 0.1 0T
S2 0,010 0.15 062 1le2
S3 0.015 0,033 0e2 0.7
sS4 0.010 0,0%3 0.1 1,05

Sh 0,005 0,033 0405 0.75
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to compare them.

(16.6) Spectra used for the estimation of temperature.

Only one photograph (7/4) proved finally to be
useful for the estimation Qf the various temperatures,
although another (7/3) would have been if the temverature
drift of the spectrograph during the exposure had been
indicated reliably by the thermometer on the spectrograph
(discussed in 16.7)e.

Three spectra were taken with the same specitrograph
slit width but at different pressures in order to show if
there were Stark broadening at pressures above the minimum.
Three spectra were taken at the minimum pressure but for
different slit widths in order to show up any unforseen
instrumental effectse It is however probable that there was
another veriable, the power input, since the development of
the tubes had not advanced sufficiently for this to be
measured each time (12.5); in particular, the power input
probably increased with pressure because it became easier
to match the tube to the oscillator. Table 4 shows the
experimental conditions: the two groups of three spectra
each are 81, S2, S4 and 33, 354, 55. In S5 the lines at
272% and 273%33A were too faint for use; but the line at
2829A could be used because, in this spectrum alone, its

peak intensity lay on the calibration curve (7B).

(16.7) UMeasurements of temperature drift made with the
neon bulb spectrume.

On plate 7/3 the neon bulb spectra were over-

exposed and so could not be used. For plate 7/4 they
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showed that temperature drift had been much larger than
had been indicated by the thermometer attached to the
spectrograph. The 'néon bulb'! line measured was that of
a mercury impurity at 3126A. and fell within the background
of irregular band spectrum so the 'clear glass' reading of
the microphotometer which was used was the averagze in the
neighbourhood of the line. The contour of this line was the
resultant of two instrumental contours whose breadth was
determined by the width of the spectrograph slit and the
separation of whose peaks was determined by the temperature
drift during the exposure of the helium discharge. The
variation of the breadth of the resultant with the
separation X of the peaks of the components, was found
graphically from the known instrumental breadths for the
slit widths used, and is shown in 11A up to values of X for
which the components become resolved. From these curves
and the measured line breadths, the separation X was found
and converted to temperature-drift from the results of
(13+2)e It corresponded to a much greater temperature-
drift than had been shown by the thermometer on the
spectrograph, (table 4). Evidently the spectrograph was
not in thermal equilibrium through its entire wvolume of

quartz, metal, and air.

(16.8) Correction of line breadths for the effect of
temperature drift,

Let B, be the breadth which any line would have

had if there had been no temperature drift: for Hg lines
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54
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IABLE 5,

By and By in units of 0.01 mme

Norms

Hg 2848 Si 2882 Mean
3ol 50
5465 546
3.8 3465
- 308
%48 3 465
- 2¢9
2085 2075 2.8
2485 UL 248
5025 %605 3445
o 306 506
525 3«05 3415
- 2.6 2.6

He 1T
2133

640
5465
5.5

5015
55

5.8
5.15
5405

4495
5.05

He I
2723 2764 2829
409 4,3 =
4 .65 44,3 =
4005 400 -
4o4 44,1 =
4.05 4,0 -

- 3C5 3055
447 4.1 -
395 3,6 -
5¢55  3.45 -
442 349 -
2455 345 -

= 3025 303



89.
Bo L bp of equation (13E), for the 'morms' By = bj
(approxs) (16.4). The result of temperature drift D
(found from meon bulb spectrum) would be to increase the
observed breadth from By to By; because the observed line
contour of breadth By, would be the resultant of many
contours of breadth By spread over a distance X equal to
the separation which D had caused between the peaks of the
neon bulb lines (16.7). If the coniours were Gaussian when
D =0, and if there had been a uniform rate of drift, then
it can be shown that the observed contours would be

(Appendix 1):

( )
I(x)=(erf £, - erf x-X 2KX 6
( er GaoyE er L g (16C)

where I(x) is the intensity at x, erf is the error integral,
s is the standard deviation, KX is the number of component
contours of breadth Bo. TFrom this equation a family of
curves of (dBy / dD)B0 was plotted for various values of

