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ABSTRACT

Part A. Measurements with a plane Langmuir probe near an obstacle
‘in a positive column with a longitudinel magnetic field reveal pericdic
spatial variations in the number of high energy electrons reaching the
probe, and in the local plasma parameters (&ensity, potential, electron
' temperature). The variations are due to the helical motion of electrons
along the wske after partial selection of the phaee of their motion by
. the obstacle. The distribution of high energy electrons in the region '
downstream from the obstacle is similar to that calculated by Al'pert et al
for the ions behind a satellite moving through the ionosphere, parellel to
a magnetic field. There is strong evidence that the spatial variations cf

plasma parameters, as seen in the frame of reference moving w1th the

Al

average veloeity of 1 the anode-dlrected electrons constitute an electron

eyclotron wave.

Part B. Externally excited naves of small amplitude in low preseurem'”
mercury, argcn, neon and hydrogen positive columns have been observed at
frequencies mainly below 100 kc/s. A weak longitudinal magnetic field
is usually employed to facilitate propagation. Phase sensitive detecticn
is used to distinguish the week wave signal from the strong background
of noise. The experlmental dispersion curves of frequency against wave
number fall into two groups, those having positive slope (forward waves)
and those having negative slope (backward waves). The phase velocities
of the former are, on the whole, somewhat less than the electro-acoustic
velocity (KTe/m )2 predicted by Tonks-&: Langmuir. With the aid of
L.C. Woods' theory of electro-acoustic waves in a low pressure positive
column, the forward Waﬁes are identified with one or other of the two

- . 1lowest radial modese. Fair agreement is found between the dispefsion.
curves for the backward waveS'and the dispersion equation derived by.

Pekdrek & Krejéi for ionization waves. The backward waves are

consequently identified as ionization waves.
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GENERAL INTRODUCTION

This thesis is concerned with two widely differentrtypes of periodic
- veriation that can be produced in the positive column of an arc discharge.
They are treated separately in Parts A and Be Part A deals with the
periodic spatial variation of various guantities in the perturbed region,
or wake, near an obstacle placed in a column when a longitudinal magnetic
- field is present. Part B is an account of electro?acoustic and ionization
waves, excited by means of a weak, localised, alternating magnetic field
and propagated along the column on the anode side of the exciter.

The experiments were carried out with the apparatus previously used
by Little and Jones for studying the propagation of electro-acoustic
(often called ion acoustic) waves in a mercury positive column( ). One
of the questions posed by their use of a probe such as that shown on p.92
for some of their measurements, was that of the pertufbatian of these
measurements by the radial portion of the probe, The probe was therefore
moved sbout on the anode side of a thin rod inserted radially into the
discharge and it was observed that in the shadow cast by the rod the
floating potential of the probe varied periodically with distance in the
axial direction. The experiments of Part A were darried out to investigate
this phenomenon.

In the experiments of Part B the author's intention was to investigate
electro-acoustic wave propagation under more varied conditions than those
of‘thtle and Jones. These authors had obtained dispersion curves of w
versus k for electro-acoustic waves in mercury vapour and hydrogen(z)
discharges, which exhibited different behaviour at low freguencies: the
mercxy curve approached a cut-off on the w=axis and the hydrogen curve a
cut-of'f on the k-axis. The immediate aim in the present experiments was
to investigate this difference in behaviour by obtaining dispersion curves
from (a) positive columns in gases of intermediate atomic mass, such as
neon and argon, and (b) a mercury vapour column of smeller diameter. With

the'dbsérva%ion of dispersion curves not only of positive slope (including




some which were straight lines through the origin) but also of negative
slope, the identification of the different types of curve became the

main objective in the analysis of the experiments of Part B.



PART A

ELECTRON WAKES



CHAPTER I

INTRODUCTION

" (1) Dark and bright regions

When an obstacle is placed in a low pressure positive column with
a longitudinal magnetic field B, a dark region is observed on the anode
side of the obstacle and a bright region on the cathode side. These
are labelled D and E in fig. 1(a)s They are regions of diminished
and increased density of electrons and, therefore, of excited atoms.
They occur because of the electron drift towards the anode. Their
length is of the order of an electron mean free path which, in these
experiments, is much greater than the obstacle dimensions. They appear
most distinct when the electron Larmor radius is much smaller than the
obstacle dimensions. _

Typical values of parameters in these experiments are as follows:
column diameter 5 cm, obstacle diameter 1 cm, eleqtroﬁ Larmor radius 1 mm,
electron mean free path 15 cm. ‘

When B is very large, the lateral dimenéions of the dark and bright
regions are exactly those of the obstacle; the reéions coincide with
the geometrical:shédow on either side of the obstacles The edge of
each of these regions is in fact blurred over a radial distance equal to
the mean Larmor diameter of the electrons, but the terms "bright
region" and "dark region" will nevertheless be used here to denote the

geometrical shadow on either side of thevobstacle.‘

' The increased density in E 1is assumed to be the result of the
reflection of anode-directed electrons by an electron sheath at the
cathode~facing surface of the obstacle. It is also assumed that there
is a corresponding ion sheath at'the anode-facing surface. These
assumptions are consistent with thé observation that the floating
potential of a Langmuir probe goes more negative when it moves close
to the cathode-facing surface, and more positive near the anode-faqing
surface. '

It is colear that dark and bright regions will occur whenever an



electron drift —e magnetic field —»

7 ///////////////////

C 0202000 0:%0%00:%0 %0025 %%%.
,0,0,0,0,0.0,« 0% 0,0 o,o,o,o,o,o,o o

T //kﬁ

; FIG 1(a) ovstacle and probe in positive column. |

plasma B
2 »# | electronic chart o
X ﬂ M'l—' . ‘
’ recorder o
' Te ‘ 4 ' .
' !
XY pl'Obe
gen display
recorder unit
—F (G 1 (b) ~Probe conne_e:bions fof M(“a_)- measurement of Vf or V ,_-..a : \

and (b), (c) obtaining current-voltage curve,




0

object is immersed in a partially ionized gas carrying a current of _
electrons, pfovided-that the perpendicular velocity of the electrons is
comparatively small or is constrained by a magnetic field, énd

that the mean free path of the electrons is not unduly short. These

regions were observed for example by K. Nobata 3 in his studies of

Langmuir probe characteristics in a strong magnetic field. He states

that there was a decrease of plasma potential near the surface of a ‘
cathode~facing probe, compared to the potential near a radial probe, and :
he assumes that this was responsible for the slightly low value (by 104) :
of the ratio of the saturation electron current and saturation ion '
current to the probe. Probe shadows in a stable toroidal piasma with

a strong axial magnetic field were studied briefly by R.J. Bickerton
(private commnication) at A.E.R.E., Harwell. In this case a
comparatively weak azimuthal field was produced by the axial current and
the net magnetic field in the torous was therefore slightly helical.
Streak photographs provided evidence that the shadow cast by a probe
extended more than once round the torous, following the. twist of the

field lines. They gave some indication of (i) the ratio of azimuthal

and axial fields, and (ii) the rate of diffusion of the plasma across'then\\\;
field. .

(2) The term “electron wake"

The term "electron wake" is used here to signify the perturbed
region on elther side of the obstacle. Such a region extends radially
outside the geometrical shadow by a distance equal to the Lammor diameter
of electrons with the highest perpendicular velocities. Regions D
and E +thus lie within the two wakes. A wake is produced on the
cathode side of the obstacle, as well as on the anode side, because an
appreciable number of electrons at any instant are moving towards the
cathode, owing to the fact that the electron thermal velocity is
several times greater than the drift velocity.

; The word “wake" is usually used in the context of fluid flow in one
'direction only, in which case there is a small pértufbed region upstream
from the obstacle as well as a longer pertufbe@ region downstream. In
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the present case of a positive column, 'in which electrons travel in both

directions along the magnetic field, it will be convenient to limit the

- term “wake"™ to the downstream region. The obstacle then produces a

wake on the anode side in the - flow of anode-directed electrons and,
similarly, a wake on the cathode side in the flow of cathode-directed
electrons. o

A further distinction may be drawn between the two wakes and the
dark and bright regions. The wake pertaining to either the anode-
directed or cathode-directed electrons is a region of diminished density
of that particular group. On the anode side the wake and the dark
region seem to be approximately the same entity, but on the cathode side,

. the wake coincides with the region of increased electron density. The

latter region contains both anode-directed and reflected electrons, but
few of the cathode-directed electrons which have travelled past the
obstacle. The dark and bright regions arise from the electron drift
motion alone, whereas each wake results from the total electron motion
in the appropriate axial direction.

Some of the spatisl variations observed, such as those of the floating‘ :
potential Vf of the probe, represent the motion of the high energy
electrons only, whereas other spatial variations are related to the
electrons of the entire energy range. The disturbance in the flow of
high energy electrons may be distinguished from the wake produced in the
totel flow of electrons; +the former is part of the latter but will be

treated separately.

(3) Other studies of wakes in plasmas

The type of wake described above is to some extent similar to the
wake produced when there is relative motion between a body and a plasma
at a velocity intermediate between the ion and elsctron thermal speeds.
A noteworthy example of the latter is the weke due to an artificial earth
satellite travelling through the ionosphere. The similarities between
this and the wake observed in these experiments, aie discussed in

':s‘eqtion (33).

A theoretical account of wakes in plasmas, with speéial reference to

!
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satellite wakes, has been given by several authérs,€4%47) notably

Al'pert, Gurevich and Pitaevskii(s) who include a bibliography of the

. theoretical work done before 1963. A more recent bibliography appears
in the Ph.D. thesis by J.C. Taylor.(e) As these particular authors
point out, en understanding of satellite wakes is important for two
main reasons: firstly, the perturbation of ion and electron densities
in the immediate vicinity of a satellite, or other type of spacecraft,
affects the measurement of these quentities by probes attached to the
spacecraft; and secondly, the periodic spatial variation of the plaéma
density along the length of the wake, due to the presence of the earth's

- magnetic field, can lead to considerable scattering in certain directions -
of an incident beam of electromagnetic waves if tﬁe wavelength of the
latter is comparaeble with the sﬁatial ﬁeriod.

Experiments connected with satellite wakes may be placed in either
of two categories: (i) +those in which measurements are made with
probes carried by a satellite, where only the region close to the
satellite may be investigated, and (ii) laboratory experiments which
simulate the plasma-satellite interaction, where the entire wake is
observable.

An example of the first type of experiment is reported by Semir
and Willmore(9) who have analyzed data obtained from the satellite
Ariel I and from a Black Knight rocket. It was found that immediately
behind either spacecraft the plasma density is considerably depleted,
‘but is mich higher than expected. The authors claim that this and other

.+ evidence point to the existence of ion plasma oscillations in the wake.

Several simulation experiments on satel lite wakes have been
publisheal1OVUIN(12) 5 Lk o small body is situated in the path of
a continuous plasma jet or of a plasmoid from a plasma gum. These all
illustrate the expected depletion of plasma downstream from the body.
In the experimen%Ab& No Kawashima(12) a magnetic field (B ¢ 1000 gauss)
is employed, both parallel and perpendicular to the plasma velocity.

An extra feature of this experiment is the appearance of an upstream
‘disturbance when the plasma flow velocity is less than the Alfvén

velocity (the flow velocity is supersonic). The probe measurements




reportéd by Kawashima were not made over a sufficiently large distance
from the body to refeal-any periodic spatial variations in the plasma

" density, neither did such variations appear in photographs of the wakej
it is possible that the ion collision frequency was too high for the

12 _ 402 cm-s). It appears that no

phenomenon to occur (ne-v 10
simulation experiments illustrating such spatial variations in a magnetic
field have been published.

Two wakes that occur in the plasma of interplanetary space may be
noted: the wake produced by the moon (Ness et. al., quoted in ref. 12)*
and the wake produced in the solar wind by the dipole magnetic field of-
the earth. The latter is the subjéct of several simulation experiments,
-references to which are ‘given in refs. 12 and 13.

(4) Lay-out of Part A

We are concerned in Part 4 with plane Langmuir probe measurements
_ in the wake on either side of an obstacle., These have been published
in brief form£1h) and a copy of the article is inserted at the end of
Part A, | _

A short description of the apparatus is given in Chapter II; a
more detailed account of the discharge and probes appears in Part B.
Chapter IITA contains a description of the periodic variation of probe
potential with distance along the axial direction (which will also be
called the z direction). This includes variations of probe potential
Vf when the probe is floating, and variations of the probe potentiél
V. when the probe is drawing a small qegative or positive current from
the plasma; V.  is a particular value of Va, and 'Va £ V.. In both

k) Y
the V 'and"Va measurements the probe receives only those electrons in

the ﬁggh energy tail of the electron eﬁergy distribution. Chapter IIIB
deals with the periodic spatial variation of the total electron density,
* plasma potential and electron temperature in the dark regibn. Discussion
and explanation of the results are presented in Chapter IVA and IVB, and

a brief summary and conclusions are given in Chapter V.

* . J. Geophys. Res., 69, 3531 (1964)
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CHAPTER I

APPARATUS

(5) The wake experiments were carried out with the discharge apparatus §
described in Part B. A mercury positive column was used for most of “
the experiments and a few measurements were also made in neon. -

The obstacle was situated at a distance of 60 cm from the right
angle bend of the plasma column. It was either a rod inserted through = -
the side tube ST or a quartz disc suppbrted_on a thin qdartz stem at the
end of a 1 mm diameter quartz rod, inserted at the cathode end of the
mein tube (as in fig. 1(a)). Discs of diameter 6, 12 and 30 mm were
used. The 6 and 12 mm dises were somewhat ovael in oross-section when
viewed along a diameter, with a maximum thickness of 2 mm. Non- |
conducting rods of diameter 0.5, 1 and 5 mm were used,.and’also a 5 mm
steel rod held at three different potentials.

Most of the measurements were carried out with the cathode~facing |
probe CP, shown in fig. 1(a) and described in detail in Part B. Some
were also made with an anode-facing probe AP, which was identical to
CP except that the end segment was only 7 mm long and was bent back so ;
~ that the tip faced the anode. Each probe presented to the plasma a i
plane tip, of diameter 0.25 mm, which was supported in a ceranic tube
of external diameter O.5mm.

The various measurements required different probe connections

a, b and ¢, which are shown in fig. 1(b). The probe was connected to

& for the measurement of V. or V, variations. Its position was
continuously varied by means of a synchromous motor, and Vf or Va was
simultaneously recorded on a chart recorder. In thg Vf measurements

it was essential that the meter to which the probe was connected should
draw negligible current from the probe. An Emouzy Precision Electronic
Multimeter with an input impedance > 1012 ohms was used, and the signal
to the chart recorder was.taken from an output terminal of the meter.
When variations of Va were to be observed, probe current was drawn - |
through the 1 megohm resistor R and battery B, and the variations ?
registered as before on theichagt recorders :

!




In the measurements of plasma parameter variations, R was reduced

to a few hundred ohms and current-voltage characteristics were obtained
at a number of different positions of the probe. Current and voltage
were measured either with the Avometers A and V (comnection bin
fig. 1(b)), or were plotted directly on an X-Y pen recorder with the
aid of a "Langmuir Probe Display Unit" (connection c)-

The probe display unit converted the probe current I into a
log I signal, to which could be added a component to make the probe
characteristic, as displayed on an oscilloscope, as closely linear as
possible. With a Mexwellian velocity distribution of electrons this
would be equivalent to displaying log Ie against V, where
Ie = electron current. A sawtooth voltage of amplitude 50 volts and
frequency less than 1 c¢/s was supplied from the time base of the
oscilloscope to the probe and X-Y recorder. .

Accurate information on the variation of plasma parameters along-
one line in the dark region of the 6 mm disc was obtained from the

Avometer readings, whilst the probe display unit produced les; accurate

curves which indicated how the plasma potential varied throughout the

dark region of the 12 mm disc.

15
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CHAPTER IIT

EXPERIVMENTAL RESULTS

IIIA  SPATIAL VARTATION OF FLOATING POTENTIAL Vf ‘OF PROBE

(6) Radial variation

When the cathode-facing probe CP was moved radially through the

dark region, the floating potential V_, .changed to a less negative

velue as the probe entered the region,fand reverted to its undisturbed
value as it left the region. When the probe was situated close to the
obstacle, most of the change took place over a distance of about 2p
where p 1is the electron Larmor radius. A few centimetres further
from the obstacle, the change of Vf was smaller and occurred over a
larger radial distance, as expected from the increased blurring of the
-edge of the dark region.
(7) Variation with s in wake on each side of obstacle

As CP was moved along the z (axial) direction in the wake on the

anode side, periodic spatial variations in Vf were observed, with a

spatial period Az which was found to be inversely proportional to the
magnetic field Bz' These are associated with' the helical motion of
electrons, as explained in section (20). Examples of such variati ons
in the dark region are given in figs. 2 and 3.

When CP was moved axially just outside the bright region, or 1n51de
the bright reglon as near to the obstacle as its end. segment allowed,
no periodic variations in Vf were observed. Corresponaing results
were obtained with the anode-facing probe AP: periodic variations in
Vf were observed in the bright region but were not detected in.the dark
region. )

Only a few measurements were made with AP, sufficient to gstablish
the symmetry in the variations of Vf on either side of the Qbstacle.
The product AZ'Bz and the qualitative features of the variations were
the same on both sides, under given discharge conditions. No further

reference is made, therefore, to the variations of Vf on the cathode

side.
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(8) Ranges of discharge conditions

The Vf variations, as observed on the anode side of the obstacle,
depended in various weys on the plasma conditions, the size of the
obstacle and the radial distance r from the centre of the wake. They -
were investigated in the following ranges of discharge conditions:
pressure . 0.1 -~ 5 millitorr (microns of mercury); magnetic field
10-600 gauss; discharge current 0.002-94; positive column media,
mercury and neon. '

(9) Spatial period A,
The spatial period is taken to be the average value of the period

in a train of V, or V_ variations, omitting the first period,which
is always shorter than the spacing of the succeeding peaks. In the
case of the Vf variations, measurements were made te determine the .
dependence of A, on the following parameters: (a) maghetic field B,;
(b) pressure p; (c) ion mass m; (d) discharge current Iy
(e) shape, size, potential and radlal position of the obstacle, and
(f) the radiel position r within the wake.

(a)' The dependence on B, is illustrated in fig. 4. At values
of B,less than 100 gauss, the spatial "wave number" K, (= Zm/A ) is

proportional to B Immediately above this tran51tlon value the curves

z'
take on a new slope at which the proportionality is maintained. The
mercury curves also have a second kink at ebout 160 gauss. The error

" bars 1n the neon curve represent typlcal values of the errors in the

three curves at the left in £ige e ‘The middle of these curves is
repeated on & smaller scale at the right in order to show the entire
range of experimentel points. In the latter curve the inecreasing
error tars reflect simply the inaccuracy in the measurement of very
short distances on the chart recorder traces; the chart recorder
was operating at its slowest speed in this particular case.

(b) The effect of pressure on A, Wwas comparatiiely slight.
We see in fig. 4 .that a decrease of pressure in the mercury discharge
by & factor of 50 produced an increase of only 50% in the slope K,/B,.
It is noted from an extrapolation of curves obtained by Allen and
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_Magistrelli(15)

» that the electron drift velocity vy &lso increases

by roughly 50% over this pressure range. It is evident from

the interpretation in Chapter IVA, however, that there is only an

indirect connection between K /B and v,; K_ is determined by the
helical pitch of electrons in the tail of the electron energy distribution.

(¢) The value of Ki/T&in neon is 0.75 of that in mercury at the
same pressure and at B < 100 gauss. The difference in slope is in
accordance with the fact that the electron thermal and drift velocities
are somewhat higher in neon than in mercury (the ratio of electron
temperatures is roughly 3 to 1). No further explanation'of the
difference in slope seems to be required and so it appears that the
effect of the ion mass on the values of Az is not significant.