Bo. These curves applied both to He and 'norm' lines since
both were known to have approximately Gaussian contours when
D =0 (13.,7), and are shown in (1I1B). From these curves
were deduced others of (dBy/dBy)p for the values of D which
had been found to apply to the spectra on plate 7/4

(1647 and table 4), TFrom the second set of curves (shown

in 11C) the value of Bp for each line in each spectrum was
found (table 5). The mean breadth B, of the 'norms' for the
three spectra which had been teken at the same slit width

(S1, So, Sg) did not vary by much more than 10%; and for the
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three spectra which had been taken at the same pressure
but different slit widths, they agreed within about 10%
with the instrumentel line-breadths, (values of By, 2.6,
3415, 346 x 10~2mm.; instrumental breadths, 2.7, 3.1,

4,0 x 10~2mm. ). This shows that the assumptions of 16C

were justified as a first approximation.

(16:9) otark broadening of the Helium lines.

Teble 5 shows that, for a given slit width, B,
for ali the helium lines decreased with pressure, and that
even at the lowest pressure it was considerably greater
for the He II line at 27%%A. than for the nearby He I line
at 2723A. This indicates that even at the lowest pressure
there was Stark broadening’of the helium lines. It is
confirmed by the shape of the contours (1645), especially
when tested by the more sensitive method of (13.7) which
is to plot the logarithm of the intensity at any poinmt
against the 3qﬁare of the width of the contour. Such plots
of log (I/Io) v Wz are shown for various slit widths in
(12) and for various pressures in (13)3; plots of typical
instrumental contours (1%.7) are labelled 'i', and plots
of formula (16C) are labelled '®£'. The curves for the
helium~-line (2764A) show that: its deviation from the
formula was always greater than that of the 'norms'; its
deviation increased with pressure, but that of the 'norms!
did not; and the deviation was greatest for the wings of the
line (though that is exaggerated by the log scale of the

graph). All this confirms that the helium lines suffered
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from Stark broadeninge. The deviation of the plots for the
'norms' from those for the instrumental conbours suggests
that all the contours suffered from an irregular temperature
drift, which emphasizes that (16C) is only a first
approximation.

Since the broadening of the wings decreased with
pressure and was less fof He I than for He II, the effect
of the constriction (discussed in 12.5) was evidently far
less than Stark effects.

(16.10) The intensities of the helium lines,

Dr.J.D.Craggs suggested that the excitation
temberature (7.4) and equilibrium temperature (7.5) might
be estimated from the spectra which the author had already
photographed before he left Birminghame. In order to do
this the relative intensiiies of the helium lines were
measured for the two groups of spectra Si, S0, Sp and
Sz, 544 S5 (1646). In the previous measurements the
variation of the breadth of each line (11, 19 «...... 1n)
with pressure had been studied in order to detect
interference from Stark broadening, and in order to reduce
the effect of any microphotometer zero-drift the contours
had been plotted in the following order:-

(1)  that of I3 in Sq, then of 1; in Sp, then of 1j in S4,
(11) repeated for 1o im S1, 52, S, |
(n) and so on up to 1y in Sq, Sy, Sp. ‘

The same method had been used for the group 83, S4y S5e

However, the calculation of excitation and equilibrium



TABLE 6 Galvanometer Readings.
Average for clear glass= 2440
Spectrum Uav?l?ngth‘ {4 (ii) (iii) (iv) Mean
A i ; : , :

Sl 27253 18,9 18,7 18,7 186 18473
27%% b g & 2 "
2764 10.1 Ge9 99 0,85 9.94
2829 %08 %48 % +85 549 %484
2945 049 1.0 1.0 140 0.98
%203 12,8 1245 1235 12470 12,60

82 2723 1700 17.0 16a75 1644 12.86
2755 18,55 18,05 18,2 18,15 18.24
2764 7465 7ok Ted adl 754
2829 2t 204 24 2455 2.44
2945 06 0.6 0.6 0,55 0.59
320% 449 4 485 540 4,9 4,91

S4 2725 18,95 19,15 18.8 18.9 18,98
i i 19455 1945 18.95 19.0 19.20
2764 9.9 10.0 10.0 L0l 10.00
2829 3ol Bae B425 ) Bl 3624
2945 0.85 0.85 0.8 0585 0.84
%203 59 ol s 603 64,15 606

**********

S3 2764 137 = 34ql 14315 1549 13.96
2829 4445 445 455 4.5 4,49
2945 1415 1l 125 ' heed 1419
3203 9i4 |/ GE8 - 9yl 946 =~ 9448

S4 2764 9.75 9,85 10a.2 9.95 9.94
2829 %455 o e 15 3425 5645 %433
2945 0.85 0.9 0.9 0475 085
3203 548 5685 549 6.1 5«91

S5 2764 10.55 10425 10.75 10.4 10.49
2829 504 o ) BacH 3ol 3454
2945 0.8 0.85 0.8 0.8 0.81
3203 565 5675 57 585 5674

W R W KNRR



temperatures depended onm the relative intensities of 1,

b «ces 1, all at the same pressure, so even a slight zero
drift during the previous measurements could have led to

a systematic error if they had been used in the new
calculations. The peak intensities of the lines were there-
fore measured anew in an order which was designed to reduce
this error to a minimum:

(1) scanned from I to I, in S7 then in So, then in Sy,
(ii) repeated in the order S, S2, Sy,

(iii) scanned from 1p to 17 in S, then in Sp, then in Sy,
(iv) repeated in the order Sy, S,, S7.

The same method was used for the group 353, 5S4 S5. It was
easy to ensure that the measured intensitiés referred to the
same part of each line because the same slight irregularity
of the spectrograph slit showed up on each one., The
microphotometer was used with the same width and length of
photocell slit as in the previous measurementse. New
calibration curves were plotted because for these new
measurements the author used a microphotometer belonging

to the British Aluminium Co., by courtesy of the Director
of Research. The galvanometer deflections are shown in
table 6, where (i) to (iv) refer to the four series of
measurements; The most accurately measured intensities
were those of the line at 2764A. since they always
corresponded to fairly large galvanometer deflections and

to the central portion of the calibration curve; so the

relative intensities were normalized by taking that of



TABLE 7,

Relative
S pectrum 81 52 Y S1
Hel
272% 2e33 3023 2423 251
2764 9625 14.4 9.45 100
2945 148 245 o & 1600
HelT
gL35 4‘1 243 2010 <10
%203 59 2660 1947 64
Relative
Spectrum 83 54 85 83
2764 8,4 9,3 5§l 100
2829 3949 41,0 29 &5 475
2945 178_ 169_ 114 2120
%20% 20.8 20,0 10,0 247



Intensities of helium lines,

Normaligzed Mean Differences from mean
- S2 S4 S (S=-S1) (s=82) (s=84)
2244 2346 237 ~6% 6% 1%
100 100 100 - - -
©396 444 405 1% 2% ~-10%
1700 1820 1710 6% 1% ~6%
16,8 221 16 38% 5% ~38%
180 208 151 58% I19% -38%
Normaliged
S4 S5 % 8eds lMean
100 100 - 100
440 215 15% 495
1820 2240 12% 2060
250 197 13% 220



9%
2764A. as 100 units. Table 7 shows the relative
intensities, the normalized intensities and the difference
of the latter from the mean. The results for S3, 84, S5
(spectra for same pressure but different slit widths) show
that for individual spectra the measurements had a standard
deviation of 12% to 15%, and that although the measurements
for Sy, Sp, 5S4 (same slit width, different pressures)
showed there was a real increase in the relative intensity
of the He II lines as the pressure decreased, they were not
accurate enough to show whether there was a real change in
the intensity of the He I lines. The rather large standard
deviation was probably caused by the variation of
unmneasured factors in the condition of the discharge, €.8.

the power inpute.