(d) No dependence of A, on discharge current was noticesble in
the range 0.7 to 9A. .

(e) The obstacle itself played a negligible role in determining -_
the value of Az' The two curves marked @ and O in fig. 4 were
obtained with obstacles of different shape and size, and the 10% »
difference in their slopes is attributed mainly to the pressure difference.
In the case of a 5 mm diameter stainless steel rod inserted radially as
the obstacle, Az was measured when the rod was held at +11, 0 and =23
volts with respect to its floating potential; no change of Az was
observed. When Az was measured in the wake produced by a 0.5 mm rod,
first at the axis of the tube and then when the rod was moved 1.5 cm
off the axis, there was again no difference in A,. ‘ B

(f) The radial position r within the wake affected A, slightly.
Az was a few per cent larger outside the dark region than inside and,
in the dark region of the 5 om disc, the value at the centre was
appreciably less than the vdlue near the edge. This effect is shown in
Fig. 5(a) in the case of a particularly small value of p/R (i.eo Qa1)
vhere R = ra?ius,of the disc and p dis calculated from the expression

(m/eB)(ZTe/m)E. |

(10) Amplitude
The emplitude of the V, variations inside the dark region is



A, mm
— N N
o ~

Amplitude

Bz

FlG 5 (a) Spatial period, (b)

bC00 0000

[=2]

b

pocooco0®

000

° (b)

°°0°900

N

©_.0_0
bo oo 090,

-l

12 v1'2
10t 110
Vo oeem-
& ¥
8t é . ,V”’v 1 8
N v .
'g nj »” N
26 e avga Y a |®
B | ® A ®°
. A =’ '
St ® 4 {4
RJD®
AQ® K
2t A )é'v i)
A
A ,,f'
A '../'V 2 1 1 [ 1 1
0 -2 -4 -8 10 1-2 14 16
R
FIG © Amplitude (arbitrary units) and BA,

anplitude (arbitrary units)

and (c) damping term A ,
versus r in wake of 30 mm

dise. B, =28 gauss, p/R=0.1.

versus p/R for 12 mm disc. A observed

amplltude
exp(-RY4

3 V corrected amplitude, ——--

p),® ﬁ/\ . Ip=54, p=0.5mborr,

k4



23

taken to be the change of potential from the first downward (more
negative) peak to the succeeding upward peak. Outside the dark region
it is measured from the first upward to the next downward peak. Due
allowance i1s made for any slope of the median line of the "wave train".
Inside the dark region the largest amplitudes recorded were almost 2Te
volts, where Te is the electron temperature in eV, and they were less
by an order of magnitude just outside this regionm.
The amplitude was investigated in two'ways: (a) with a
given obstacle and ﬁagnetic field (i.e. with p/R fixed), the amplitude
was measured at various values of r in the wake, and (b) it was
measured at the centre of the wake at various values of p/R. It was
elso observed as a function of (c) pressure and (d) discharge current.
The description of amplitude variation will be confined to disc
obstacles; similar behaviour would be expected with rod obstacles.
(a) The dependence of the amplitude on r was affected by the
value of p/R. If the latter was about 0.3 or larger, the amplitude

decreased by nearly an order of magnitude when r increased from O to

/

R, and then decreased more gradually in the outer part of the wake.
it p/R was somewhat less than 0.3, thé amplitude increased from a lower
value at the centre to a maximum at a distance of about 3p inwards from
the edge of the dark region, and then decreased rapidly fowards the
edge of the dark region. Further outwards the decrease was gradual or,
as-in the case of the 3 cm disc, the amplitude reached a minimum at
. a distance p outside the dark region before rising again to a slight
maximum at 2p from thé dark region (see Figo 5(b)). A notewortﬁy.
feature-of,the weke produced by the 3 cm disc was the appearance, at
.= 28 gauss, of small V, variations at the axis of the wake, a

distance 10p from the edge of the dark region.

(b) The variation of the amplitude at the axis of the wake with
p/R is illustrated in fig. 6. It is also illustrated to some extent
in fig. 2, but not in fig. 3 because the probe tip in this case almost
spans the dark region. As stated above, the values of p were
determined from the expression (m/e&Q(ZTe/m)a where Te was measured
at only -one value of p/R, vize 0.37. The variation of T, over the
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range of B, represented in fig. 6 has been shown by Litt1e<16) to be only
about 10%, and its effect on the calculatlon of p is therefore assumed
to be negligible.

The uncorrected amplitude points in fig. 6 lie mainly to the left
of the theoretical curve, exp (HR%/APZ), and fail to increase with
g/R at the larger values. They have been corrected in two stages, in
order to produce the best fit with the theoretical curve} Firstly,
allowance has been made for the damping (represented in fig. 6 by the
term BAZ, described in the next sub—section) which, over half a period,
makes a noticeable difference to the amplitude, especially at the large
values of p/R. 'The correcfed values then represent the amplitude
within the first half period from the obstacle. Secondly, the points
have been shifted to the right by multiplying the values of Q/R by 2030
The corrected value of the Larmor radius will be wrltten as p .

In the range of Pc/R from 0.3 to 1.3 there is good agreement
between the corrected V, amplitude and the expression exp(-R /Lp )

This term represents the fraction of electrons in a Maxwellian
distribution which have Larmor radii greater than 2R and which are
therefore eble to reach the axis of the wake after paésing close to

the obstacle. At the highest values of p/R the heavy dampiné makes

the values of the corrected amplitude unreliable; in any case, agreement
is not expected in this region because of the non-linearity between
changes in'Vf and changes in the electron density. The small value

of the corrected amplitude at pg/R = 0.31 probably represents a shortage
of electrons vhich fulfil the dusl requirement of fairly high
perpendicular velocity (& mq? > 8 &V) and high axial velocity (% mvi

2 16 &V).

(¢) The amplitude was fairly dependent on pressure. It
decreased by a factor of 2 or 3 when the pressure was increased by an
order of magnitude. I+t would be expected to approach zero as the
electren meen free path becomes comparable with Azg

(4) The amplitude depended only slightly on the discharge

current. It increased by 10% as the current was reduced from 9 to
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0.74. A few measurements were also made in a hot cathode discharge
of a few mA, with the cathode situated in the main horizontal tube..
A periodic spatial veriation of Vf was clearly observed at 10 ma

but its existence at 2 mA was questionable. No attempt was made to
compare the measurements of A, at these very low discharge currents

with those in the pool cathode discharge.

(11) Damping
The word "damping" is not used here entirely in the usual sense

of enérgy dissipation; to a large extent it describes simply the
averaging of the phase of helical motion of the electrons, owing to
the spread in their velocities. It may be represented approximately
by the expression exp (—ﬁAz)fa Since @A, changes appreciably with
z it has been measured only in the range 0.5 Az <z< 1°5Az. Many of
the V. curves obtained had BA, lying in the range 0.3 to 0.6.

The quantity ﬁAz was investigated briefly as a function of r at
constant Bz,and as a function of B,when r = O. No clear pattern
emerged at constent B,except that the lowest value of ﬁAz occurred just
inside or just outside the dark region. In the case of the 3 cm disc
with p/R = 0.1, the damping was large at radial distances into the
wake greater/than.Bp, as shown in fig. 5(0).

The damping at the axis of the wake varied with p/R as shown in
Pige 6. It was fairly constant at low values of p/R and V, amplitude,
and increased rapidly at p/R > 0.35, where the Vf amplitude lay in the
range 1.6 Te to 2Te and where an increasing proportion of electrons

from well outside the dark region were able to reach the axis.

(1 2) Phase |
When the probe tip was moved axially from z = 0, well inside the

dark region, an upward (more positive) peak was the first to appear, at
a distance z << A . This effect is shown in fig. 2. . The curves
of fig. 3 appear to contradict this observation, but this is due to
the starting of the pfobe run at z = 2 or 3 mm, which is an appreciable

fraction of A .
The behaviour of Vf_ at z << Az outside the dark region was not

® B is the reciprocal of the damping length.
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as consistent as that inside, but at larger values of z the variations
were approximately out of phase with those inside. This is illustrated
in fig. 7 in which the "in" and ®out" curves alternately approach and
recede from one another. Where they approach one another, the peaks

do not coincide exactly but are displaced by a small fraction of a
period; +this displacement persists throughout each pair of "wave
trains". Where they recede from one another, the peaks are displaced
to a greater extent because of the large asymmetry of the peaks inside

the dark region.

(13)  Shape

Two points are noted in connection with the shape of the Vf
variations. Firstly, the upward peaks inside the dark region have
smaeller widths than the downward peaks at low values of B (less thean
about 30 gauss according to fig. 2). Secondly, the upward peaks inside
the dark region have a larger slope on the side nearer the obstacles
The same usually applies to the downward peaks of curves outside the

dark region, but their asymmetry is less.
PERICODIC SPATIAL VARIATIONS OF PROBE POTENTIAL Va.

- (14) In the observations of the probe potential Vé (# Vf), the
probe was connected via a 1 megohm resistor and battery to earth. I%
was made to draw a negative or positive current of a few microamperes
frém the plasma. Periodic spatial variations were observed in the

‘prdbe potential Va which represented variations in the current drawn
by the probe. GCurves obtained a‘b"V'a'v Vo~ 8 volts, where the
absolute values of Va and Vf were measured ¢lose to the obstacle, are
given in fig- 8.

When the probe was biased several volts more negative than Va,
the variations in Vé were of much smaller amplitude and were less
damped then those in Vf. This‘is clear from a comparison of the
curves in figs. 2 and 8 at B = 4O gausse The amplitudes of these

Vf and Va curves were 4 and 0.2 volts, and the average values of
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BAZ over the entire "wave train" were 0.55 and 0.2 respectively.

A significant feature of the V. variations is the .ohange in
shape of the peaks as B,is increased, especially the first two or - N
three peaks in each train. At the lowest value of B,the peaks are
sharper upwards than downwards (as in Vf) s and vice versa for the
larger values of By. At B,= 28 gauss, where p/R = 0.37, the upward
and downward pesks have approximately the same width.

Fige 9 shows the variation of A, with Va’ where Va is measured
close to the obstacle, at a magnetic field of 42 gauss. AZ increased
as Va became more negative; i.e. as 'the axial velocity required by the
electrons in order to reach the probe increased. A4t Va < Vf - 11
volts, where the probe current consisted almost entirely of ion current,
no periodic spatial variations were observsble in the Wé,ke. The -
dashed parabolic line iri fige 9 represents +the variation of the helical
pitch of electrons which have an axial velocity given by'the relation

2
L = -
Zuv, = e(VP Va)'

ITIB. PERIODIC SPATIAL VARIATTIONS OF PLASMA PARAMETERS

(15) The variation of plasma parameters (density, potential, electron
temperature) in the wake was investigated by means of two series of
probe current~voltage curves, using .the probe CP on the anode side of
the obstacle. The curves of one series were plotted from Avometer
readings of current and voltage when the probe was placed at successive
positions along the z direction, 1 mm off the exis of the 6 mm disc.
In the other series, both the radial and the axial positions of the
probe were varied in the dark region produéed by the 12 mm disc, and
values of log I and V were plotted diréotly on the X-Y pen recorder
‘with the aild of the probe display unit. Both series of current-

| voltage curves were obtained with Bz= 42 gauss and p = O.4 millitorr.
Throughout both series the di§oharge current, pressuré and magnetic

field showed little tendency to Wander; the discharge was particularly
stables
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(16) Concepts underlving the probe currént-voltage curves

In the first series of current-voltage curves the voltage V was
varied from values sufficiently negative to prohibit the collection
of electron current by the probe, as for example at V < Vf- 15 volts
in figoe 10, to values more positive than the local plasma potential
Vb, as in fig. 11. The value of the electron current Ie to the
probe at any particular voltage was obtained by adding to the net

probe current the corresponding value of the ion current. The latter

- was dbtained from curves such as thoée in fig. 10'by extrapolating the

linear portion to more positive potentials.

The ion current in figor10 does not reach a saturation value when
the probe potential goes increasingly negative, but rises because of
the growth in thickness of the ion sheath between probe tip and plasma,
and therefore of the effective collecting area of the prébe as far as
the ions aré concerned. The sheath thickness x may be caiculated

from the formula:

(v_- )2 ‘
2 _ P - (from refo (17)) (1)‘
onj, (n;/2e)* ' |

where VP-V and the random ion current density j+ are in electro-
static units. Under the conditions of the present experiments, a
voltage difference of 20 volts produces an ion sheath with a thickness
of the same order of magnitude as the diemeter of the probe tip.

A1l the ions impinging on the sheath are.collected by the probe,
but, as far as the electrons are concerned, those which reach the
probe must fulfil the condition that their total kinetic energy is
> e(Vp- V). A fairly large fraction of these electrons enter the
sheath either parallel to, or at a small angle to, the z direction and
therefore fulfil the condition % mvi'a eCVp - V). 1In order to '
simplify the discussion in section IVA, this condition will be assumed
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to apply to all the receivéd electrons. When V goes more positive
than Vb, an electron sheath is formed which leads to the non-
saturation of electron current, as in fig. 11.

If the velocity distribution of the electrons were Maxwellian the
- density of electron current to the probe, at voltages V < Vb, would

be given by the expression
Jo = g exp [-e(V -V)/kr] | (2)
where

» ' L
ig = neequ- = n,ee(k.’].‘e/Zﬂme)2

The relationship between ie and probe potential V would then be of
the form log I, = constant +'eV/kTe, and T, would be obtained from
the slope of the log Ie versus V curve. The examples in fig. 11,
selected from the first series of current-voltage curves, illustrate
bomparatively large deviations from the Maxwellian condition in the
lower decade of current. Similar but smaller changes of slope occurred
in most of this series of curves. The "temperatures® corresponding
to the slopes in the upper and lower decades are labelled TS and TF’
and the values in electron-volts are given below the figure. The
suffix S refers to the main body of slower electrons and F to the top
few per cent of faster electrons. Becggﬁé of the comparatively large
electron drift velocity, TS exceeds % mvz, where v% is the mean
square random velocity of the electrons, as shown by Allen and

Magistrelli(15)o TS will therefore be called the “apparent electron
température“. o ’

- The upper intersection point on,eéch current-voltage curve is
assumed to mark the plasma potential Vp. The electron number density
n_ may be obtained approximately from the electron current IS at
this point and the temperature TS, using the expression given above

fOI“ jso

(17)' First series of probe current-voltage curves

The analysis of the first series of current-voltage curves
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revealed periodic spatial variationé in the parameters V , n_, TS
and TF° These are shown in fige 12 together with the variations of
Yf along the same line in the wake. The vertical lines represent
errors in measuring and computing the parameters from the experimental
curves. Any systematic errors due to electron drift or other factors
are not important because it is oﬁly the variation in these quantities
that is of interest. |

The three parameters V?, n_ and T, are closely linked in their

- S
variations. Despite the uncertainty in the curves of 'Vb and n

at values of z exceeding 25 mm, it‘ appears that the pesks of the :hree«
parameters approximately coincide. The distance 2z was measured from
the surface of the disc; (z + 1) mm represents the distance from the
'maximum cross=section of the dise. The first minimum in Vp occurs at
L mm from this cross-section and the distances between the succeeding
mexime and minima are approximafely 5, 7, 8 and (perhaps) 9 mm
respectively. - The spatial period xz thus increases with z from an
initial value of about 9 mm to a final value, hardly discernible, of
about 17 mme | | |

 Several other features are noted in fige 12: +the heavy damping
of the Vb, n, and Ty curves (th = 1.8 + 0.5 in the latter curve);
the approximate coincidence of the first three psaks in Vf with those
in VP; the value of A in the V, veriations (24 mm); +the sharpness .
of the maxima in the TF and TF- TS curves and the spatial period of

these curves (18.5 mm) o

(18) Second series of probe current-voltage curves
In the second series of probe current-voltage curves, examples of

ﬁhioh are given in fige 13, the conversion of I to log I by the probe
display unit was not sufficiently accurate to warrant as detailed an
analysis as in the first series. Despite the non-linearity of such
a large portion of each curve and the instebility in the probe current
over certain regions of potential, regular variations of Vé were
detectable with maximum emplitudes of ~3 volts. These are given
in fige 14(&); The large downward slope of the median line in the
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upper four curves is thought to be introduced by the probe display
unite These Vb curves are shown inverted relative to thé Vp curve in

fige 12. The positions of the Vb maxima and minima at r = 0, ‘1,

2 mm are in good agreement with those in fig. 12. '

Fige 14(b) shows the positions (z, r) of the maxima and minima in

Vb._ These form a series of "wave fronts". The wave fronts at

z > 6 mm define an axial spatial period A, =15 mn and a radial spatial
/period AL which is approximately equal to the diameter of the dark
'region. The normal to these wave fronts makes an angle of about 50°

“with the negative z direction.

(19) Radial variation of plasma potential

A number of current-voltage curves were also obtained at various
distances from the axis of the 12 mm disc, 2 mm from the disc, at a
field of 42 gauss and a discharge current of 5A. These showed that .
the plasma potentiai at this value of z was about 3 volts more positive
inside the dark region than outside. The change of potential occurred
mainly ét the edge of the dark regioh over a distance of about 2p.
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CHAPTER IV
DISCUSSION AND INTERPRETATION OF RESULTS

IV A. PERIODIC SPATIAL VARIATIONS OF PROBE POTENTIAL

(20) The periodic spatial variations of V, and V, are associated

with the helical motion of the electrons. If the helix deseribed

by an electron lies partly inside and partly outside the geometriecal

shadow as the elsctron approaches the obstacle, the slectron will pass
beyond the obstacle provided that its motion is of suitable phase,

It is this phase selection by the obstacle which is responsibie for

the various periodic spatiel variations in the wake.

In developing a model of the Vy and V, variations it is convenient
to allocate the symbol n,(AV), where AV = Vp- Ve or V,-Vg, to
the density of those elsctrons at any point in the wake which would
~ ‘reach a probe (whose potential was Ve or V,) situated at that point.
It is assumed that these electrons have velocities v, such that
+m vi 2 € AV and constitute a flux in the z direction which will be
written as 1,,(AV); because of the comparatively large thickness of
the ion sheath at the probe, this limitation on v, is only approximately
valid. The electron current received by the probe will be written
as Io(AV) and the ion current as I (Av)

Let us consider the dependence of I (AV) on z in the case of a
floating probe where AV = Vp -Vy and I (AV) =I,.(AV). It is
evident from the curves of positive current versus probe potential
that at the larger values of z the ion currsent corresponding to the
floating potential is roughly constant. A variation of 3 volts in
- Vp corresponds to a change of less than 10 % in I (AV). In the

following qualitative explanation of the V ¢ variations we shall
assume I, (AV), and therefore I_(AV), to be independent of z.

Vs

(21) Response of floating probe to electron density variations
We shall consider first how the electron flux 1i_ (AV) varies
with z at a constant value of AV. The variation with z of the

VARIATIONS




number density and current density of electrons lying in a small range
of axial velocities, v, to v, +dv,, ~is to a first approximation
sinusoidal (see fig. 17), with a spatial period equal to the helical
pitch of these electrons, 2av,/w., (where wy is the electron .
cyclotron frequency). The superposition of the motions of all the
electrons with #m v:’ > AV would then lead to a damped sinusoidal

waveform for both the density n,(AV) and flux i,,(AV) of these

electrons, Such waveforms are drawn qualitatively in fig. 15 for‘
several values of AV/ Ty. As the probe reaches any position z

the floating potential assumes the value at which I (AV), or 1ez(AV) R
remains equal to a particular constant value. The corresponding points
a toe onthe i ,(AV) and AV/ Tg curves illustrate this behaviour.

(22) Shape

It is clear in fig. 15 that the positions of the lower peaks in
av/ Ty are further to the right than the mid points between the upper
peaks, owing to the increase of the spatial period of iez(AV) with

AV. This is the main reason for the asymmetry in the observed .

Vf peaks.
(23) Spatial period

It is also noted in fig. 15 that the spatial period A, of the
av/ Ty curves lies between that of the top and that of the bottom 1g5(AV)

curve. It is approximately equal to the spatial period of the iez(A—V )
curve where AV is the average value of AV in the AV/ Tg curve. |
A, may be calculated from the value of AV in any of the V¢ ocurves and
compared with the obsarved value. In the top curve of fig. 12 for
example, AV = 1711 volts (=4.5Tg) and B=42 I 2 gauss. In this case
the average axial velocity ¥, of the electrons is given by the
expression 1.07(2e AV/ m)'/f which leads to a value for the spatial period,

. 2nvz/oo = 2,120.2 cm. This is in agreement with the observed value

of A, which is also 2.1%0.2 em.

(24) Amplitude, dependence on p/R

The V, amplitude at the axis of the wake was compared in fig. 6 with
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the term exp(-R%/AF?), where p is the mean Larmor radius and R is the
obstacle radius. It was measured as the difference betwesen the first
maximm Ve, end the first minimum Vose After allowance is made for
damping and increase of effective Larmor radius (see P- 24) Veq= Vep
is proportional to exp(-R /492) over the range of p/R from 0,35 to 1.3.
Applying equation (6) (p. 49) to the present wakes we see that the

maximum number density, along the axis, of electrons with a particular
value of v, and a Maxwellian distribution of v, is ~ n_exp(-R%/4p°),
where n, is the density of such electrons in the undisturbed plasma.
It follows that the maximum density n,, along the axis, of all electrons
with -%mwQ > eAV is proportional to this exponential term. Thus it
appears that over the range of p/R mentioned above, the corrected value
of Vf1-Vf2, is proportional to n,.

£1” Voo p Tust clearly go to zero at the same
value of p/R This condition lends support to the assumption that the
. effective values of the Larmor radius in the wake (near the obstacle) are
_ larger than those caleculated from the value of Ty in the undisturbed plasma.
- Although some measure of qualitative agreement betwesn n and the corrected
values of vf1-vf2 is to he expected it is not clear why the two

quantities should be proportional to one another over such a wide range offyh.

The quantities V_ -V, and n

(25) Amplitude, dependence on
Two features are prominent in the dependence of the Vf amplitude on

radial position in the wake: (i) the low value of the amplitude outside
the dark region compared with that inside, and (ii) the occurrence of a
maximum in amplitude at & distance of two or three_timeé P from the edge
of the dark region, both inside and outside. The first feature is due
simply to the difference in density of the background plasma (in which the
phase of electron helical motion is random) insidé and outside the -dark
region, Of the electrons reaching the probe when the latter is situated
outside this region, the fraction that has undergone phase selection by ‘

" the obstacle is small. The second feature is connected with the degree of ‘
phase alignment of the electron helical motion effected by the obstacle
on (a) those electrons whose helical paths lie almost entirely inside the
geometrical shadow, and (b) those whose paths lie almost entirely
outside this region. The electrons in (a) have a high degree of
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phase alignment on entering the wake and produce the maximum

amplitude in n_ (AV), and therefore in Ve et e distance into the dark
region equal to the most probeble value of their Larmor diameter (~ 2p)e
The observed distance (3p) is larger than this because of the increase

in effective Lermor radins suggested by fig. 6. The electrons in (v)

have random phase except for a shafbly defined gap in the range of phase,
left by those which strike thel obstacle. The effect of the "helical
motion" of this “gap" (cf. concept of "holes" in semi~-conductors),

together with the complementary effect of partially aligned electrons
whose paths lie further into the geometrical shadow, would 'be\expectedv to .
reach a maximum at some distance outside the geometrical shadow. The '

"gap" would have its greatest effect on Vf at a distance ~ 2p.

(26) Damping

The damping term BAZ of the Vf variations along the wake axis‘ is
shown in fig. 6 to inorease rapidly with & (or p/R) at velues of p/R
exceeding O«35. It appears from the large rate of increase that BAZ
"may be divided into three parts: (1) &' component which is approximately
independent of A  due to the spread in velocity of the received electrons
and consequent averaging of phase of their helical motion; this
produces a damping of the variations in ne(AV) and therefore, to zero
order, of the V, variations; (1i) terms containing p/R (or A, ) to first
order and higher orders, due to the increasing non-linearity between
Vf and n (AV) as p/R increases, and (m) a component which is proport:.onal
to 4, , due to electron-neutral collisions (Az 0.5 x electron mean free
‘path at p/R = 0.63 and p = 0.5 millitorr},

The damping of n e(AV) due to the averaging effect alone is
illustrated, for the condition p/R = 1, by the theoretical curve in
fig. 16, This ourve represents the variation with & of the quantity‘ ‘

72 .
n.(z) R2 :
neo ‘ . 1+P sin i ;
AL | 2vz
in which the limits of integration are gg.;reiré by -mv = 1,_'1.‘3 and
-gmv2 = 608T and?(v} is assumed to a Ma.xwell:.an distribution.

2
(cf. equation (6)) . These two limits have been chosen arbitrarily.
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The exponential expression is obtained from ref. 6 and is described in ,
~ section (32). . It is drawn in fige 17 as a function of z for three
velues of p/R. The value of BA, in the theoretical ne(AV) curve is
0.25 which is somewhat less than the lowest values of ﬁAz.in the Vf
curves (fige 6)o The third curve of fige 2 is included in fige 16 for

a comparison of damping and asymmeiry of peaks.

(27) Phase

It was shown in fige 7 that the V, curves outside the dark region
are approximately out of phase with those inside. At any position z
where there is a maximum density of electrons of given‘velocity v,
inside the dark-region, there is a corresponding "gap" in the density
of such electrons outside the dark region; these produce opposite changes
in Vf. Any electrons travelling partly inside and paftly outside this
region will obviously reinforce this effect.

It was noted in fige 7 that where the "in" and "out" curves approach
one another there is a small relative displacement of the peaks. This
is connected with the fact that the two curves involve two different
sets of électrons, those travelling mainly inside and those méinly outsidc
the dark region. These would be differently affected by the radial and.
axigl space charge fields near the obstacle, but the exact mechanism is

not clear.

(28) Positive column instability

The V, curves exhibit two otherlfeatures which are probably due to
an instability of the positive column. These are the kinks in the
Kz- B, curves of fige Uk, éﬁd the increasing slope of the median lines of
the curves in fig. 3 as. B, increases.

Little and Jones have observed a convective instability of the low
pressure mercury column when B,exceeds 100 gauss (private communication).
- At such fields they found that two photomultipliers, at the same axial
position but situated to receive light from above and below the axis of
the column respectively, transmitted out~of-phase components of a certain
resonant frequencye | Also the noise in the photomultiplier signals was

greater by an order of magnitude then that at the lower values of B,.
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We may add to this the evidence of H.S. Robertson who measured the change

of axial electric field Ez’ as B inereased, in a cesium positive column

_at a pressure of about 70 millitorr. There was a sharp rise in Ez at

about 100 gauss which marked the onset of a helical instability. After

a slight decrease there was a further sharp rise in Ez at about 200 gauss,
accompanied by several changes of multiplicity and pitch of the helix,

and E then contlnued to rise fairly steeply as B increased to 500 gauss.

An 1nstab111ty of the plasma column, with 1ts associated plasma

noise and turbulence, would be expected to cause a general decrease of

electron velocities and a consequent increase of Kz. The second. kink

‘in the mercury curves of fig. 4, at about 160 gauss, may be associated with

the second increase of E observed by Robertson. The upward slope of

the Vo curves in figo 3 at z > 1 cm correspond to values of E which are

in exéess of the value at low B, approximately 0.1 V/cm, and whlch

increase as B changes from 200 to 500 gauss.
Va VARTATIONS

(29) Comparison with V, variations

Only the curves at very negativetvalues_of Vé will be discussed,
such as those in fige 9. It is evident that these are of much smaller
amplitude and are in general less damped than the Vf;curvés. They
have the advantage over the Vf curves that they are associated with a
portion of the tail of the electron velocity distribution which is far
less variable and contains a smaller range of velocities. There were
two reasons why the V, curves were investigated only briefly: firstly,
most ofvthe Vf curves were obtained before the Va curves were studied
and their merits understood, and secondly it was considered that a
sufficiently clear picture of the distribution of fast electrons in the
wake could be formed from the Vf variations already observed.

We consider first the contrast between the V and.Vf curves as far
as the veloclity distribution is concerned. No V varlatlons are
observed at V, < Vo= 11 volts, which! sets an upper limit of (v -V +11) or

£
703T on the value of & mv2. In the Va curves of fige 8, the magnltudc
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and variation of AV (= Vp - Va) are respectively 6.3Tg and 0,17 (the
latter quantity is applicable when z > 1.5Az). In the V, curves on .
the other hand, the average value of AV in a "wave train" is sgbout
4.5’1‘8 and the variation of AV at z > 1o5Az is of the order of TS.

(30) Relationship between V_ end the density n (aV)

The very negative Va curves in the region z > 1 '5Az’ where changes
of AV are small, represent the variations in the flux of electrons
i, (AV) and in the corresponding density n, (AV). In the v, curves of
flgo 8 the electrons received by the probe have values of —mv lying
between 6. 3'.1‘3 and 7. BTS, assuming always that comparatively few electrons
reach the probe at large angles to the axis. Corresponding changes in
Va and pe(AV) are then related by the equation

OV, ~ Rée (‘IZ.Ge'I.‘s’/m)2 8n (AV) = constant x &a_(AV) ° (4)
a e e
where R is the resistance in the probe circuit and A is the probe area.

(31) S_pat:.al per:Lod

The spatial period has been evaluated for the third V curve in
flgo 8. The mean a.xn.al velocity of the received electrons is

= 1,04 (“IZ',GeGJs/m)2 and the mean helical pitch is 2gV /w = 2ol +
002 ome The observed value of A, is also 264 +-0.2 cmo

Damping
The damplng term BA depends to a large extent on the range of
velocities of the electrons received by the pro'be, as discussed insection
(26).- The V, and '\T:e curves at p/R = 025, for example, have ‘BAz equal
to 015 and O.34 respectively. This difference must be dus almost

entirely to the difference in the velocity ranges concerned.

Shape
The remaining feature of note in the v, curves of fig. 8 is the
change in shape of the peaks as Byincreasese It is noted that the

upward and downward peaks of the second curve (Bz= 28 gauss) have
approximately equal widths, measured between the half-amplitude poim;s.
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The change of shape may be explained by means of detailed calculations
concerning the spatigl distribution of electrons with a given value of
V. Such calculations have been made by Al'pert et. 310(6) for the

ion distribution in a satellife wake in the ionosphere, and the results

that are relevant to these experiments are described belows.

COMPARISON OF PRESENT EXPERIMENTAL WAKES AND SATELLITE WAKES DESCRIBED
BY AL'PERT, GUREVICH AND PITAEVSKII. )

(32) - Ion density in satellite wake according to Al'pert et. al.

These authors have treated various aspects of the wake produced by
a spherical body moving rapidly through a plaéma{ both in the absence ™
and in the presence of a magnetic field. The physical conditions
assumed in their theory are desoribed in the next section and are
applicable to satellite wakes in the ionosphere. They show that in the
presence of a magnetic field the wake contains periodic non-sinusoidal
spatial veriations of ion density aléng its lengthe When the field is
perpendicular to the satellite velocity, the amplitude of the variations
diminishes rapidly with increasing distance from the satellite. TWhen
the field and velocity are parallel (in the z direction), the amplitude
is constant along the wake in the limit of zero spread in the ion
velocityv v, and zero collision frequency.

When field B and satellite velocity v, are parallel, which is the
condition relevant to the present experiments, the ion density at eny

distance r from the axis of the wake is given by the equation

. w0 -
n.(r,z) . 2 2
;n = exp !:— 5 L 5 ;lx [ ue Io = oz du (5)
io 4o“sin® Doy p|sin —L |
: 2Vo u1 . Vo .

where 0. o is the unperturbed value of the ion density, p the Larmor
radius, w,, the ion cyclotron frequency, u, = (R/ZP)Isinania/ZVb)l
and Io is a zero order Bessel function of imaginary argument. This

expression for ni(r,a)’is represented qualitatively by the curves of
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constant ni(r,z) shown in fige 18. These are not drawn to scale in
either the r or z direction. The two ni(z)/nio curves drawn below in
this figure represent the variation outside and inside the geometrical
shadow.

The expression for ni(r, z) assumes the following form at the axis

ni( ‘
Bi0 ) exp[: 2 Wei Z:l (6)

2vo

where R 1s the radius of the satellite. This is a periodic function
of z which has a spatial period thvo/w and which va.r:x.es between zero
and exp (-R /l;.p )+  The amplitude is thus exp(-R /l;.p ), which varies

"~ with p/R as shown in figs 6. The function is drawn in fige. 17 for three
values of p/Re The upward and downward peaks have the same width when
p/R = 0obo ' ' l

(33) Comparison of physical conditions

The conditions governing the ion distribution in the satellite
wake are similar to those which determine the distribution of fast-
electrons in the present experimental wakes. In both situations the
nean free path‘of the relevant particles is much greater than, and the
Debye iength much smaller than, the dimensions of the body; also, the
Larmor radius is roughly of the same order of magnitude as the dimensions
of the body.

In the case of a satellite moving»with speed v, at altitudes of a
few thousand kilometres or less, the ion energy jz-mivo associated with
the relative motion of satellite and plasma is much greater than both
the thermal energy kI and the electrostatic energy e&Vb due to
space charge fields in the wake. Al 'pert et. al. were therefore able
to make the simplifying assumptions that the ions ell have the same
velocity vy relative to the satelliteuandAare unaffected by space
‘charges.  When the velocity v, is parallel to the magnetic field B,
the problem is reduced to the superposition of helical paths of the same

spatisl period but of radii which vary in accordance with the Maxwellian
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spread in the velocities perpendicular to Bo

As far as the V a? and to a lesser extent the Vf, variations are
concerned, the received electrons have a mean kinetic energy % m;z
which is many times greater than the mean deviation of —mv2 from tgls
value; this is equivalent to the satellite wake condition %m v >> kT
The mean kinetic energy is also several times greater than the electro~
static energy e&Vb, where SVb is the change of plasma potential in
the wake and has a maximum value of t@c order of TS' The electrostatic
energy may be assumed to be negligibleiin comparison with %mvz at
z > A, ; this is the same as the satellite wake condition
%mivi e5V .

Since the v, varlatlons are proportional to variations of n (AV),
as explained in (30) above, and involve a narrow spectrum of axlal
velocities, they should be in fairly good agreement with the theoretical

variations of ion density in the satellite wake.

(34) Comparison of Vf and Va curves with results of Al'pert et. als

The theoretical distribution of ion deﬁsity in the satellite wske
contains the following features in common with the V, and/or v,
variations: (i) the exponential term representing the amplitude;

(ii) the equality between the spatial period and the helical piteh of the
particles concerned; (iii) the difference in amplitude and phase between
. the variations inside the geometrical shadow and those outside (figse 7
and 17), and (iv) the change of shape of the peaks as p/R increases
(figs. 8 and 18).

INCREASE OF PERPENDICULAR VELOCITY v,

(35) There are two pieces of evidence which point to an increase in
the perpendicular component of electron velocity v, , and therefare in
the effective Larmor radius, as the eleotrons enter the dark region.
(a) The dependence of the V, amplitude on p/R (fige 6) and the
appearance of Vf variati ons at the wake axis when p/R has an'apparent
value as low as O.1 (in the case of the 30 mm disc), suggest that p/R
increases by a factor of at least 2. (b) The shape of the Va curves
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(fig. 8) varies with p/R in the same way as the shape of the theoretical
ni(z) curves (fige 18), but at correspondingly lower values of p/R;
the values of p/R for the Va curves need to be multiplied by about 1.6
in order to remove this discrepancy. v

There are three ways by which the mean Larmor radius could be
increased in the wake beyond its value in the undisturbed plasma.
(i) The measurements described in section (19) show that there is-en outward
radial electric field close to the obstacle. In the case of the 12 mm
disc, at B = 42 gauss and z = 001A2, the plasma potential changes by
gbout 3 volts near the edge of the dark region. The electrons therefore
receive an initial acceleration into this regione. (ii) The transverse
electron velocities could be increased by electron plasma oscillations
in the wake. Ion plasma oscillations are suggested by Samir and
Willmore(9)
electron density measured immediately behind the satellite Ariel I and
a Black Knight rocket during their passage through the ionosphere.

t0 be the cause of the unexpectedly large values of ion and

(iii) In the case of the 30 mm disc, where the annular gap between
disc and tube wall is only 1 cm wide, the electron temperatufe and
collision frequency just'outside the obstacle are probably slightly
higher than the values in the undisturbed plasma, this would account
for a slight increase of Larmor radius.

Nothwithstanding the existence of any of these mechanisms,
it is possible that the Larmor radius inferred from the observations
mentioned in (2) and (b) above is exaggerated by the presence of a small
excess group of faster electrons in the distribution of v, It is
shown in the next section that there is such an excess group in the
distribution of axial velocities. This is a common feature of positive
columns(19)(20)o Twiddy(19) finds that in a 1 millitorr, 120 mA
mercur& column there is generally a slight broad bulge on the electron
energy distribution function which arises from the presence of electrons
from the cathode which have made no inelastic collisions. Somev of '
the gain in energy of axial motion would be transferred into energy of
perpendicular motion through elastic collisions with neutral atoms,
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-thereby populating the higher values of v, in excess of the
'Maxwellian distribution. Since the electrons which reacht he axis

of the wake are those with the higher values of v, , any such excess
population would have the same effect on the Vf and Va measurements as
a larger value of p.

It is improbable that p increases by a factor as large as 2, as
suggested by the observations in (a). This would imply a four-fold
increase in Jz—mv2 and there is no -obvious source to provide this amount
of energy; the radial electrostatic field would produce less than a
two-fbld increase in %mva. It seems necessary therefore to invoke.the
supposed excess population of higher v;, and perhaps the plasma
oscillations as well, to account for this large value of the correction

factor.

IVB. PERIODIC SPATIAL VARTATIONS OF PLASMA PARAMETERS

(36) A complete description of the plasma in the wake could in
principle be obtained from the Boltzmann-Vlasov equations for electrons
-and ions and the Poisson equation, with the gppropriate boundary
conditions. This would be an extremely difficult procedure despite the
fact that the time-varying terms of the former two equations would be ™~
Zero., A numerical %gge g§tion method would be more practicable, as
b4

used by some authors
without a magnetic field. The present observed spatial veriations of

for the problem of a wake in a plasma

the plasma may however be explained to some extent by assuming that they
constitute a plasme wawé; it may then be shown that the wave fits onto

one of the branches of the dispersion curves derived from the two fluid

plasma equations. Before this is done, the inter-relationships of

the various plasma parameter curves shown in fige. 12 will be discussed.