TABIE g, Corrected line-breadths, By dmaon. 1

Spectrum : Norms HelI He T

Hge2848 Si 2882 Wean 2733 - 2({e3 2764 2829

Sl 1.45 1.42 1.435 2.82 2427 2,00 -

SZ 1.4—4 104—2 1043 2051 1091 1.75 -

S4 1.63 1.56 I.595 2446 de71l 1,68 -

8% - 1.83 1.83 2+40 202 1,90 -

S4 1.63% 1.56 14595 2446 1,71 1,68 -

55 - 1054- 1034 e i 1058 1067

WK R W NN

IABIE 9.,  Apparent temperature in °K, calculated from line breadths

Spectrum He II e He T
2733 __ 2723 2764 2829
S1 34,000 18,000 11,500 -
82 25,000 9,000 6,000 =
S4 20,000 2,300 1,700 =
53 24,000 4,200 1,600 =
S 4 20,000 24300 1,700 =

W Wtk WK ¥
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17. HESULTS AND DISCUSSION.

(17.1) Gas temperature, deduced from line-breadths.

The corrected line breadths, B, (16.8), were
converted to cm™l (table 8) and the square of the Doppler
breadth of the helium lines, B2, was deduced from equation

(13E)s
! b2 = bp? = By? (174)

where, in tems of B,: by equals B, for the helium lines,
and by equals the mean of B, for the 'norms'. The gas
temperatures, T} were deduced from the equation (8A):

T = 7.8 x 1012 (b2/n?) (L7B)
where n is the wavenumber of the appropriate line., They
are shown in table 9,

The random errors dby in by and dbo in bp had each
been estimated as 20% (13.4., 16.4) so the random error
dT in T would be 80% since:

aT = 2 db = 2(dby + dby) (17C)

This agreed with the standard deviation of the results.
For the six values of T deduced from the He I lines in the
three spectra 53 Sy S5 which had been taken at the same
pressure, it was about 60% (s.d. 2100°K and mean T 3350°K),
so for the two values of T deduced from any one spectrum it
was (6/2)% times as great and the values of T were only
reliable to about a factor of twoe.

The apparently greater temperature of the He II
ions compared with He I atoms at all pressures in

attributable to the greater sensitivity of the ions to
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Stark broadening; and the apparent decrease of the
temperature of both ions and atoms with pressure is
attributable to the decrease of Stark effect with pressure.
Such interference from Stark effect would mean that the
values of T were only upper limits, and theirlow value
would be owing to the practical difficulty of getting high
power into a low-pressure discharge, and possibly to the
effect of the constriction (12.5).

Another vpossible ex@lanation of these effects
is that emission of He I lines may have continued in the
afterglow, and therefore T would have been only an average
temperature over the whole period of discharge and afterglow,
and decreased at lower pressures as the afterglow persisted
for longer periods. These He I lines, generally accompanied
by Heo bands, can be produced in afterglows by dissociative
recombination (llassey, 1952) in which the molecular ion
Hep + first combines with an electron to form He, and then
dissociates into 2 Hge. Such lines would have been
expected to be most intense at the cenire of the consiriction
because the rate of all tyves of wlume recombination is
proportional to the product of the electron and ion
concentrations and these concentrations are greatest at the
centre. No such enhancement of the centres of the Hé I lines
could be detected, nor could any band heads of Hep, so it
seems that the afterglow contribution was small; however,
this effect cannot be entirely excluded in the absence of

direct experimental knowledge of the afterglow spectrum of



TABLE 10.
Apparent BExcitation Temperatures.

Spectrum om plate:  Spectral series Iines compared Ty in °K,
(mean) He I 2945 & 27234, 1350 )
2829 " 1000 -(a)
2764 d 750 :
9 e 2945 & 28294, 2100 )
W 27644, 1700 ; (b)
i 27234, 1350
" ” 2945 & 2829A. 2100 )
2829 & 27644, 1250 %-(c)
2764 & 27234, 750
52 He IT 2203 & 27554, 4100
S4 L n n

4400



the particular discharge since recent work with high-
power (un-constricted) r.f. discharges in helium has
shown that the He I spectrum may iast for many mircro-
seconds (Janin and Eyraud, 1953; Bryant, 1955, private
communication).

(1762) EBxcitation Temperature.