(37) Curves of Vs B, and Ty versus

The parameters Vé, n, and TS are associated with the main body

of electrons and the coincidence of their peaks in fig. 12 suggests that

the three are closely linked. Brief qualitative explanations of these
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inter-relationships are given below and more formal explanations are
presented in Appendix A. '

We consider first the relationship between VP and ne.' It is o~
observed that Vb goes more positive or more negative as n, decreases or
increases, and this is explained as follows. The plasma density in
the wake is determined primarily by the helical motion of the electrons
past the obstacle and the ion density follows the variations in the
electron density to the extent that quasi-neutrality of the plasma is
maintained; the neutrality 1s not complete, but sufficient simply to
make the changes of Vb less than the value of Tso This requirement

follows from the Boltzmann equation

. | (7)

, én 6V
B, =n exp(JV?/Te) or | ;;EI = | E-R

‘ e e
The magnitude of Bni is therefore permitted to be less than that of
én_, ieeo [ani/az] < fane/azla It then follows from the Poisson
equation, vzvp = - kZVb = hﬂe(ne- ni), that BVb and Bne have opposite
signse.

The changes in TS are also opposite in‘sign to those in n,. The
parameter TS is related to the electrons of the upper decade of probe
current (fige 11), which constitute over 90% of the total electron
density. Within this decade the sloﬁ electrons are more numerous than
the faster electrons. This means that a region of maximum n, contains
an exceptionally large number of slow electrons and, because of the
spatial dispersion of electrons with different axial velocities, a
shortage of faster electrons . The current-voltage characteristic in
this region is consequently steep and TS is low. The converse applies

40 a position of minimum n .
e

(38) Relationship between ng and n.

The relationship between n_ and n, as a function of z may be
deduced as follows.e The predominant motion of the ions in a low
- pressure positive column is towards the tube walls from the positiohs
at which they are produced(21). This applies to the present mercury

column even though B,# 0, since p; is greater than the tube radius.



54

It is assumed that the motion of the ions into the dark region, situated
near the axis of the tube, is then due primarily to the space charge
field of the electrons in that regibn. As in (37)—the number of ions
drawvn in is only that which is sufficient. to keep any change of plasma
potential less than TS' We should therefore eipect that. n, is o
slightly greater than n; in the dark region, except near the obstacle
where their is an ion sheath. It is then assumed from the Poisson
equation and from the observed relationship between ane/az and

av?/az that the relationship between the n, and n, variations is of

the form drawn below.

(39) Excess group of faster electrons

The quantity T,- T is shown at the bottom of fig. 12 to go

alternately negativeFandépositive as z is increased. This corresponds
to the alternate absence and presence of a group of faster electrons
which lie in the energy fange’of the lower decade of electron current
to the probe, in the region of about"hTS electron-volts. The number
density and mean energy of this group are written as oy and eVﬁ and
may be estimated roughly from the current-voltage curves. A more
accurate value of eVF, 145 volts, is obtained from the spatial period
of the TF- TS curve.

If the straight line through the upper decade of experimental
points on a current-voltage curve is extended downwards, the maximum
current difference AL, between this line and that through the lower
decade of experimental points is a measure of e . The ratio of np

to the total electron density n_ is obtained from the equations
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oI, = A:nFe(2eAVI/m)2 and I_ = O.sﬁpee(2eTs/m)2, where I is the
"saturation" value of the total electron current to the probe, A is

the probe area:

(nF/ne) = 0.5 (AT e/IS)(TS/eVF)%o

The possible error in the absolute value of 1:13,/ne is comparatively
large but the relative values of nF/ne at different values of z may
be determined to within say 30%. If the successive minima and maxima
of T~ TS, at z = 8, 12, 21, 31, 39 and 49 mm, are labelled a, b, c,
d, ¢ and f respectively, the corresponding values of er/ne are .as

follows:
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(T?-TS) maxima b, 0.002 d, 0,001 . £, 0.0003

(Tp~Tg) minima | a, 0.004 ¢, 0,003 e, 0.001

This set of values of nF/ne illustrates two effects. Firstly, -
there is a decrease in the density of the excess group as z increases,
due to the spread of velocities in the group and to collisions.
Secondly, the values of nF/ne at the TF— TS maxima, where the ext#a .
electrons are present, are in gensral less than those at the TF- TS
minima where these electrons are sbsent. It is inferred from the
latter effect that this group of faster electrons has a smaller mean

" perpendicular velocity than that of the other electirons. This would
be a reasonable property of the exceés gfoup which presumagbly owes its
existence to the fact that some electrons will have travelled the
distance of five or six mean free paths from the cathods without making

any strong collisions, apart from negotia.’cihg the right angle bend of

the dischargeo
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(40) It was shown in sections (17) and (18) that the plasma parameter

curves have a spatial perdiod A, which increases with z to about 16 mm.
. In the case of the 12 mm disc, the variations of Vp form wavefronts
as shown in figo 14(b); at z > 6 mm the wave normel mekes an angle of
about 500 with the‘negative z direction. In the case of the 6 mm disc
the parameters were measured along only one line in the wake, but it

is likely from the interpretation given below that the paramster
variations also form wavefronts whose normal lies-at a large angle {o
the axis. - :

k

AN

- - - —

(41) Identification of the wave

The variations of the plasma parameters are at rest in the
laboratory frame of reference, but in another frame they would be
observed as some form of plasma wave. The dispersion relations for
plasma waves usually apply to situations where the plasma as a whole
is at rest with respect to {the observer. It is sufficient in the
preéent case Lo choose a frame of reference which moves with the
macroscopic velocity of the electrons; the ion motion is not relevant
at the frequencies with which we shall be concerned.

It appears at first sight that these spatial variations should be
considered in the frame of reference which moves with the electiron
drift velocity \FE the "drift frame". It seems 1ik¢1y, however,
that it is only those electrons which move past the obstacle into the
dark region that form the variations of Vé, n_ and Tg.  Any electrons
which move along the dark region in the opposite direction have random
phases and their net interaction with the variations is probgbly small.

In this circumstance the variations should be considered in the frame
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of reference which moves at the aierage velocity ?; of the anode-
directed electrons; this frame will be referred to as the "average
frame".,. The value of ;z is taken to be vyt F.L =~ (1.0 ¥ 0.2):(108
cm/sec where 31 is the mean velocity in any particular direction
perpendicular to the axis.

In the "average frame" the variations constitute a wave with a
velocity component ;; in the negative z direction and a component of
wave number .k, = Zﬂ/iz = Le2 cu (fige 14). The product k, v,

defines the wave frequency w in the "average frame":

W= kz ;; = Lo2 X 108 rad/sec = 0.56 Woe

where Woe is the electron cyclotron frequency.
The dispersion curves for hydromagnetic waves in a uniform
unbounded. plasia are examined in the hope of finding a wave in the
frequency region just below Wae and in the velocity regioﬁ oneéor twp -
orders of magnitude higher than the Alfvén speed, o, =2 ?2;? cm/sec.

Such dispersion curves have been derived by T.E. Stringer,
example, who presents curvées for several sets of plasma conditions and

~

for

for propagation at an angle 6 to the magnetic fieldo The upper curve
of Stringer's first diagram has been drawn in a modified form in

figo 19 so that it corresponds to cos 6 = 0,56 and to the parameter
relationships pertaining to fig. 12: OA/OS = 12, c/cA = 166 x 10h,
wpe/boe = 28 and mi/me = 3f9 X 105, where o© is the speed of light
and mpa the eleotron plasma frequency. - It is evident that the branch
which lies in the required frequency and velocity regions is the
electron cyclotron branch, along which the frequency has the constant
value Woe ©OS 0. A derivation of the dispersion relation and a
physical description of this type of plasma wave are presented in

Appendix Bo

(42) Magnitude of the wave vector |
If the phase velocity of the wave in the direotion of the axis is

equal to ;;, its value in the direction of the wave vector k is V;cos G0

The theoretical value of the wave nu@ber is then
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FIG 19 Upper branch of dispersion curves for hydromagnetic waves
in an unbounded plasma (ref. 22), showing whistler mode (4), -
electron cyclotron mode (B) and ion acoustic mode (C). The
lines at 45° represent the velocities of light, Alfvén,
electro-acoustie and ion acoustic waves.



cos 8 We

Bee 8
k = = - = 705 Cm-1o
v, cos 8 vz

This compares favourably with the exﬁerimentally observed value of
6.7 cu ! obtained from fig. 14 at the larger values of z. The
relation W =W, cos 8 is obtained from linearized equafions and
should not therefore be expscted to apply accurately in the region
of large variations of n, and s (at z < 15 mm); nevertheless,
the magnitude of k in this region, near the axis, is still close
to 7.5 cm~ 1. "

The above interpretation of the spatial variations of the
macroscopic properties of the plasma is based on measurements at
two similar sets of discharge conditions. The measurements are
insufficient to determine whether or not the variations depend on
the obstacle dimension. Further measurements of the variations
at different values of the magnetic field, electron temperature
and obstacle radius are necessary to establish the validity of the
electron cyclotron wave model. It appears from the present.
measurements, however, that this interpretation of the phenomenon
is correct.
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- CHAPTER_V
CONCLUSIONS

(43) Summary ‘ _

Periodic spatial variations in the properties of a particular
type of wake in a plasma (a wake produced in the flow of electrons
along magnetic field lines with a background of cold ions) have been
measured by means of a plane Langmuir probe. Two distinet types of
measurement have been made, concerning the variation of (a) the flux
of the electroﬁs in the tail of the axial velocity distribution and
(b) the macroscopic properties of the plasma. ,

The behaviour of the fast electrons has been studied over a wide
range of conditions and explained in terms of a single particle theory
(in which the total density or flux of electrons at & point in the
wake represents simply the superposition of the individual partiéle
orbits)., The type of wake in.these experiments has been compared
with the wake of a satellite in the ionosphere and it has been shown
that some features of the spatial variations of the fastest electrons,
i.e. those with energy » the electron temperature, are in good
agreement with thése predicted for the ion distribution in a satellite
wake. It has also been shown that the fraction of electrons able to
reach the axis of the wake is somewhat larger than that calculated

from the value of the electron temperature in the undisturbed plasma.
Measurements of the spatial variations of plasma parameters along
the dark region show that the variations form wave fronts, the normal
to which makes a large angle with the magnetic fleld at the larger
values of z. This phenomenon is identified as an electron cyclotron
wave, as seen in & frame of reference moving at the average axial
veloecity ;ez of the anode~directed electrons. The observed magnitude
of the wave vector k is in fair agreement with the theoretical value

mbe/véz. The other features of the wave are explained in qualitative

terms.
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(44) Sigmificance of results

This appears to be the first report of periodic spatial variations
produced by an obstacle in a laboratory plasma.

As probes and other obstacles (e.g. the aperture limiters used in
the Stellerator experimenté at Princeton) are often inserted into
current-carrying plasmas in the presence of magnetic fields, it is of
interest to understand how they affect the plasmé. The present
experiments illustrate some of the features of the plasma perturbation
in the particular case of a steady state, low density plasma at low
magnetic fields.

A link has also been established between wakes in positive |
columns and satellite wakes (or their laboratory models). Although
the physical conditions are to a large extent different in the two
types of wake, it is possible that the spatial periodicity in the
positive column wake could find some application in a satellite
simulation experiment, e.g. in the investigation of the scattering
of electromagneticbwaves by a satellite wake.
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Measurements have been made with a Lang-
muir probe of the floating potential (Vf) and
plasma potential (Vp) near a quartz obstacle
placed in the positive column of a low-pressure
mercury-arc discharge in a longitudinal mag-
netic field (p =0.1-5 mTorr, B=10-600 gauss,
n,~10" cm™3, column diameter =5 cm). Since
electrons spiraled past the obstacle in both
axial directions (thermal speed ~3Xdrift speed),
a wake was produced on either side of the ob-
stacle, extending over a distance several times
greater than the obstacle diameter. The inner
region of the wake on the anode side appeared
as a dark shadow and that on the cathode side
appeared bright,

The probe presented to the plasma a plane
0.25-mm wire tip which faced either the anode
or the cathode end of the column, Measurements
with a cathode-facing probe revealed periodic
spatial variations of V¢ along the z (axial) di-
rection only on the anode side of the obstacle
(see top curve in Fig. 1). With an anode-fac-
ing probe, similar Vf variations, of smaller
amplitude, were observed only on the cathode
side. The roughly linear dependence of the re-
ciprocal of the spatial period A, on B is shown
in Fig. 2(a), A numerical check shows that A,
is equal to the average helical pitch of those
electrons of axial speed sufficient to reach the
floating probe. A similar A, curve was obtained
in the case of a neon positive column (using
a mercury-pool cathode and cold trap'), which
indicates that the ion mass is relatively unim-
portant in the V. variations, It was also noted
that the curves of Vf versus z just outside the
shadow were roughly opposite in phase to those
inside.

Measurements of the plasma potential, elec-
tron density, and electron temperature have
been derived in the usual way from probe cur-
rent-voltage curves obtained at various values
of z; see Fig. 1. These were obtained in the
shadow with a cathode-facing probe under only
one set of discharge conditions. The current-
voltage curves [e.g. Fig. 2(b)] possess, in gen-
eral, two different slopes between Vp and Vf,
indicating the existence of a small excess group
of faster electrons with a “temperature” Ty

different from the - “temperature” Tg of the main
body of slower electrons. Such a group is a
common feature of low-pressure positive col-
umns.? Typ-Tg was alternately positive and
negative as z increased, representing the al-
ternate presence and absence of this group.

The following interpretation is offered for
these results. At floating potential the probe
receives all incident ions, but only those elec-
trons of energy Ze'(Vp—Vf). In the wake Vf is
determined by the number of such energetic
electrons available at the probe tip after pass-
ing close to the obstacle edge. Only those whose
helical motion is of suitable phase at the ob-
stacle are permitted to move into the wake,

This phase selection causes space modulation
of the density of these electrons, or of any other
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FIG, 1. Variations of plasma parameters in the
shadow of 2 6-mm disc obstacle, 1 mm off axis.
B=42 gauss, p=0.2 millitorr, discharge current
=9 A. Vertical lines represent errors in the com-
putation from the probe current-voltage curves.
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WAVES OF PLASMA DENSITY

(ELECTRO-ACOUSTIC AND IONIZATION WAVES)

62



63

CHAPTER I

INTRODUCTION

(1)  The two types of low frequency density wave in a positive column

This part of the thesis is concerned with two types of plasma density
wave that may be excited artificially in the positive column of an arc
discharge and observed on the anode side of the exciter. These are SN
(1) the eleoctro-acoustic type of wave predioted by Tonks & Langmuir(1)

- which travels from the exciter towards the anode (the observation of
heavily damped electro-acoustic waves travelling from the exciter towards
the cathode has also been reported by Little(z) and Hatta & Sato(j%b and
(ii) the ionization type which, in the case of some monatomic media such
as the inert gases or meroury vapour, travels towards the exciter (these
(4)). The latter type

" is often observed in the form of large aﬁplitude, spontaneously occurring
waves which have usually been called "moving striations"; in the last two
years, these have also acquired the name "ionization waves" (first used
by L. Pekarek(s)) Since the energy of a wave travels away from its
source, the former type is a forward wave and the latter a backward wave.

do not exist on the cathode side of the exciter

The two types of wave represent perturbations in the density of both

ions and electrons, and are observed mainly at frequencies less than

400 ko/s in these experiments. They do not necessarily occur simultaneously
at the same discharge conditions: in general the forward waves are more -
easily propagated at the lowest pressures and the ionization waves at the
hlgher pressures. The pressures used are all less than or roughly equal

to 30 millitor end the dlscharge currents 1ie in the range 2.5 - 8A.

Under these conditions, no spontaneously occurring propagating waves of
either type are observed. Both types of wave are more readily‘excited
.in the presence of a weak, longitudinal magnetic field then without a

field; in either case it is neoessary to extract the weak wave slgnal

from the background of plasma noise by means of a Phase sensitive detector.
We are thus concerned with small amplitude, low frequency waves, both

forwerd and backward, in low pressure positive columns.
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(2) Spontaneously occurring density waves

Electro-acoustic and ionization waves may each occur spontaneously in
the positive column at appropriate operating conditions of the discharge.
Such electro-acoustic waves are observed mainly at low Pressures and may
take the form of propagating or stationary waves at discrete frequencies;.
or of propagating low frequency components of the plasma noise.

Spontaneous ionization waves occur within certain unstable regimes of the
disoharge, mainly in the 10 & - 102 torr range of pressure and at discharge

, currents less than 1 A, These are large amplitude, non-linear

disturbances; they can modulate the light emitted by a discharge to a
depth of almost 100% and are accompanied by fluctuations of seversl volts
in the discharge voltage(6 o At a given pressure there is a critical
discharge current, called the "Pupp limit", above which spontaneous

- striations do not occur 8 o Just above the Pupp limit the discharge is

“ina guasi-stable re?ime in which large amplitude ionization waves may be -
9 :

excited artificially )(10).

Two review articles on oscillations in low pressure discharges(7)(31)
and a comprehensive "Bibliography on Moving Striations“(7a) have been
produced recently.

ELECTRO-ACOUSTIC WAVES .
(3) Tonks & Langmuir(1) predicted the existence of longitudinal plasma

' waves in which the inertia is predominantly that of the ions and the

- restoring force is provided mainly by the pressure gradient in the electron

- gas; the ion and electron density perturbations are everywhere maintained

approximately equal by the electrostatic space charge fielde From the
analogy of ordinary sound.wéwes in a gas,‘it is clear tha? such waves
would travel et the characteristic speed ¢, = (yéKTe/mi)E where; Ye is
the adiabatic compression coefficient of the electron gas and K is the
Boltzmann constant (boundary conditions and damping effects are ignored
here). The assumption is made in this prediction that the electron
temperature T, ' is much greater than the ion temperature T, otherwise .
the pressure gradient in the ion gas should be added to that of the

electron gas in caloulating ¢ e .
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Nomenclature. These waves were called electric sound waves by

Tonks & Langmuir and since then have been variously known as ion(ic)
waves, ion(ic) sound waves, ion acoustic waves, electrostatic sound waves
and electro-acoustic waves. The last of these names has been used by

(11) (12)

Little(1) » Stringer and Vasil'eva et. alo » and is perhaps more
appropriate than any of the first three names as it emphasises the electro-
static link between the ions and electroms, which is a singular feature

of these waves. The adjective “ion™ or "ionic" is slightly misleeding
inasmuch as the wave is comprised of density variations of ions and
electrons together, both of which are essential ingredients of the wave.
Stringer reserves the description "“ion acoustic" for waves of ion density,
which have the speed o, = (Yi KIi/mi)a. As shown in the next sectioﬁ,
these should occur at wave lengths much less than the electron Debye

length where the perturbations of the iomns are uncoupled from those of

. the electrons. Such waves would admittedly be difficult to observe

because of heavy Landau damping, unless this was counterbalanced by the
amplification produced, for example, by an electron current along the

wave direction.