The excitation temperature Ty was calculated
from the relative intensities of the He II lines at two
pressures (line 2723A was too faint at the highest
pressure) and from the mean relastive intensities of the

He I lines (table 7), using the equation:
T =Cy / log % Inr @ ) (17D)
% 1 = ( Inr © V2 ; -

This equation is derived in Appendix 2: Ipr and I, are
the relative intensities of two lines in the same spectral
series, and I, corresponds to the line of shorter wave-
lengthsy Cq and Co are constant for a given pair of lines.
The results are shown in table 10. TFor He II
the higher value of Ty was for the lower pressure, which
was to be expected since the electrons then had a greater
chance of reaching a high energy. However, there were three
ways in which the results were unexpected: T, was not the
same for each pair of lines, was not the same for He I and
He II, and was not of the order of magnitude of the probable
electron temperature (c.50,000°K. at these pressures). It
is unlikely that any of these anomalies were caused by

the trancmission of the spectrograph or the spectral
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response of the emulsion, since both these would have
caused a decrease of sensitivity with wavelength. This
decrease of sensitivity would have caused most reduction
in intensity for the lines of shortest wavelength and
therefore the values of Tyy calculated from (17D) would
have been least for lines which were furthest apart: but
this does not agree with groups (a) and (¢) of table 10.

The most likely reason for the anomalies is that
the collisions of the electrons with the walls of the
constriction changed their velocity distribution from the
Mexwellian one assumed in 17D. The proportion of high
energy electrons would be decreased and the proportion of
low energy ones increased, both because of inelastic
collisions with the walls and because of secondary electron
emission from the walls, The higher +the excitation
potential of a spectrum line, the more its intensity would
be decreased because of the lower proportion of high-energy
electrons, The change in the relative intensity of two
‘lines would be in the sense of weakening the one of shorter
wavelength, and this would be most marked when both were of
short wavelength. Consequently Tx calculated from (17D)
would be too low, and Wbuld appear to be least when deduced
from the two lines of shortest wavelength. This agrees with
the experimental results, as is shown by comparing them in
groups fa) (b) (c) of table 10. The explanation is not

entirely satisfaétory for the He II lines, since although
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one was of long wavelength, yet obviously both had a
higher excitation potential than any of the He I lines and
so the calculated value of Ty would have been expected to
be lower, |

In view of this, the possibility of some

contribution from the afterglow camnot be excluded, for
this also would reduce the velue of Tg, and would not have
so much effect on He II as on He I lines because the number
of excited ions would be reduced by recombination as well

as by de-exciting collisions and by diffusion.

(17.3) Bquilibrium Temperature.

The equilibrium temperature Tg was estimated by
comparing the intensities of the He II lines with the mean

intensities of the He I lines (table 7), using the equation:

Q

T

{1
log ( =% « Ne. Cy4 (178)
( Ia

w
W O

This equation is derived in Appendix 3: Ii/Ia
is the ratio of the intensity of an ionized line to that
of an atomic line; C3 and C4 are constants for a given pair
of lines; Ng is the electron concentration, and its value
was chosen so as to make the results internally consistent,.
It follows from (17.2) that the most reliable values of Ij
and Ig were likely to be those for the lines of longest
wavelength. The value of Ny was therefore chosen so that
Tg calculated from Ij for 3203A. and Ig for 2945A., gave
the correct percentage of ionization when it was put in the

ordinary Saha equation (Appendix 3), as shown in table 11B.



TABLE 11,

Apparent eguilibrium temperature.

Spectrum on plate

Lines compared Ty in COK. Lines compared Ty in ©K.
S1 3203 & 2945 A. 16,300
v 2829A. 16,900
L 2764 A. 17,600
i 2729 Ao 18,600
52 3203 & 2945 A. 15,900 2733 & 2945 A. 15,100
1 2829 A. 16,500 " 2829 A. 15,600
. 2764 A. 17,100 2764 A. 16,100
Ly 272% Ae 18,000 2723 A. 16,800
34 3203 & 2945 A. 155100 273% & 2945 A. 14,400
2829 A. 15,600 " 2829 A. 14,800
2764 A. 16,100 " 2764 A. 154300
2723 A. 16,900 B 272% A. 16,000
TABLE 11B, % ionization, assumed and calculated
Spectrum on plate: 81 - S4
Pressure in mm. Hg. 1 0.15 0.0%3
Tg, from 3203 & 2945 A. 16,300 15,900 15,100
No. of atoms / cc. 3456 x 1016 5,34 x 10'° 1,07 x 1015
No. of ions / cec. assumed: 1.5 x 1016 35 x 1015 0.8 x 1015
% ionization assumed: 42% 66% 75%
% ionization at Tg: 43% 66% 78%
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The results are shown in table ll. They are
consistent with the assumption made in (17.2) that the
effect of the constriction would be to decrease the intensity
more for the shorter wavelength lines than for the longer
wavelength ones. TS is a function of (I;/I,); the results
show that values of Tg derived from I; for 2723A. are
lower than those derived from Ii for 3203A.; also, that for
a given He II line (Ij), Tg is greatest for the shortest
HoI line (least I,)e