(4) Basic dispersion equation

The basic dispersiozi equation describing low fregquency oscillatlons

1) .
in a plasma. was derived by Tonks & Langmuir in 1929 for an unbounded
plasma in which collisions are ignored. A more genera.l derivation from

the fluid equations for continuity and conservation of momentum and the

Poisson equation is given by Sp:.‘bzer(” ) and other authors. The equation

is derived in Appendix C where it is written in the form

(062 me/mi) + ci2(1 + c§1<2/wp§) (1)

02
k’ . 20, 2
1+ °§k /““pe |
A 2 i
where Oy = (v KTe/m )2, (Y KT. /m )E and (lm:n e /me)2°

pe
2 . .
At frequeno:.es suff:.c:.ently hlgh to make k >> a/ c (wh:.ch is

the same condition as }‘2 << (27%) where - xD, the’ electron Debye
length, is about 10 -2 ‘om in the present experments) , equation (1)
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assumes the form

2

e 2 |
@ = ey °i2k (2)

- . 2, \&
where W,; is the ion plasma frequency (lmnoe /mi) 2. At frequencies

such that Wpi << @ << @, equation (2) represents the "ion acoustic®
waves described by Stringer (men‘b:n.oned. above), w:.th the phase velocity
6;+ At the lower. frequencies, where A2 5> (270.])) R equat:n.on (1) becomes

'{KT YKT 4

Zz
(=i 3
. 5 .

wie

and when Ti << Te the equation is further simplified to

YeKTe .
k= ()°

= 0 (3)

-1

(5) Effect of ion-neutrel collisions and finite radius

Equation (3) is only appliceble as it stands if the plasma is unifornm
and unbounded and if the collision freqilenoy of the ions is much smaller
than we ‘

In a weakly ionized gas, such as that in a positive column, the ions
collide mainly with neutral atoms or, at very low pressures, with the
tube wall. The ion-neutral cdllision frequency v, in the neon and
hydrogen columns of the present expenments is estimated to be 3 x ’105 c/s,‘_i;
and 3 x 106 o/s respectively. In the 5 cm di ameter mercury column, at o
a pressure of about 1 m;ll:.tgr;r or :Lgsg, the ion-wall collision frequency
v, is of the order of 6% 10* ¢/8 (as ealoulated from the red al
distribution of ion density given by J.V. Parker b )e These collision
frequencies are of the order of or greater than the wave frequencies.

The effect of the ion-neutral collisions is induded in the theory
by inserting the term g m;ViR Vi, in the egquation of motion
for the ions (equation (5), Appendix C), where g is the average fraction
of wave momentum which is lost by an ion on collision (g is assumed %o |
be of the order of um.tyﬁs ) and is therefore omitted in the equation). |

This 1eé.d$ to the dispersion relation for collision-modified eleotro-
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acoustic waves in an unbounded plasma(15):
.22 , o
1n) = cszk (%)

w(w + iv;

If w is real and. k = kR + ikI, the phase velocity is given by the relation

27 ot Vil )t o *

and the damping by the relation

- 'vin _ - 6
E: 203[1@!% 1/1+(vin /wz)] 2 : (6)

It is clear that as the gas pressure (and therefore vin) is raised, the
damping increases and the phase velocity decreases, The latter effect
is due to the increase in the number of neutral atoms entrained in the
wave motion, thefeby increasing the inertia without proportionately
increasing the restoring force.

The dispersion equation is further modified by the finite extent
of the column in the radial direction. If the amplitude of the density
perturbatibn is a function of longitudinal and radiel distance only ‘
(n = O being the only azimuthal mode generated by an exciter coil
‘situated coaxially with the column), it mey arbitrarily be assumed
proportional to the zero order\Bessel funetion Jo(kcr). A series of
values for k, is obtained from the assumed value of the amplitude at
the edge of the column. These represent a series of radial modes of
the wave, the lowest of which has k, =0 (i.e. Jo(kbr) = constant) and

is called the first or principal mode. As shown in Appendix D, the

dispersion relation becomes

2 2.2 .2 |
®° + dwv, = Cy (x° + kc). ; 7

for a plasme column in which there is no creation and loss of particles,

and no particle drifits.
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Curves from equation (%) showing dependence of w on %k, and kI
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" The variation of w/cskc with LcR/lcc and kl/kc, obtained from this -

equation, is given in fige 1 (a) and (b) for several values of the

; - .
parameter a = (b, 11/kccs) . (kR and k; are again the real and imaginary
parts of the wave number. It should be noted that except on pages 73

“and 74, ky Will hereafter be written simply as k).

It is noted in fig. 1(a) that the effect of collisioms is to
eliminate the cut-off in frequency at w = kc°s° At values of a greater

, "than 0.5 the waves become more heavily damped as w falls below this

value (cf. experimental points on p. 102 where k.cg 1.3x105).

(6) Effect of ion and electron longitudinal drift velocities

In the equations given above, no account is taken of the drift ]
velocities of ions and electrons in the z direction. Such drifts have
been included, together with ion-neutral and electron-neutral collisions,,
in the one-dimensional treatment of electro-acoustic waves by Lipe::'ov:=.1cn‘.(1 62
This author was able to account fairly accurately for the spee'd' of
anode-approaching striations observed by Vasil'eva et. ale 12 (although
his assumption that Te = 3 4is of doubtful validity when applied to the
low pressure discharge of Vasil'eva et. al.; see section (10)). He also
showed that the drifts produced a growth effect on anode-approaching
electro-acoustic waves and a stronger damping effect on such waves
travelling towards the cathode.

"A simplified form of Liperovski's dispersion equation is readily
obtained by ignoring the collision terms in the fluid equations (as in
Appendix C). The drift velocity terms, \fl an/ 3z and nom'»’d avz/ 9z |
are included in the equations of continuity and the equations of motion

respectively, and the following equation is obtaiged:

2
n v
© - & gy _ 8
£ = x(cg 2m, cs) Vai (8)

. where the + sign applies to anode-approaching waves and the - sign to

_cathode~approaching wavess
As far as the growth and damping effects of the drifts are concerned,

Liverovski's one-dimensional treatment illustrates the anisotropy sbout
the two longitudinal directions but does not account for the experimentally

observed valil_es of kr
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(7) Electro-acoustic waves in collision~domingted positive column

By epplying perturbation ‘theory to'a steady state ?ydrodynamic model
17)

of the collision-dominated positive column, D.R. Davies
a dispersion relation of the form

has obtained

2 . 2 2 2
W + doy = e (k - kc) , (9)

e en i"in
tion frequencye. The steady state theory leads to the result

where v = (m v _ + m.y, l/(me +-mi), ki = (v+€)€/b§ and € is the ioniza-

[E(v+€)/b§]% R = 2.405

from which k_ may be calculated (2.405 is the first zero of the Bessel‘
function Jo and R is the column radius)e

Equation (9) represents the 2nd radial mode, in which the modulus
of the density pérturbation.is constant across the column and the phase
at the wall lags on that at the axis by [w/(v+£)] log (¢r+R/¢r=O) radians
(¢ represents the plasma potential). This mode exhibits a cut-off wave

number kc at w = O. Somewhat similar behaviour occurs in the curves for

large Vin
going to the origin.

~ Davies also finds that the dispersion equation for the. principal

in fig. 1(a), which approach a cut-off on the k-axis before

radial mode, where V., is constant across the column,. simplifies to
- equation (4).
(8) Electro-acoustic waves in low pressure, bounded plasma
This problem has been treated by LeCo Woods(18) and by Bertotti,
Cavaliere, and Giupponi(19a)(19b). Furthermore, the computation of

Woods' dispersion curves has been repeated and extended to higher pressure
regimes by D.R. Davies(1?). Woods deal s with the problem of low frequéncy
waves in a cylindrical plasma column in which Ti = O and the only drift
of particles is the radiel drift of ions to the wall. Bertotti et. al.
consider the two-dimensional problem of low frequency waves in a plasma

under the same conditions of T, and particle drift. The effect of the
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longitudingl electron drift is discussed qualitatively in both.papers.
Woods discusses the effect of this drift on the wave damping. Bertotti
et. al. state that their theoretical model is "suited for describing
completely ion waves in a R.F. discharge, not in an arc vhere the
electron drift is of major importance"; they suggest that one effect
of the electron drift would be the elimination of the lowest wave mode( 9a)
The two papers contain similer dispersion curves for the two lowest modes.
Those obtained by Woods are shown in fig. 2(2) and (b).

We shall consider Woods' theory in some detail. At pressures
sufficientlj low for the mean free paths of electrons and ions to be
mach larger than the tube  radius, the steady state condition of the
positive column may be described by an integral equation derived by
Tonks & Langmuirgzo). Woods applies perturbation theory to a. simpler
vérsion of the Téhks—Langmuir equation and obtains a second order

differential equation in w(= viz/cs):

2 .
(1-u?) i—xg 1t -2a@ra-10)] E-

o
%K% + B 5 - o% - ioa) w = 0 (10)
x
where uc_ = ;ir (the radial ion drift velocity), x = r/R, ¢ = wR/c_, -
m = azimuthal mode number and & = 1.109 (eigenvelue obtained from the
steady state boundary condition that the radial electric field E|

at r = R)s The boundary conditions imposed on v, , are:

o«

= i 0
Vi, o 1f‘m 2

a.tI‘:O

dv. : 11
ifm . ( )

|1}
(]

n
2o}

1Z=0 at r



18

L. C. Woods

16 (a)
€z Q:\fb o
z.r/’
14 - $\oQ @
» Theory ®
12 (0, 0) mode ¢
10 ° \Theory
.0 (0, 1) mode

o (o] .

8

o]
6 ° Experimental points for Hg
. from Barrett & Little (1965)
4 .
4 e y
° v,
v
2
0 2 4 6 g8 10 12 14 16 18 20 22 24
. hR

5 T —T T T T

4 (1, 2) mode. A

ha (0, 1) mode
2 pu.
Iy
(1,1) mode ;
1 -
(0, 0) mode
! 1 1 L 1 1 1
0 1 2 3 4 5 6 7 8
' o
(2) Dispersion end (b) damping of electro-acoustic

FIG 2

waves in a low pressure positive column. From paper

by L.C.Woods (ref. 18). o= ‘”R/"s’ hp = kR, ?Izkﬁl_;

72



73

(Bertotti et al show that the perturbation of the ion radial velocity is
zero at the edge of the pla,sma,(1 9b)). Equation (10) may be solved for
a given valug of the frequency w, subject to the boundary conditions,
only for a particular value of the wave number k. Corresponding values
of w and k are computed for the first and second radisl modes, for
m=0 and m= 1.

We shall be concerned only with the first and second radisl modes
for which m = O; these may be written as the (0,0) and (0,1) modes.
 The (0,0) mode is that in which v;, is independent of r. Under this
condition, (11) is satisfied and equation (10) becomes

R% - o® = sow) v,, = O (12)

or . .
- 1.10 . 1
o= SR 2 % i

and . 1.10%
kI - 2RCSER

When wR/c  >> 1.109, k, = w/cs and k. = 10109/2Ro

No such simple description of the (0,1) mode may be given. In
this ‘mode the radial distribution of the density perturbation amplitude
ln,l (r)l’fand. of the phase of the perturbation relative to the phase at
the axis, varies with frequency. At low frequencies, the amplitude
falls from a meximum at r = O to almost zero at r » O.5R, and rises to.
a subsié:i.ary maximum near the wall; at higher frequencies the amplitude
rises from & minimum at r = O to & maximum near the wall. At o < 10cs/R
as in the present measurements on mercury columns, the phase of the wave
near thé wall lags behind the phase at the axis: the lag at w = la-cs/R
for example is about 1205 as in fig. 26(c).

The w jrex.'sus kR curve for the (0,1) mode is repeated in fig. (9)

where it may be compared with the experimental points. This curve is

similar to those obtained from eqn. (7) for vinf,,kc.cs;‘ .as k> 0O,

the curve approaches a cut-off frequency o, & 2,5 (or W, .= 2.5 ¢ s/R)

before steepening in slope and approaching the origin. Almost the same
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cut-off frequency is obtained from equ. (7) ir de is set equal to the

first zero of Jo(ch)' - At the higher frequencies the (0,1) curve lies
well below the w = ko lineo -

(9) Damping: discrepancy between theory and experiment

The damping at high pressures in a weakly ionized gas (i.eo where ion
mean free path << R) is due mainly to ion-neutral collisions. In the
low pressure regime of the positive coluan, damping occurs mainly thfoﬁgh
the loss of jons (and therefore of wave momentum) to the tube walle
The shorter the life-time of an ion in comparison with the wave period,
the gréater the damping we should expect. The average transit time of
an ion between its point of formation and the wall is of the order of
R/cgs de€o 106 X 102

respectively. The period of the waves observed in these columns lies in

and 0.5 x 10-5;Seo in the mercury and neon columns

the range 10-5 to'10~4 sec, mainly longer than the iom transit time.

The damping obtained from any of the dispersion equations'given above
is much heavier than that observed experimentally. The same discrepancy
is found by Alexeff & Jones(15)

anode-approaching and cathode approaching waves with equation (6)o
N We may note that as the electron velocity distribution is displaced
g thréugh Ve to higher velocities in the case of anode~-directed slectrons,

of
the velocity distribution curve has a positive slope — at the speed cg4

vy
and therefore exerts a growih effect on the waves moving towards the anode.
L.C.Woods ‘sugzests that the electron drift would account for the _ -
" difference between the observed and calculated values of kI' He refers

‘ . 2 .
to the growth rates computed by T.E. Stringer L for electrostatic

when they compare the damping of their

instabilities in a current-carrying plasma. Under the conditions that
kvdeﬂmpe is small and T, << T, (where Vge is the electron drift |
velocity), Stringer shows that the instabiliti$s are electro-acoustic

v — _.1 .
and have a growth rate y = 0.62 kp vae(me/mi)2 sec '« The growth
coefficient Ykh/b is subtracted from the calculated damping coefficient
k; to obtain the net damping coefficient k * =l - Ykh/@o A critical
value of w may then be obtained at which the net damping is zero; at
higher frequencies, growth of the wave is predicted. ‘
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(10)  The adiabatic compression coefficient, X2 for the electron gas |

There has been some uncertalnty ebout the value of Yo in eiectro-
acoustic wave experzmentSo(zz) (25> This quantity was omitted in the
Tonks-Langmuir theory and was thus effectively set equal to 1. Since
then the values 1, 5/3 and 3 have each been suggested under different
pPlasma conditions.

The conditions under which each of the values of Yo is applicable,

are as follows. (a) Isothermal compressions; Ye = 1: the compressions

‘are isothermal if the thermal perturbation energy given to a volume

element of the electron gas>is either transported from the element or
converted into some other form of energy (e.g. used to ionize or excite
atoms) in a time which is much shorter than the wave period.

(b) Adiabatic compressions, Yo = 5/3 or 3: if the thermal perturbation

energy is to a large extent not permitted to escape from the volume

 element but is distributed amongst the n degrees of freedom in the

electron gas, in a time much shorter than the wave period, the perturbation
is adiabatic and.y assumes the value (n+2)/n. The number n is usually
equal to 3, although it has been argued that in the presence of a strong
magnetic field parallel to the wave vector, n should be taken as 1. (26)
If some of the thermal energy is converted or lost'during a wave period,
Ye sho%%g)lie between 1 and (n+2)/n, and the waves would then be heavily
damped. .

. Little & Jdones*
millitorr) mercury discharge. They give two reasms: (1) becanse of
the long electron mean free path (~ 10 cm) any local perturbation of the
electron thermal energy is rapidly dispersed through distances much greater
than the wave length, and (ii) the neutral atoms act as a stabilizing.
influence on the electron temperature; the excitation probability is a
very rapidly rising function of Te’ so that compressions will tend to
be isothermal for this reason alone. = To these reasons may be added the
fact that the electron drift motion would rapidly remove the local
increase of thermal energy still retained by the electrons afier

(25) put ¥, = 1 for waves in a low pressure (Oaly

collisions with neutrelse
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In the non-mercury plasma columns of the Present experiments .

(p 30 millitorr), where the electron mean free path is somewhat shorter
than most of the wavelengths dbserved the arguments given above are on

~ the whole still in favour of the value Ye =1« This is supported by
the fact that Ye = 1 was obtained experimentally by Alexeff & Jones(27)
from the time-of-flight measurement of an electro-acoustic pulse across
a freely-drif{ing quiescent plasma at pressures 1~20 millitorr.
(11)  History of experimentsl studies of electro-acoustic waves

Early studies. - Two years after the Tonks-Langmuir prediction of

electro-acoustic waves in 1929, partial evidence for their existence was
found by T.C. Chow(zs). This author measured the frequency of moving
striations and the electron temperature at several pressures (between 70
and 700 millitorr) in a 24 argon discharge and observed that the length_
obtained by dividing the striation frequency into the velocity (KTe/h )2
- Was an integral or half-lntegral multiple of the tube length. - As shown
"by Alexeff & Jones(15), the striation phase velocities measured by Chow
are in good agreement with those caloulated from equation (5).

Further evidence was obtained by R.W. Revans(29) in 1933 from
measurements on low pressure (~ 1 millitorr) mercury discharges, btoth
spherical and cylindrical. Resonances were observed in the low frequeanF
noise spectra, at frequencies related to (K.’.’L‘e/mi)E and the dimensions
of the plasma; the author thought that these represented standing
electro-acoustic waves.

During the 26 years after Revans' experiment, little further work
on electro-aﬁoﬁstic waves was reported, although an unsuccessful attempt
to observe them was made by Armstrong, Emeleus & Neill 30‘ in 1951.

They injected 50 volt pulses onto an electrode situated near the cathode
of a 10 m4, 1 millitorr mercury discharge and observed the responses of
three probes:situated at different distances along the column. Instead
of observing a phase shift of the pulse, an apparently instantaneous
response was observed at all the observation points, & result which was
later confirmed in ﬁnpuﬁlished.work by Kino & Woods (mentioned by

Crawford é’cK:x.no(3 )) © In spite of the earlier experimental evidence,

Armstrong et &l arrived at a pessimistic assessment of the possibility
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of finding small amplitude electro-acoustic waves, i.eo of amplitude
sufficiently small for the potential fluctuations in the wave to be much
less than Te and for linearised theory 1o be applicable. They '
observed that no evidence of propageting waves of the type described
by the Tonks-Langmuir relation (equ. (1)) had yet been reported and,
because such factors as noise, density gradients and collisions had not
_beén included in the Tonks~Langmuir theory, they believed it to be
"uncertain if plasma-ion oscillations of small amplitude have ever been
observed". (The word "oscillations" in this quotation presumably refers
to propagating waves). _ _
Anode—appfoaching striations. Experiments on artificially-excited
moving striations were carried out from about 1951 by A.A. Zaitsev and
his co-workers, and in 1959 the measurements on some of the inert gases
were extended to lower pressures, by Vasil'eva, Zaitsev & Zndryukhina 12 °
The striations were excited by means of an alternating voliage applied to
a wire situated close to the cathode. It was found that at pressures
of several tens of millitorr (or more) in helium, the striations travelled
towards the exciter, but at p < 10 millitorr they iravelled away from
the exciter towards the anode. The same reversal was found in argon and
xenon at_gbout 4 millitorr. The observed ve}ocity of the anode-
approaching striations was about 1.7 (KTe/mi)E in the helium discharge,
and 1.7 (KTe/hi)E in the argon discharge of slightly larger ?iameter and
The helium result was shown by Liperovski to be in

lower pressure.
. good agréement with the theoretical phase velocity of electro-acoustic

waves in an unbounded plasma containing electron and ion drifts and
collisions with neutral particlese.

The reversal of direction of striations as the pressure is decreased

was- also observed by Alexeff & Jones(15) in the case of spontaneously

‘ occurring striations. These authbfs measured“the-velocitonf such
striations in all the inert gases over a wide range of pressure.
was good agreement with the velocities calculated from equation (5) and
'the authors discuss. briefly the possibility that moving striations are
’manifestations of electro-acoustic waves. In this connection they do not

There
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distinguish between the anode-approaching and cathode-approaching waves,
and it appears that the transition between the two types has not yet
been explained. '

Standing waves. Further observations of low frequency resonances in

low pressure c(hscharges have been carried out in the last five years by
F.Wo Cx('awg‘ord 3 2), Alexeff & Neldlgh(23 ) s Geller & Lucera.:.n(33 and J.A.
3

Decker These results showed, as in the earlier exper:.men’c by Revaas,
that the resonant frequencies are related to c, .end the plasma -
dimensions. They raised the problem of the possible modes of the standing
waves. In ’che_ case of radially directed standing waves of oylindrical
discharges and those in spherical discharges, it was important to-
establish whether a pressure node or anti-node occurred at the containing
wall. This problem was not solved, mainly because of the uncertainty in
the value of . »

Propagating Waves. The next observations of propageting electro-

acoustic waves in positive columns, after those of Vasil'eva et. al., were'
carried out by P.F. Li’c’cle(z), Hatta & Sa’co(B) and Alexeff & Joqes(24)°

A different method of defeating the poor signal-to-noise ratio was used in
each of these experimen’cs. In an arc discharge of several amperes in
mercury, with é. localised alternating magnetic field as the exciter,

Little used the phase sensitive detection technique described in section (17)
to select the wave signal from the total detected signal, and recorded

the phase and amplitude variation along the plasma column. Hatta & Sato
resorted to a discharge of low current (~ 10 mi) and therefore of low
noise. They excited o repidly damped electro-acoustic wave by means of
an alternating voltage applied to a plane grid near the anode; the wax‘re
propagated towards the cathode and was measured only over a distance of
less than one wave length from the grid. Alexeff & Jones used a time-
of-f1light technique: a sharp vol’cage pulse applied between anode (earthed)
and cathode of a glow discharge resulted in the detection of a pulse

< seconds later by a probe situated anywhere in the discharge. This

was explained as follows: the initisl pulse produces & plasma density

pulse at the anode which, as they deduced from measurements with a
special probe, travelled towards the cathode and, by partially neutralising

N
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the electron space charge there, caused a drastic inérease in the cathode
emission. Thj.s was then detected almost instantaneously by the probe.

- In the experiments of Little and Hatta & Sato, dispersion curves
were obtained in O.L millitorr mercury and 40 millitofr argon discharges -
respectively, both of which agreed reasonably well with the theoretical
curves presented. Little found that the curve approached a cut-off
frequency Kk C_ (where. k, = 2.4/R) at the long'est; wavelengths., ~ The -
experimental curve obtained by Hatta & Sato is included in fig. 8(b).
Despite the fairly good agreement with their theory it is not clear why
the curve has two distinct slopes (1.4 c and O. 85cs) 3 no mention is made
of this fact in their report. The velocities of the electro-acoustic
pulses in inert gases, measured by Alexeff & J ones, were fairly widely
and led to

an average value Yo B 2o It should be noted, however, thai the velocity.

-z

spread but were found to be proportional to TeE and m.

of an electro-acoustic wave travelling towards the cathode (if such a

‘ Wave can survive the heavy damping predicted), could be increased by about
' 30% by the presence of the ion drift (see section 6 ). The value re=
would then almost account for the values of wave velocity obtained by
these authors. These authors later measured the time of flight of a
pulse between two electrodes, across a freely drifting quiescent plasma,
(mentioned in section (10)) and cbtained y =1. (25)

In a more recent experiment, Little & Jones used the same phase
sensitive detection technique to investigate the propagation of narrow-
frequency~band cémponents of the self-generated noise of the plasma,
between a fixed and a movable probe or photomultiplier. The dispersion
curve for these noise components was similar to that of the artificially
excited waves except at the highest frequencies where the velocity of the
noise components falls well below C o The curve approached a cut-off
frequency at the longest wavelengths. The ‘measurements on the noi?¢;5)
components and those on excited. waves without the steady Bz field
are reasonably well accounted for by the theory of L.Co Woods described
in section (8). R,

Other plasmase In the last four years, electro-acoustic Wat'%z)_ (38)
have been observed in plasmas of other than the positive column type. -
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Ig an important experiment, Wong, D'Angelo & Motley(36) excited and
detected such waves in low density caesium and potassium Plasmas., These
are steady state, highly ionized plasmas, produced by surface ionization
of atoms on a hot tungsten plate and confined by a sfraight uniform
magnetic field; the ion end electrons temperatures are equal (~ 2000°K).
The main feature of the waves is the fact that the wave speed

~—RKI KT, L/ ] » lies within the spectrum of the ion velocity
d:x.str:.butlon, the waves are consequently subjected to heavy Landau
demping (i.e. collisionless damping due to interchange of emsrgy between
the lons travelling at about the wave speed and the electric field of

the wave). This was the first direct experimental evidence of such
damping.

IONIZATTON WAVES
(12)  Recent history
Oscillations of the voltage and current of a d.c. discharge were

investigated as lon% ago as 1923 by Appleton &'West(39), but, apart from

" the work of W. Pupp 7

study of these oscillations and the moving striations by which they are
accompanied, was made until that of Donshue & Dieke in 1951.(6)> These
authors observed spontaneous striations in the inert gases and mercury
vapour at pressures of a few torr.  They establishe& that (i) spontaneous
striations are large amplitude phenomena (the modulation depth of the
light output is sometimes as large as 1OQ%) vwhich give rise to a modulation
of the discharge -current and voltage by a few per cent; ' (ii) +the
striations travel towards the cathode with velocities ~ T cn/ sec,

except in the region near the cathode wnere both cathode—approaching and
much faster anode-approaching waves (~ 10° on/sec) may be observed
together, end (iii) several different modes of oscillation, with different
freqpenbies, exist within certain ranges of discharge curremt. I '
appears that the anode-approaching striations had not previously been

The authors supposed thesé to be assoclated w1th a negative
moving in the direction of the electron drlft, and. called

in the nineteen-thirties, no thorough experimental

observed.

sbace charge,
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them “negative striations". Conversely, the cathode-approaching ‘striations
were thought to be linked with a positive space charge and were called
"positive striations®. The nature of Donshue & Dieke's "negative
striations" is discussed briefly in Appendix E.

Lonization wave studies were carried out in Moscow in the
early nineteen-fiftiesiby A.A. Zaitsev and his co-workers(ho) and by
B. Klarfei&(hﬂ). Amongst other topics, Zaitsev studied the positive
column conditions under which moving striations occurred spontaneously or
were absent, and found that in a stable regime artificial striations
could be excited by modulating the voltage across the discharge or by
applying an/alternating voltage to a wire electrode placed near the
cathode. One of Zaitsev's co-workers, L. Pekérék,vinvestigated the
trensient disturbance in a stasble or quasi-stable column, resulting from
a voltage pulse applied between anode and cathode(hz) (in later experiments :
he set up the disturbance by means of a ring electfqde round the positive
column). Since then, Pekirek has used this transient disturbance
technique in a detailed and sustained research programme into the nature
and mechanism of moving striations(h)’(5)’(q3>; his is probably the
most imporitant contribution to the present understanding of the
phenomenon.

B. Klarfeld presented a long, detailed experimental report
1952 on moving and stationary striations in the inert gases and some

other gases and vapours. [e found that there was no essential difference

1) 5,

between moving and stationary striations, a conclusion which was

confirmed by'Pekérek who showed that stending striations are only a(b#Xh5) o

special case of‘moving striations(#)(q3d). Klarfeld and later authors

found that moving striations in hydrogen travel only towards the anode,

This behaviour has been only partislly explained.
Both theoretical and experimental studies have been made in more

recent years by Ke'Wojaczek(47), who has obtained a dispersion curve in

reasonable agreement with ionization wave measurements at high current

densities in the inert gases (he included the two-stage ionization
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process via meta-stable states(AS)); H.S. Robertson(k9), who claims that
ionization waves occur spontaneously, only if metastable atoms are present
end if the quantity M(3F/3N) (where M = metastable concentration,

F
N = electron number density) is positive and large enough to offset the

stabilizing effects of diffusion and wall losses; Xenjo & Hatta(5o), who

totael rate of ionization of the meta-stable atoms by electrons, and

derive a dispersion equation and obtain experimentally and theoretically a

(15) who have

observed and accounted for the variation of the speed of cathode-approaching

relation between wavelength and tube radius; Alexeff & Jones

and anode—approaching (probably_electro—acoustic) waves as a function of
pressure, and R.S. Cooper 10 s Who, like iost of the authors in earlier
years and all of those mentioned in this paragraph, has produced a theory
"for small amplitude ionization waves and has also carried out an extensive

experimental study. of ionization waves in both unstable and guasi-stable-

(51) \
(55) ™

regimeso Theories have also been presented by A.V. Nedospasov,

(52) 1.u. c":apnjk(53), H. Rother, (54) ;5. Stewart

Watanabe & Oleson,
and other authors.
Experimental studies of the microphysical processes in ionization
| waves have been carried out by a number of authors including Boyd and
Twiddy(56) (probe measurements of the electron velocity distribution in

(55) and R.S. Cooper(10 (probe
(57) -

stationary ionization waves), A.B. Stewart
measurements on moving ionization waves), and Paik, Shapiro & Gilbert
(microwave absorption end density variation in moving ionization waves).
It was found in the latter three experiments that the variastions in Te
were not in phase with the variations in n_; Stewart and Cooper state
explicitly that the shif't in the T  wave, relative to the n, wave,
was towards the anode. Cooper measured a phase shift of about 10/% of a
" wavelength and Paik et. al. found a shift of sbout 15% of a cycles
Pekhrek &.Krejéi(h3f) show theoretically that such a phase shift is

required for the growth (and therefore spontaneous‘occurrence) of

ionigation waveso Paik et. ale also observed that the variations in

light intensity werebin phase with those in Te, and Cooper found the

variations in Te and the electric fiqld to be in phase.
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(13) The mechanism of ionization waves

The predominant view of striations in the theories of the last decade
is that they represent a perturbation»of the local ionization rate, due
to the space charge fields set up by any perturbation of the ion density,
and-thatgtheir propagation is controlled by diffusion processes.

Following on from the theory developed in references (43¢), (43d) and
(43e), Pekarek describes the mechanism of the propagation of ionization
waves by means of the following three equations describing the inter-

dependence of ion density, electric field and electron temperature

pertufbatlons(ss)
| Eo ' Te anl .
S N Tal-al (3
no 1 n, oz

ani W azn. : :

— = 1

3t Da 3 + 2 ) noe‘ (14)

2 . : .
a0 _ o
- = -le (15)

where € ='E - Eo, n. and 6 = Te— Teo are the perturbations in thé electric
field, ion density and electron temperature, nj is the unperturbed ion
density, Da the ambi~polar diffusiqn coefficient, 2 the lionization rate
per electron and Z'e = (az/ae)e=o; a and b are constants which depend
on Teo’ Eo, the electron mean free path aend the mean fraction of energy
lost by an electron per collisiomn. These three equations are combined to
form the integro-differential eguation '
62n o E s o

gzé = D, _g;% + TeZ'ebni B Tez'eb(a *‘ﬁi) j. e?(z-g)nicﬁ) a& (16)

The solution of this equation for different values of the plasma para=

meters is obtained by numerical analysis and reveals the development in

time and space of en initial perturbatlon n,(z,t = O) waich occurs in

8
the immediate vicinity of 2z = O. go 3 (a )(5 ) illustrates the
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FIG 3 Propagation of striation wave packet. .(a) Initial perturbations and
- (b) development of wave packet in time and space. From paper by

L. Pekfrek (refs 5 and 58)
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perturbations p =n -1, €, o and.anp/at which accompany the initial
perturbation. ’

Th¢ propagation mechanism is as follows. The increase in ion
density, n ., is accompanied by an increase in electron density, n_,
where the maximum in n, is slightly less than the maximum in n 2 owing
to the greater moblllty of the electrons; R is a}so displaced towards
the anode, effectively instantansously, because of the electron drift.
The resﬁiting space charge p and space charge field e are shown in
the second and third curves of fig. 3(a). The field & gives rise to
the electron temperature perturbation 6 which is also fapidly displaced
towards the anode by the drift motion and which has the same slgn as €.
This is acconpanied by a decrease in an;/at. which is proportional to
6. The original increase in ion density at z = O has thus led to a
decrease of ion density at a point nearer the anode, and the process is
then repeated in réverse to produce an increase still nearer to the anoder\\;
A very similar diagram and description of the propagation mechanism are '
presented by Kenjo & Hatta(5o) o

The development of successive striations in time and space is shown
in fige j(b)(58 (52 Bach individuel maximum in the ion density (i.e. each
striation) deceys with a time constant depending on the pressure and
other plasma parameters. A%t the same time it is displaced in the '
direction of the cathode because the ionization rate is higher on that
side of the meximum than at the maximum itself (see fige 3(a)). The
initial disturbance thus develops into a wave packet (named a "“wave of
stratification" by Pekarek) which propagates towards the anode; the
centre of the wave packet moves at the group velocity vg. The
1nd1v1dual striations of the packet move backwards towards the position
of the initial disturbance with the phase velocity vp. Pekarek &
K':c'egc:x.(l"3 ) have shown theoretically that for high current discharges,
where lqhization waves may only occur by artificial excitation, the group
and phase velocities are approximately equal and o posite. This has
been confirmed experimentally by Novék & Rizitka In the case of
saneous striastions at lower values of the discharge current, vP

spont
it is not yet known

is usually an order of magnitude less than Vs
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clearly why this happens although Pekirek & KrejEi(h) have shown how the
result [vb] < ]vg] may be obtained theoretically.

As observed in equations (13) to (15), the theory developed by
Pekarek & Krejti and Pekérek is one-dimensional; there are no termsﬁ
containing 98/dr such as might be expected from the presence of a radiél
electric field and density gradient. The theory nevertheless accounts
for the following observed features of moving ionization waves excited in
a stable regime of the positive column:

(1) a single pulse disturbance produces a packet of striations which
travels away from the disturbance towards the anode with velocity

vg; no striations appear on the cathode side of the disturbance;

(ii) the individual striations travel towards the position of the

disturbance with velocity ,vps

(iii) at high discharge currents (above the Pupp limit) vg x = vP and
the observed values of v_ and vbv are within an order of '
magnitude of the calculated values (on assuming reasonable values
for one or two unmeasurable plasma parameters);

(iv) with increasing distance towards the anode, the striation wave-
length and the width of the wave packet increase slowly and the
striation frequency decreases slowlye.

(V) there is an optimum wavelength which the striations assume.

The significance of each of the three terms on the right hend side
of egquation (46) is as follows. The first term describes the damping
of the waves by the ambi-polar diffusion of ions in the z direction.

The shorter the wavelength, the heavier is the damping, and so the
.diffusion sets an approximate lower limit on the wavelength. The third
term is the only one which is oscillatory; +this term contains the
constant a which is the reciprocal of the characteristic distance over
which -the electron temperature perﬁurbation (and therefore an;/at) is
dampea; it sets an upper limit on the striation wavelength. The
second term describes the wave growth which occurs when & has a positive

velue at the maxinmum in n_ (or when the T_ wave is shifted towards the

€
anode, relative to the wave) e



In their theory of ionization waves at high currents (i.e. where

the elsctron Debye length is much shorter than the wavelength),
Pekédrek & Krejéi(ABB) derive -an expression for the ion density

perturbation at (z,1t) from which a dispersion equation is obtained.
This is discussed in section IV (7) where a simplified form of this
equation is shown to be in fairly good agreement with the dispersion
cwrves for the backward waves observed in the present experiments.

87
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CHAPTER IT

APPARATUS

Thg apparatus for these experiments was previously used by Little &
Jones for electro-acoustic wave studies and is described briefly in
references (2)‘and (25). The main elements of the discharge apparatus

are shown in fig. 4 and a block diagram of the apparatus for generating
and detecting the waves is given in fig. 5.

(14) Discharge apparatus -

A discharge of several amperes was obtained most conveniently by the
use of a mercury pool cathode C. The positive column occupied almost the
entire volume of the discharge and constitute& a plasma of about 1011'ions
or electrons per c.c. . The number density of neutral atoms was in the

range 1013~ 1015 cﬁ*j

o The diameter of the main tube was 5 cm;  a
positive column of diameter 3 cm. was obtainable, when required, by the
insertion of a 3 cm. tube inside the meain tube. The length of the
horizontal part of the column was 110 cm, most of which lay inside the
magnetic field coils ¥. The hot spot on the mercury surface was kept
stationary by the nickel cylinder N. 4 nickel umbrella U sh%;é?ed the
The

electrode S was used for starting the discharge; it was qovered with a

discharge from jets of mercury emanating from the cathode spote.

glass sleeve over its lowest three centimetres in order to lengthen the
ighition spark. The discharge was earthed at the anode A which was é,
plane water-cooled copper disc, nickel-plated to minimise the deposition .of
anode'material on the tube wall. The auxiliary electrode D was similarly
plated and could be water-cooled for use as a second ahode; otherwise,
when at floating potential, it helped to prevent the discharge from
© striking onto the nearby baffle valve and vacuum gauges. The discharge
tube was joined to the remainder of the vacuum system by means of
"Viton-A" O-rings which were capable of withstanding temperatures of the
order of 200G, , '
The discharge current was supplied by a 400V, 20A motor-generator set

with a limiting resistor between generator and cathode. No smoothing
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¢ircuit was included because the wave frequencies were all much higher thén
the ripple frequency of the voltage supply.

The pressure in the mercury discharges was measured by two ionization
gauges, situated in large diameter side tubes at either end of the main |
tubes In the other gas discharges the pressure was much higher and c¢ould
be measured only by the Pirani gauge, which was placed at the cathode
end of the discharge.

The mercury vapour pressure in the plasma column was determined mainly
by the temperature of the cooling bath surrounding the mercury pool and by
the pumping speed at either end of the tﬁbe. A steady pressure was
naintained by keeping the bath temperature constant to within Oo1°C; this
was found by Little & Jones to be essential for obtaining reproducible
~ measurements of electro-acoustic waves. The pressure range over which

the mercury discharge could be operated was 0.05 - 5 millitorr.

(15) The non-mercury plasma columns

When a non-mercury plasma column was regquired in the horizontal tube,
the cold-trap above the cathode was filled with ligquid nitrogen, which
effectively prohibited the passage of mercury vapour into the tube. The
latter was then provided with a steady stream of gas and an arc was
established, with the mercury pool still acting as the cathode. This
technique for obtaining continuous high current discherges in gases other
than mercury vapour has been described by Allen & Magistrel;i(59). It
appears from their measurements that the mercury vapour on the anode side
of their trap, which contained dry ice, constituted no more than about
0.01 of the gas number density. It may be shown that this degree of
impurity would aecr?ase the speed of electro-acoustic waves in the gas by
a factor (1 = 0.01)%.

The gases used were neon, argon and hydrogen, in the pressure range
10 - 30 millitorr. 4 needle valve was used 1o control the inflow of
either neon or argon. In the case of hydrogen, the gas was allowed to
leak intd the discharge through the wall of a heated nickel tube; this
provided a finer control of the flow rate and also purified the gas. The
gases were let'in at the cathode end of the discharge tube, so the baffle
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valve at that end was closed and the other one slightly opened ‘ho allow
the flow of a steady stream of gas along the main tube.

The strong disadvantage encountered with this experimental arrangement
was that the discharge tube often cracked or imploded, usually at the
cold-trap where the glass was under sirain from the large temperature
gradients. -~ When the discharge was run in neon or argon, only a few hours
of qperaﬁion were obtained before tube failure occurred. The
circumstances and the probable underlying cause of the cracking are
described in Appendix F. |

(16) Magmetic fields
The steady longitudinal magnetic field was provided by fifteen 8-turn

coils, F, spaced so that the field was uniform to within 1% over most of
the experimental region of the positive column. Two motor-generafor sets
were capable of supplying fields in the ranges O - 60 and 0-600 gauss
respectively.

An alternating magnetic field in the range of a few milligauss to a
few gauss was produced by the exciter coil E. This was used ih the
frequency range 4 - 160 ke/s. ~ The coil consisted of 24 turns in a single
layer of width 2 cme. The most effective generation of waves was obtained
when E was situated in the region of non-uniform field at the end of the
field coils. An explanation of this is given in Appendix G.