At the low pressures used, Tg would not correspond
either to the gas temperature Tg or to the electron
temperature Tge The results for Ty mean that if the
ionization had been produced by collisions between atoms
having a Maxwellian distribution of energies (as assumed in
Saha's equation from which 17E is derived), then that energy
distribution would correspond to a temperature of the order
of 16,000°K. However, in the low-pressure discharges which
were used, the ionization would be produced by electron
impact, so Tg would be much greater than Tgq and Tg would be
much lesss The results for Ty are only an indication of its
order of magnitude, because of the complications caused by
the constriction in the tube and by thé afterglow. Never-
theless they afford further evidence for conclusions reached
in (17.2) and (17.1) respectively: +that the apparent
excitation temperatures were far too low to correspond to

the electron temperature; and that the breadths of the

He II lines were t00 great to correspond to the gas

e A L s . s e
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18, SUGEESTIONS FOR FUTURE VWORK.

(1841) Work with the present apparahis.

It is considered unlikely that much improvement
in the measurement of gas temperature from the Doppler
broadening of the spectrum lines can be made with the
Present apparatus.

However, this apparatus could be used to measure
excitation temperatures of r.f. discharges, and by using a
rotating sectored disc between the discharge and the
spectrograph it would be possible to compare the excitation
temnergture of the discharge and its afterglow. It would be
advantageous to use spectrum lines in the visible region,
because for that region: the transmission of the seven-step
filter is known, the transmission of the spectrograph and
the response of the photographic plate could be found by using

a standard tungsten-filament lamp and exposure times would be

shorter.

(18.2) Vork with additional apparatus.

The present work has shown that any future
measurements of the Doppler broadening of spectrum lines from
an r.f. discharge would need to be carried out at pressures
of the order of 0.01 mme Hge in order to avoid Stark
broadening, using a gas-circulating system to overcome losses
from 'clegn-up' and constricted discharge tube in order to
concentrate the power into a small wlume of gas. It would

also be advisable to measure the power input to the discharge,

to match the discharge to the oscillator, and to awid
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photographing the afterglow spectrume. It would be best
to study the spectra with a Fabry Perot interferometer,
because of the comparative ease with which the temperature
of its small wolume could be controlled and because of its
great dispersion., Its dispersion would enable lines in the
visible region to be used and these would be of greater
Doppler breédth and higher intensity than those in the
ultra-violet; also, the experiment would not have to be

restricted to the lightest elements.



APPENDIX T,

BQUATION (16C)

The contour of each 'norms' is the resultant of many

Gaussian curves: of standard deviation S

)

I(x) = (2ws2) ~ exp i “w (x - p)z/ 25° )

)
Whére p is the value of X at the peak of the curve,

These are spread out over a distance x equal to the

separation between the peaks of the corresponding neon bulb
lines. Assuming that the spreading due to temperature drift

was uniform, the contour of the norm would be:

I(x) = 1 . L %o -p)2 /282
PRIy IO . e¥P | ~(x-p)“/2s 3

where values of I are normglized by dividing them by the
number of components NX, (this is oroportional +to X).

Substituting z2 = (x - p)2 / 282

| (x - %)/ (26%)°
1 . Al 2y
I(x)= .n.% J’GXP (-2z)dz
X

20X /(282)%

= s § ert (_2_‘2522-)% - erf ﬁ(lzcsg)X) g

where 'erf'! is the 'probability integral' and is tabulated;
negative values of 'erf' are not tabulated but erf (-z) =
- erf(z)., The author thanks lNr.J.B.Taylor of the Electron

Physics Department for this mathematical analysis,.