(17) Diagnostic apparatus '
Langmuir probes. Most of the measurements on wakes and some

measurements on waves were carried out by means of the cathode—facingA
Langmﬁir probe CP; the plasma parameters were in general obtained with
the radial probe RP. Each of these presented to the plasna a plane
0.25 mm platinum wire tip. The détails of construction of CP are given
in fig. 6. This shows the final design used by Little & Jones to meet
the requirements that the probe should be accurately positioned slong
60 cm of the column and across the column, end that it shoq;d perturb
the plasma as little as possible.

By using ceramic tubes (a4, e and f) and ceramic cement (g), it was

possible to construct a thin, fairly rigid probe, with a total length
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of almost 200 cm. Segment d was made sufficiently long for the
perturbation of the plasma at the probe tip by the stem e to be negligible.
{The problem of plasma perturbation by probes has been studied by
Paulikas & Pyle(6o))
‘ ‘The platinum_wire tip was made flush with the end of the ceramic tube
by cutting it as close to the tube end as possible, with a razor blade,
and then grinding it with a flat piece of fine india stone. By
Lsufficiently gentle grinding it was possible to avoid increasing the area
of the tip appreciably and %o leave an annular gap of about 0.02 mm
between the tip and the ceramic. Such é gap was required to prohibit
sputtering from the tip onto the ceramie, which would have altered the
probe collecting area.

The ceramic tube f passed out of the plasma column through a narrow
slit at the bottom of the anode and fitted tightly into the copper tube
h. Further to the right (in fig. 4 )vthe‘probe passed through a sliding
vacuum seal (Wilson seal). It could be driven axially through the seal
at a speed of 1.3 mm/sec by a synchronous motor (Drayton, Type RQ) and
rotated at LO degrees of arc per minute by a small synchronous motor.

The probe circuit for the wave experiments is shown in flgo 5.
For the detection of plasma density waves the probe was held at a strongly
negative potential (approximately - 50 volts) so that it measured
fluctuations in the ion current.  The purpose of the 1:1 transformer,
contéining an earthed screen between windings, was to eliminate the
fluctuations in plasma potential pickéd up by the probej only the
fluctuations of ion current were transmitted to the phase sensitive
detector.

Photomultiplier. Light from a narrow section of the positive column
was transmitted to the photomultiplier outside the magnetic field, via a
short collimator tube (0.5 mm diemeter) and'a 2-metre perspex rod with a
right angle bend near the collimator; +the rod lay inside an opague tube

and acted as a light guidse. The acceptance angle of the collimator

set a lower limit of about 1 om to the wavelengths observable. = FPhoto-
multiplier and light guide could be driven parallel to the discharge fube
by a synchronous motor identical to that vhich moved the probe CP.



84

The photomultiplier signal passed through an emitter-follower
transistor circuit to an amplifier ‘and then to the Phase sensitive detector.

Phase sensitive detector. A commutator type of phase sensitive

detector( 1) was used to detect the wave signal against the background
nolse in the signal from either the probe or photomult:.pln.er. The
circuit diagram is given in fig. 7.

The essential.mechanism of the circuit is as follows. The signal-
plus=-noise input is amplified by means of the two OC4d tra.nsistors‘.and.
then modulates the current through the transistor T. This current passes
through transistors P and § which, because they operate clése to cut-off,
are alternately switched off by the refere.nce signal for half a period at
a time. The condenser S and its parallel resistance have a long time |
constant (v = 0.002 sec). The current I, through P and Q, which has the
same frequency w as the reference signal, is integrated to give‘ condenser
Sa cha.rge of the order of (m+ai) /0

('x. +a)/w

(wz/2r) 21 ] sin wt 4t = v I cosa
e _

where + & or = + & is the phase difference between the reference
signal and the signal emerging from T. As the latter is proportiomnal to
the amplitude A of the signé.l from the probe or photomultiplier, the
output voltage obtained from S is proportional to A cos Go

The random noise components in the current through P end Q contribute
almost nothing to the voltage across S because (i) the integration over
a period % eliminates the components whose frequency differs from w by
more than =/%, end (ii) the noise components are comprised of wave
trains of duration << % and of random phase, so that even those lying S
in the frequency range ® - n/T to  + %/% are integrated to '
approximateiy Zeroo ) '

It should be noted that as far as the wavelength of a wave in the
plasma column is concerned, the phase sensitive detector makes no
distinction between propagating waves (e.gs sin (wt - kz)) and standing
waves (eego sin wt cos kz). This distinction can only be made by
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looking for a phase shift between the detected and reference signals

on the oscilloscope (if the detecfed signal is observable and is not
masked by a stronger constant-phase signal(zz) which could be conducted
along the column), or by consideration of the experimental conditions and
of the damping shown by the chart recorder traces. The mechanism of

the backward waves allows them to travel only in one direction, and
forward waves towards the cathode are probably eliminated by heavy
damping (section (6)); therefore no stending waves are considered to

occur in the present experiments.
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CHAPTER IITI

EXPERIMENTAL RESULTS

(18) ALl the dispersion curves were obtained with the exciter coil
situated at the cathode end of the magnetic field coils, 26 cm from the
right angle bend of the discharge. The emplitude of the exciter field
was sometimes as large as 3 or L gauss, but more often less than 1 gauss.
For the low frequency backward waves an exciter field of the order of
10.2 gauss was usually sufficient to produce clear waves in the output
signaliof the phase sensitive detector. Two dispersion curves were -
obtained from the mercury column without the steady 1ongitudinai magnetic
field B, but most of the waves were recorded with B = 10, 15 or 20 gauss
(usually 15 gauss)s A few isolated points were obtained at B = O in
~neon and hydrogen.
The dispersion curves were Obtained with the photomultiplier acting
“'as the detector; this integrates the wave siénal'from all parts of the
plasma column lying within the narrow acceptance cone of the collimator.
Almost as good a sensitivity was attainable with the moving cathode-
facing probe as detector. A few wave traces were recorded with the
latter in order to investigate the variation of the forward wave
amplitude and phase with r, the distance from tﬁe axis. |
At all the discharge conditions used in these experiments

(p = 0.3 - 30 millitorr, Ip = 25 - 84y, B = 10220 gauss) waves were
readily observable in the output signal from the phase sensitive ‘
detector. They were also often observable on the double beam
oscilloscope when the signal was obtained from a'portion of the plasma
column close to the exciter, but only in certain cases was the wave

at larger distences from the exciter discernible on the oscilloscope.
- It was then occasionally possible to see a shif't of the detected wave
sighal relative to the exciter signale As mentioned at the end of
. section (417), the phase sensitive detector does not distinguish between
propagating and standing waves but it is considered that none of the -

waves detected in these experiments were standing waves.
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(19)  The two sroups of dispersion curves

The curves of w against k  obteined from the discharges in
four different gases (neon, argon, hydrogen and mercury vapour) fall into
two groups: those having negative slope (backward waves) and those

" . having positive slope (forward waves). A negative slope means that the

phase and group velocities are in opposite directions: the wave energy
is propagated away from the exciter but each individual wave "crest" or
"trough" moves towards the exciter, as described in section (13). A
positive slope implies that both phase and group velocities are in a
direction away from the exciter. The two groups will be referred to as
backward and forward waves respectively. These curves are presented in™~
fig. 8(a) and (b), together with curves obtained by other observers for
backward waves in mercury(zz) and hellum(12), and forward waves in

argon(B) hydrogen(}"'5)(62) and helixm(m); the discharge conditions

' for ea.ch/ curve are listed on the following page. The curves obtained

in the present experiments are later shbwn separately ori a larger scale
and discussed in more detaile We shall here consider simply the
empiricsl dispersion equations which best fit the curves of fig. 8.

Backward waves. The backward waves may be described to a rough

approximation by the empirical relation

wk = constent. (17)

The curves for the backward waves in mercury are fairly accurately
represented by this relation. A marked reduction in wk at the lower
frequencies is observed in the neon and argon curves; the long wave-
length dlspersn.on curve in argon for example fits the equat:.on
w/k = alw + b) - ¢ where a = 205 x 10 - sec, b = 2rn x 10* rad/sec
and ¢ = 146 x '105 em/sec. Some idea of the departure of each
experimental curve from equation (17) is given by the following table
in which X is the factor by which w decreases from top to bottom of the
curve and Y is the corresponding factor by which wk decreases (wk

increases in the case of the mercury column with B = 15 gauss):
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Table I(a) Discharge parameters for backward waves

i)

Te (lpn BZ EZ ID Ne
Symbol Gas | (eV) Torr) (gauss) { (V/em) | (4) | (emw™3) | Diam| Ref
=% Ne | 7.0 26 | 15 0.7 | 6 lo.6x10’t| 5
& Ne | 7.2 18 15 0.7 | 6 1 5
O Ar 30 15 5.5 5 5
: Ar | 304 14 15 0.7 | 5 b 5
o Hg | 2.5 | 2-5 0 | 0.25- [7.5| 5 5
' 0.35
A Hg | 15 2 15 0.25 75 5 2
@® Hg | 2.5 | 0.6 15 0s1 | 745 2 5
Solid curve| Hg | 2.0 2 0 0.1 2.2 | 22
. Pable I(b) Discharge parameters for fbrward waves
T, P B, E, I N,
Symbol Ges | (eV) | (m Torr) |(gauss) | (V/em)| (A) | (cm=3) Diam | Ref
© | wNe |7.0] 26 45 0.7 | 6 |o.extott] 5
X Ne | 7.2 18 15 0.7 6 4 5
Ar | 0.6 40 0 ~0 0.01 | 0.025 ~5 3
v Hg | 5.2 | Ou4 - L5 0.1 9 5| 2
() Hg | 2.2 | Ok - 4] 0.4 9 5 |35
. Hg | 3.5 | Ouk 15 | 0.1 8 2 5 |
@® Hg | 2.5 | 0.6 15 0.1 7.5 2 5
Hg | 4e2 | 0.3 20 0.1 | 8 0.3 3
O) Hg Ol 0 8 5 ,
Solid curve| H, | | 10° 0 0.13 2 |45
© Hy |5+4 | 20 40 2.8 5 |62
) Hy | 5.4 | 20 10 s 5 |62
| )] Hy, |61 | 17 10 1.4 | 2.5 0.5 5
Solid curve| He | 18 10 0 2 0.03 | 3 12
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Table 2,
Curve X Y
Neon 16 3
Argon (long A) 7 1.6
Argon (short ) 3 145
Mercury (B=15) L 1,271
Mercury (B=0) 3 1.2

Forward waves. The forward waves are mainly of the form

wk = a(KTe/mi)% = ac, (18)

where O.4 < a < 1.4, except at the lower frequencies where some of the
curves approach a cut-off in frequency or wave number.

In the high freﬂenbx region, the curves for the non~mercury columns
ere all described.by equation (18), but in the 5 cm diameter mercury
~column at 0.k m;liitorr the curves are represented by w = 0.6 ¢ k + 2cs/R

et B=0 andw = 0.5 ¢k + 1.5 ¢/R at B = 15 gauss. These are of the
same form as the high frequency portion of the (0,1) mode described by
L.C. Woods (see section (8)): w = 0.72 ok + 2.2 cs/R. '
In the low frequency region, the curves for the O.4 millitorr, 5 cm

mercury column approach a cut-off frequency of about 1.5 x 'IC)'5 rad/ séc,
and the curve obtained from the hydrogen ¢olumn approaches a cut-off wave
numbei' of about 0.5 cm-1o Both of.these cut~off values were obtained by
Little & Jones.(25 ) (62)., The cut-off wave number is simply the wave

number of stationary striations in the hydrogen column when no excitation

is applied. The remaining curves conform to equation (18).

(20) Waves in mercury vapour
The. dispersion curves for waves in mercury vapour were obtained

under the eight different sets of experimental conditions listed in the
following teble (with I, = 8a):
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Table 3, Symbol p millitorr B gauss Diam. cm
-} Ouly 15 5
© Ooly 0 5
® 0.6 - 1 15, 22 5
O 0.3 15, 20 3
O 0.9 15 3
'} 2-5 0 5
A 2 15 5
== ' 15 5

We shall consider the features of the waves corresponding to each set
of conditions.

Curves © and @ o These curves are drawn on a larger scale in
‘fige 9 together with eight points which appear scattered at random at
low_ exciter signal frequencies. The true frequencies of these eight
points are assumed to be higher harmonics of the exciter frequency (the
order of the harmonic is marked alongside each point), in which case the
elght points should all be shifted upwards onto the experimental curve
marked @ . Such harmonics are generated at the larger values of the
exciter signal and are sometimes observable on the oscilloscope. ’

Two theoretical curves representing L.C. Woods' (0,) mode at two
different electron temperatures are also shown in fig. 9. These are
in agreement with the experimental curves in two main respects: they
approach & cut-off frequency as the wave number becomes smell and they
lie well below the w = kcs line at the higher frequencies.

The damping of the waves marked @® and @ is represented in
fig. 10 in which the imaginary pert k. of the wave muber is plotted
against the frequency. 1In the case of the waves obtained at B = 15 gauss -

-
(marked @ ) there is a rise in k. from 0.03 to 0.08 em ' as the
' 5

frequency increases from 1.5 x 105 to 2.7 x 107 rad/sec. Over the same
frequency range (at p = O.4 millitorr, B = 45 gauss, I, =9 d=5 cm)-
Little & Jones 25) observed kI to rise from 0,04 to 0,20 cm-1. At



©® B=15 gauss, O B = 0. Numbered points represent higher harmonics,
plotted at exciter frequency. ——~-(0,1) mode from theory of L.C.Woods.
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slightly higher frequencies there is a sharp decrease in k_[ to about
0,02 cm - where particularly long wave trains of high signal-to-noise
ratioc are obtained; thereafter the damping again increases with we.
Similar behaviour in k,_[ was observed at w > 3 x 105 rad/sec under the

- zero-field condition (waves marked O). The values of Lc_[ at the lower
frequegcies are not included because of the poor quality of the wave
trains in this region; at the lowest freguencies, however, k. at B = 0
was roughly double the values obtained at B = 15 gauss. The error bars
in the values of kI represent the extremes in the estimated average value
of kI from the wave traces, taken over the main region where the wave
amplitude changes; +the first few wavelengths from the exciter positien,
where k. is often negative (representing wave growth), or zero, are
ignored. _

Examples of .the wave traces obtained under the conditions @ and O
‘are given in figse. 11(a) and (b) and fig. 12. '
| Curves . At slightly higher pressures, 0.6 - 1 millitorr,
both backward and f‘orward. waves were obtained. The backward wave traces
were of poor qualn.ty end so the value of kI for these waves (of the
order of 0.03 cn ) was difficult to estimate. These waves were
observable only at frequencies < 0.5.x 107 rad/sec, down to 0.25 x 107
rad/seq which is the lower freguency limit of the phase sensitive
detector. They are represented in fig. 8(a) and again in fig. 16.

The h;i.gher frequency waves in the same pressure region were forward
waves, some of which are represented in fig. 8(b). A more detailed
graph, fige 13, contains three groups of points marked @ i a low
frequency group lying on a line at a slope of 0¢5 cgi & higher freqiency
group at a slope of 0.75 C.» and another higher frequency group lying on
the theoretical (0,1) mode curve for T, L 2.5 eV. It was noted that the
two lowest points of the second group (A' and B') were produced by a
fairly large exciter signal; at smaller exciter signsls the waves at
these two frequencmes are represented by the two uppermost points (A

and B) of the third groupe
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Curves & ana O . Fig. (13) also contains experimental points
obtained from a 3 cm. mercury column with B = 15 and 20 gauss. Ain
unsuccessful attempt was made to detect waves with B = O.

| The main series of points marked lie at a slope of 0.5 cs
(where T_ = k.2 eV), Examples of the corresponding wave traces

" are presented in fig. 1k and the damping is plotted in fig. 15. The
fourth trace in figo 14 (w = 104 x 10° rad/sec) shows demping over the
first ha.lf followed by growth over most of the second half; therefore
both a positive and a negative value of lc_[ are given in figf 15 at
this frequency. Growth was predominant at lower frequencies, and
damp:mg at higher frequencies. v

The low frequency wave traces in fig; 14 exhibit an unusual feature,
viz. the fairly sudden cessation of the waves at a distance of about

+-50 cm from the exciter coil. There was no obvious change in the

positive column at this point. 7
" The waves represented by O were of small amplitude. The electron

temperature was not measured in this case but we shall assume that it is
equal to the value measured in the 5 om column at 0.6 millitorr, i.e.
| 205 eV. Two of them lie on the theoretiocal (0,1) curve for T, = ke2 ev,
and the four low frequency points lie along a slope of 0.8 o (where
T, = 205 V)o

Curves O , A and —=. At the higher mercury vapour pressures,

2«5 millitorr, only backward waves were observéd; the dispersion curves
are shown in fig. 16. These were all very heavily damped, as illustrated
in the wave traces of fige 17. Those observed at zero nagnetic field
(markeda ¢ ) had KA 2 203 end kp ~ 0o on™!, whilst those obtained

in the presence of the magnetic field (marked A and &= ) had ko

t frequencies (~ 1 x.10° rad/sec) the



-A FIG 14 Vave traces from mercury discharge at 0.38, 0.50, 0.63, 1.38 and

1.69x10° rad/sec. p = 0.3 mtorr; B = 15, 20 gauss; d=3 cm.
.- Forward waves. ' R
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wavelength was longer than the region of the column under observation
and only one half-wavelength could be measured.

Increase of wavelength of backward waves with distance. A feature

of many of the backward waves, especially those in which the daxﬁping is
not very heavy (e.g. in argon), is the increase of the wavelength A with
increasing distance z from the exciter. This is demonstrated clearly -
in the top trace of fige 17 in vwhich the successive half~wavelengths are

8, 12 and 15 cm. In such cases, the wave number plotted on the
dispersion diagrams is caicula.ted from the average of the half-wavelengths,
omitting the first half-wavelength. '

(21) Waves in neon

The dispersion curves for waves in a 5 cm neon column were obtained

under the four sets of experimental conditions given in the following table:

Table 4. Symbol p millitorr B gauss ID A
S 26 15 6
Q 18 15 6
(o} 13 ' 9 8
® 26 ‘ 0 6

Both forward and backward waves were observed under each of these
sets of conditions. At w >1.5 .'K’IO5 rad/sec the two types .of wave were
observed concurrently (see fig. 18(a) and (b)). '

The backward waves are widely scattered in the region 1 x 105 ‘o
2 x 105 rad/sec; the series of points marked © and @ voth form a
bulge a.wa.j from the dashed curve at such frequencies. It is noted that

" the phase and group velocities of the backward waves in this frequency
range are of the order of Cgr anﬁ. so the scatter may represent some
interaction between backward and forward waves. _

At the point marked P on both figs 18(a) and (b), the wave trace is
irregular: +the successive spacings of the forward wave pea.ks are -10.1,
1245, 19.0, 19,6 and 13.4 cm. and the wavelength of the concurrent back~
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ward wave is 20 cm. The irregularity of the wave patterh is a
consequence of the superposition of backward and forward waves of
comparable waveléngth.

The experimental points in fige 18(b) are somewhat scattered in the
region of w = 3 x '105 rad/sec but otherwise lie close to the straight
line w/k = 0.6 cs‘. ' _

The damping of the backward and forward waves for the first set of -
discharge conditions (marked © ) is represented in fig. 19(a) and (b).
The value of kI}{ is fairly constant for the backward waves. The forward
waves in the range 3 x ‘lO5 - 3.6 x 105 cm/sec are damped over the first
half of each wave trace and then grow over a distance of two or three .
wavelengths; both positive a‘.nd negative values are assigned to k.[ in
this range. At higher frequencies there is damping over the entire wave
trace, with k_[ decreasing slightly as w rises, as in the theoretical
curves in fig. 1(b) at a » 0.5.