' APPENDIX 2.

Bouation (17D).

When én atom changes from an energy state whose
excitation potential is Vn to a lower one for which it is
Vr, it emits light of freaquency fnr @nd absolute intensity
Jpr given by

hfpy = eV, - eVy

Jnr = hef .. Ay Bn
where h is Planck!s constant, e is the electronic charge,
Apny is Einstein's A coefficient for spontaneous transition
from state n to r, Hh‘is the concentration of atoms in
state ne. Iy may be related to the concentration Ng in the
ground state, the statistical weights g and gn of the
ground state and state n, and the excitation temperature T,,

by
N, = N, (&gn/gs) exp (-eVn/ kT)

This relationship assumes that the concentration of atoms
' in the various energy states is determined by collisions
with only one type of particle, thet those particles have a
Maxﬁellian energy distribution, and that none of the energy
states has either a very lomg or a very short half life.
With these conditions

Jnp = he £ Apr N, (2p/go) exp(-eVn/kTx)
The equations are similar for a transition from a state
whose excitation potential is Vm, so the relative intensity
of lines of frequencies f, end £, .. is

———n RS

Lor S Ipr = for Amr &n eXDe E eV, - eVp i



Equation (I7D) Conbsesssins

Therefore T, may be found from relative intensities (I)

rather than from absolute ones (J)

In é(Imr fnr A.nr é")n) £ (Inr Ty Anr é’;m)g

and for a given pair of lines this may be written in terms

of constants Cl and C2

Ty = Cy / log é Tnr Cyp §

H
L2 ]

n




APPENDIX 3,

EQUATION (178)

Saha's equation in terms of the percentage ionigzation x,
pressure p in mm. Hg., ionization potential V; in e.s.u.s,

and absolute temperature T is

log é 0x2/760 (1 - x2)g = =(1s51 x 10°.vi) / T +
2.5 log T = 605

Fowler has shown that this may be written in terms of the
concentrations of ions (W;), atoms (Na) and electrons (N,),
and the partition functions Vi and Va for ions and atoms,

as ) %
(Ny W) / M, = (V4/V,)(g,/h3) (2w kT)°/2 exp(-eV;/kT)

where the other symbols are the same as in Appendix 2.
Consequently the intensity of radiation emitted by an atom
changing from state m to state r is
Jg = (Ng/V,) hefy .. A . & exp (-eVy/kT)
and by an ion changing -from state n to state s is
Ji = (N;/V;) hefpg A, 8, exp (-eV,/kT)
where Vp and V; are the excitation potentials in e.so.u.
Substituting for Vg, Ni/vi N, from Fowler's equation and
putting g, = 2
Ty igs 2.(20mk)>/2 gy Tng Ans - /2 expE-e(V-+Vh-Vh»kT§
n NS ._ ©n ‘ns ‘“ns ( i

——— — w—— =

To UL N, hd g fop Anr

So for two given spectrum lines, one of the ion and one of

the aton,
108T3—03=210 (Ii N 043

e‘é e
et Ta )
where C3 and C4 are constant for a given pair of lines.
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APPENDIX 4,

Transition probabilities and statistical waightse

The transition probabilities for He I were
deduced from formulae given by Goldberg (19%9). TFor He II
they were deduced from values for the hydrogen atom given by
Menzel and Perkeris (1935), since these are one sixteenth of
thdimmminbdli tieer trangttion ditween M, covkasbbiitng
states of the helium ion.

The statistical weight of an energy state is
(23 + 1) where j is the total angular momentum quantum
number. The He I lines were for transitions from n3? to
235 states, and since for each moP state j could be 0, 1,

or 2 their statistical weight = X~ 3 + 5 = 94 The

o

Sn
.,

He II lines were for transitions from the nh 40 the third

level of the ionized atomj; for a one-electron atom

(2§ + 1) = n2, therefore for the lines at 2733A. (n = 6)

and 3203A. .(n = 5) the statistical weights were 72 and 50,
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