Wave traces obtained at five different frequencies are shown in
figo 20. It is noticesble in the traces 8t @ = 3 x 10°, 303 x 10°
and 3.6 x 105 rad/sec that the wavelength and damping of the short
waveléngth forward waves vary with distance z along the column. The
wavelength, amplitude and the median l:.ne (iee. the profile of the
backward wave) obtained from these three traces are plotted in figo 21.
The wavielength and amplitude variations are, on the whole, out of phase
with one another; there is also a slight correlation between the
amplitude variations and the backward wave profilese.

(22) Waves in ergon
The waves observed in argon, in the pressure range 10 - 30 millitorr,

were 21l backward weves. They were observed mainly upder 4’che first
set of ;condi’cions listed below, and three experimental points were

obtained under each of the secqnd and third conditions:
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4

Table 5. Symbol p millitorr B gauss ID A
185} 1 15 5
d 30 ' 15 5.5
X 10 15 5.5

As shown in fig. 22(a), the experimental points form two distinct
dispersion curves. Under the first set of conditions, waves were not
cbservable at w > 2 x-105 rad/sec. Between 1.9 x 10° and 1e1 x 10°
ra@/sec, each wave trace was made up of two distinct wave combonents
with a wavelength ratio of 3 to 1. This effect is illustrated in the
two lowest wave traces in figt?23 where the long wave-length component.
is represented by the dotted line. The long A component shows
. continuous damping along the column, whereas the short N component grows
over thé range 20 - 40 cm from the éxciter and remains fairly constant
in amplitude at greater distances. It appears from this behaviour that
there is a transfer of energy from the long wavelength to the short
wavelength mode. The occurrence of more than one backward wave mode
‘has been observed in argon at much higher pressures (~ 12 torr) by
Donzhue & Dleke(6). A

The values of k. are plotted in fige 22(b)s  Where the damping of
either mode in the reglon near the exciter (z < sbout 30 cm) is different
from that in the region further away (z >about 30 cm), two values of kI
ere shown for that mode. The long wavelength mode shows a tendency
towards greater demping at higher freguencies, especzally in the region
near the exciter.

As mentioned earlier in this section, the waves in argon
consistently grow in wavelength as z increases.

(23) Waves in hydrogen
A dispersion curve of positive slope, shéwn in fig. 24, was

obtained for waves in the freguency range 0 ~ 1.1 x 10° rai/sec at one
set of di scharge conditions (p = 17 millitorr, B = 10 gauss, ID = 2:54);

the experimental points are marked @D. Waves were also observed at
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three widely scattered frequencies during a brief seafch for waves at
zero megnetic field (at p = 13 millitorr, Iy = 34); +these points.are
marked X o All the points are in good agreement with those obtained
by Little & Jones(éz), as shown in fige. 8(b). The curve drawn through
the points @ meets the k-axis at k = 0.54 cn~! which is the wave
number of the stationary striations visible in the column.

Examples of the irregular wave traces obtained for the hydrogen
column are given in fig. 25, in descending order of exciter frequency.
The apparently irregular variation of the amplitude with distance can
be explained by assuming the waves to be super imposed on a wave pattern
such as that represented by the dashed line in each trace. If the
wave number of each of these dashed curves is plotted ageinst the
corresponding exciter frequency, the éﬁrve of negative slope in fig. 24
is obtained.

The dashed curves have been drawn in such a manner that (1) their
wavelength remains constant, (ii) their amplitude decreases fairly
uniformly with z, end (iii) the amplitude of the recorded waves
(measured to the dashed curve) changes fairly smoothly with z. Under
these constraints there is little latitude in the positions at which the
maxima and minimae of the dashed cur#es nay be drawn.

Despite the irregularity of the wave traces, it appears that the
damping of both the recorded waves and. the dashed curves increases with
frequencys 7

Two features of‘the férward wave dispersion curve dre noted.
Firstly, the curve approaches the straight line w/k = 0.85 x 106 en/sec
(see fig. 8(b)). In this case the value of c_ depends not only on T,
but also on the relative abundance of H® and H2+ ions. With an elecfron
temperature of 6.1 eV, c_ lies between 1«75 % 106-and 205 x 106 cn/ seco
This mesns that the velocity of the high frequency waves (0 > 108 rad/sec) i
lies between 0.35 csand 0.5 C e ‘

The second feature is the absence of any disturbance in the region

of the ion cyclotron frequency (mci = 0.5 x 105 -1x 105 rad/sec).
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Radial variation of amplitude and phase of forward waves in
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rad/sec =4, 5); o w=0.63 x10° rad/sec., Dashed curves taken

' 'from the 'bheory of L C.Woods (ref. 18) where o= wR/c .



126

This is to be expected from the fact that any interaction between an ion
cyclotron wave and the forward wave would be largely destroyed by
~ ilon~neutral collisi . .
collisions (vln >> wci)

(24) Radial variation of amplitude end phase of forward waves.

Good quality wave traces were obtained with the cathode~facing
probe when it was biassed to draw several microamperes of ion current
from the plasma; Waves traces were oObtained at several radial distances
from the axis in both mercury and hydrogen discharges. Measurements
were made at three different frequencies and the results are
plotted in figo 26 (2),(b),(c) and (d). The dashed curves in (a) and
(¢) represent thé (0,1) mode taken from L.C. Woods' theory.

There are obvious differences between the waves in mercury and those
in hydrogen. The former reach their largest amplitude ﬁear the wall
where there is a'phasé lead of 120° on the perturbation at the axis.

The latter have their largest emplitude rear the axis where there is é
phase lead of roughly 400 on the perturbation at the wall.

Woods' theory shows that the radial profile of {he amplitude of the
(0,1) mode varies with freguency. Only the profile for w = 2 x ez
rad/sec is drawn in fig. 26(&). At frequencies up £o 4 x 105 rad/sec
the theoretical (0,1) mode hes an amplitude minimum at r ~ R, whereas

the experimental curve shows two minima, a2t r = O and r = 0.85R.

In fige 26(c) there is agreement at 1.9 x 107 rad/sec between the
theoretical and observed values of the phase change between wall and
axise At 2.4 x 107 rad/sec two different sets of results were
obtained with different exciter currents and the agreement in both
ceses is not as good as at the lower frgquenqy.

The radial profile of the density perturbation ny in hydrogen

obtained at w = 0.65 x 105 rad/sec, is approximately the same as that

of the steady state ion (or electron) density ne Inboth the n,
and n, profiles, the value at the wall is about 0.1 of the value at the

-

axise : \ﬁ



127

CHAPTER IV
DISCUSSION

Two types of dispersioﬁ curve have been described which represent
forward and backward waves respectively. Both types consist of variations
of the plasma density, end the mechanisms by which such variations may be
produced are described below.

(25) Excitation of the waves

The question of wave modes was considered in Chapter I in the case
of electro—acoustib waves. It is possible that more thaa one radial or
azimuthal mode may occur in the case of ionization waves, but no investi-
gation of this problem has been carried out (either here or, it seenms,
elsewhere). |

It is obvious that the waves produced by means of an azimuthally
symmetric exciter coil, such as that used in the present experiments,
occur in the m = O azimuthal mode. This is supported by the approximate »
symmetry of the curves in fig. 26. Which radial mode, or mixture of radial {
modes, is observed depends on the excitation mechanism and on the relative
danping of the modes. It is probable that any modes of high order that
‘may be generated by the exciter coil, are damﬁed‘out within a short

(25)

distance of the exciter A recent attempt has been made by Crawford
and Ruhler & to excite electro-acoustic waves in an m = 1 mode. Using:
two exciter coils, one on either side of the tube, they found the excitation?
in this mode to be wvery weak: thé m = 1 waves were observed only in the-
region near the exciter, and further away the waves corresponded to the
m = O mode.

Excitation mechanismse We shall consider briefly three possible ways

in which the density waves are generated by the alternating magnetic field
of the exciter coil. These are discussed in more detail in Appendix G. i
(1) Squeezing of the plésma by the field. This is the mechanism suggested
in an early paper by P.F. Little(Z) and by Crawford and Self(zz), but it is ?
inapplicable both in their experiments and in the present experiments where1

the plasma resistivity is high. The lines of magnetic field diffuse
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through the column in a time ~1O-6 sec, which is much less than the wave
period. (2) Mod?la§ion of the ion loss rate. This is described by
25 '

Little and Jones wno show that the perturbation of the ion density

is proportional to B (1 + 2B1/B ), where B1 and B are the a.c. and deco
magnetic field components in the z dlrectlon. (3) Productlon of a...ternat:mb
drift motion of the ions and electrons together by the crossed electric

end magnetic fields. The drift velocity has (a) a radial component 5

(E X BZ/BZ) and (b) a longitudinal component (~ x Br/B )}, where “e is: the
a.c, electric field, and Br and Bz ere the radlal and longitudinal component;
of the total magnetic field Bo at the exciter.

The combined effect of mechanisms (2) and (3)(a) mey be compared
experimentally with that of (3)(b) by measuring the wave amplitude when
the exciter is situated well inside the d.c. field coils (position A)
where B = O, and when it is placed just outside the coils (position B).
Little change would be expected in the effect of (2) and (3)(a) in moving
the exciter from position A to position B, but mechanism (3)(b) would be
ineffective at A. It is found in a 94, O.4 millitorr mercury discharge
with Bz = 45 gauss that the amplitude increases by almost an order of
magnitude when the exciter is moved from 4 to B (see diagram &n p. 174).°
As the dispersion curves were cbtained with the exciter coil situated at
the end of the d.c. field coils where B is appreciable, the waves in this
discharge must have been generated malnly by the B k X Br/B drift.

Both E6 and, B are zero at r = O and increase wlth r, whilst the
plasma density decreases with r to a low value at the edge of the column.
The eorresponding density perturbation must therefore inoresse from zere
at r = O and possibly pass through a meximum as r increasess The perturba-’
tion of the ion loss rate is also zero et r = O where the radial electric
field is zero. This perturbation is proportional to the
longitudinagl a.ce. mag{letic field §1 and is thergfore 90° out of phase with
the Eé X Br/Bg drifte. It thus appears that the waves generated by the
exciter coil may occur only in those modes in which the amplitude is zero
at the axise The perturbation would, however, diffuse to the axis, therehyi'

allowing the possibiliéy that the principal radial mode be excitede
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FORWARD WAVES
(26)  Waves in the (0,1) mode. Tt was noted earlier that the dispersion

curves for a 5 cm diameter mercury discharge at O.4 millitorr (marked ©
and @) approach a cut-off on the w-a,xis. These are compared in flg. 9
with the curves representing the (0,1) mode in L.C. Wood's theory 8),
there is only qualitative agreement here beiween experiment end theory.
The main discrepancy occurs at the higher frequencies where the exXperi-
mentel phase velocities are 20.to 30% less than the theoretical values.
Woods, Little and Jones(éh) have recently reported a similar discrepancy.
However, since these authors find that the qualitative agreement extends

not only to the shepe of the dispersion curve but glso to the radial -
variation of emplitude and phase at different frequen01es, there is llttle
doubt that these waves propagate in the (0,1) mode.

The frequency dependence of the damping of these waves is not readily
explicable. L.C. Woods has given a semi-quantitative account of the effect R
of the electron drift on the damping coefficient (see section (9)). The .
electron drift is considered to be responsible for the fact that the
observed values of,kI are less than the calculated values by an order of
magnitude. As shown in section 5(9), Woods obtains an expression for a
criticel fregquency sbove which the waves should grow: this has the value
70 k¢/s in the O.4 millitorr mercury discharge. In contrast, ky is found
experimentally to approach zero at sbout 55 k¢/s and to rise to larger
positive values at higher fregquencies.

(27) The dispersion curves “/k = a c,+ Most of the points plotted
in fig. 13, from meroury disoharges, and these in fig., 18(b), from neon
discharges, lie along straignt lines of the form w/k = ac e The dispersion
curve for hydrogen in fig. 8(b) approaches this form at the higher frequen-

cies. Values of the parameter z obtained from the dispersion curves are
listed in the final column of thne table on page 131. These lie in

the range 0.5 to 0.8. The value 0.5 in the case of hydrogen is obtained
on the assumption that the ions are all diatomic (H;)e
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If it is considered that these curves represent the principal or
(0,0) mode of propagation, some explanation is required for the fact that
- & is appreciably less than unity. This parameter would be affected by
each of the following factors: (a) the longitudinal drift velocities
of ions and electrons, (b) errors in the measurement of T o? (¢) the
presence of diatomic ions (or, in the case of the hydrogen dlscharge, the
presence of monatomic ions).

(&) The effect of the drifts on the phase velocity is described
by equation (8) (section (6)):

2
m v

[ e de -

w/k =¢ 2m. ¢ di]
i s

s

This equation epplies to an unbounded plasma. in which coilisions are
neglected and in which the wave vector is parallel to the electron
arift (or entiparallel to the ion drift). Tsble 6 shows values of
Acs/c calculated from this equation, using the drift velocities included - i
in the table. The quantity (Vdi)c is the axial ion drift velocity
obtained from experimental data applicable to a collision-dominated
positive column. At the much lower pressures encountered in the mercury
columns a more appropriate value of this drift mey be calculated from the
expression %(eEz/hi)(R/bs) where (R/cs) represents approximately the |
mean lif'e time of an ion before it reaches the tube wall. The value of
Ac_/c_ is comparatively small in the mercury and neon columns, but in the
case of the hydrogen célumn it is almost sufficient to account for the
- value of a.

(b) The measurements of Ty are considered to have errors of less
than 20%. In the case of the neon column the temperature measurements
were made with a cathode~facing probe, whilst those in the other' columns

‘were made with a radial probe. The cathode-facing probe produces an
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o - - - {v - - ‘ : : | Ac _
Dispersion | Cq (vdi)c EEzR/zmic.s vde : )‘en 7‘:i.n —-55 Jk;
curve em/sec cn/sec cm/sec cn/ sec cm cm s s
He @ | 1.3x10° | 45 x 10%#| 0.5 x10% | 2x10"-4al 12 al 13 w
He (@ |11 x10° 4 45 x 10 %] 0.6 x 10" | 2x 107 A
Hg @ |11x10° | 3x10* % 0.6x10* | 2x 107 A 0.1 | 0.5,0.75
Hg . Ty x ‘105 5x 101" ¥ O.4 x 101* 2x 107 a 0.05 | 0.5
e O |1 x10°%] 3.5 x1d % 2x 10 A 0.8
Y O 6 x 10° 8x 10t % 7.5x10% [2x10" % 3 4| 0.54] 0.15 | 0.6
Hy, @ | 18x 10 65 x 10* %] s55x10% | 2x10" A} 1.54] 14l o045 | 0.5
Notes ‘
' + Te assumed equal to the value for the (ID curve in fig. 8(b) (see Table 1)
¥ T, essumed equal to the value for the @ curves. ‘
¥ A. von Engel 65) PP L(l, My, 119, 121, 124,
A Allen and Megistrelli 66).
A S.C. Brown .
+ Little and Jones(zs).

LEL
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exaggerated value of Te because of the electron drift velocity; the
error calculated from the theory of Allen & Magistrelli(%) is about
10%. If the total error in I for the mercury and neon discharges
were +20%, we should still be left with appreciéble discrepancies
between the values of a and (1 - Acs/cs) (see Table 6).

(c) The presence of diatomic ions in the neon ‘and mercury
discharges would help to account for these discrepénciesfurther.
Such ions do occur in neon(68> but their relative concentration in
the present discharges is not knowne It may be noted that in the
case of electro-acoustic waves in an r.f. discharge in nitrogen,
GeMe Sessler(69) f_ouhd that an increase in n, from 003 x 109 to
1.0 x ‘109 cm-j was accompanied by a decrease of nearly 25% in the
phase velocity. - He explains that t'his is due to an increase in the
density of N; ions relative to the densities of N* and 'N; ionse.

It is perhaps significant in this context that the values of “/k in
other experiments on electro-acoustic waves in mercury or inert gas
discharges, are mainly less than the theoretical values. Such a discre-
pancy is found in the measurements of Alexeff & Jones(js) on "negative
,‘s"br:i_afbions" (apparently electro-acoustic waves) in the inert gases; in
one of the electro-acoustic modes observed by Crewford & Kuhler(éa) in a
0.4 millitorr mercury discharge (Branch IIT, fig. 9(b)), and in the (0,1)
mode observed by Woods, Little & Jones in a similar discharge. Crawford
& Kuhler's Branch I, which has the form of Woods' (0,1) cuwve, is an
exception: the observed phase velocities are slightly higher than those
of the theoretical (0,1) curve. In the case of electro-acoustic waves
in an r.f. discharge, G.M. Sessler(3 ga) has found good agreement
between experimental and theoretical phase velocities.

It may be noted that the two values of a correspondlng to the
points marked @ are approximately in the ratio v2 : 1. It is therefore
possible that these values are associated with Hg and ng ions

respect:.vely.
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~ | 18
(28) Mode of the waves corre3ponding to w/k = ac e As shown by L.C Woodé )
and Bertotti, Cavaliere & G-:Lupponl\"w the pr:x.n01pa1 mode of electro-

acoustic waves in a bounded plasma is given almost exactly by the
relation w/k = c, and the higher modes follow less simple dispersion
relations. The principal mode is that in which m = O (i.e. no azimuthal
variation) and in which both the ratio of the ion density perturbation
to the steady state ion density and the phase of the wave are independent
of radial position. Although the low values of a have not been accounted
for cornp-letely, it seems probable that the waves represented by w/k =
-correspond to the principal mode.

The waves corresponding to the points marked (obtained from the
3 cm mercury discharge) show growth at low frequencies and damping at
higher frequencies. This behaviour is roughly similar to that of
L.C. Woods' (0,0) mode! ! 8) in which there is a change from low values
of k’I at low frequencies to a larger constant value of kI atw > c JR. ‘
The reverse behaviour occurs in the (0,1) mode: kl decreases as w
increases (see fig. 2(b)).
(29) Comments by Bertotti et, al. _concerning the effect of the electron
drift velocity on the princ:i:oa.l mode. It should be noted that Bertotfti
et. al.(19a) prédict that any wave mode described by a dispersion

"relation of the form

= ak + a2k2 + aBlC3 + eesse (19)
(the a's being complex constants), is eliminated by the longitudinal
electron drift velocity. As this point has been quoted elsewhere(7o)
and is in contradiction to some of the results of the present experiments,
it is necessary that we should examiné the mathematical argument behind
it f

Bertotti et. al. obtain the relation
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d2*51 de, 2y, 2 .2
2-(%n+ﬁ%%ag+ﬁw9® -gfdwk1=o(m)

Q

where g 1 is the energy perturbation in the wave, u, is the unperturbed
average radial ion velocity in units of Cg and is a function of r,

B = Voz az/avz and Voz is the unperturbed longitudinal electron drift
velocity. The energy perturbation may be expressed as an expansion in
terms of k:

g4 = bo(.uo) + b, (uo)k + bé(uc')k2 + ennes (21)

If the dispersion curve assumes the form w=a1k + a2k2 + a.zk3 + eoee,

as does the principal mode dispersion curve, it may readily be shown that
at the lowest order in k equation (20) reduces to dbo/duo = C exp(38 ucz)).
Now at small values of k we may write ds1/du0 = dbo/duo =C ex_p(-’éﬁus),
and, because of the boundary conditions (de,/du = O atu = 0andu = 1),
the constant G must be zeros This means that b_(u ) is a constant with
respect to L i.g. it is a constant over a cross-section of the columne.
The authors do not appear to have shown that the assumption of equation
(19) is tantamount to eliminating g4t ‘the principal mode still exists.

(30) Absence of forward waves in the argon discharge. It is noted that

no forward waves are observed in argén at the three pressures used here:

10, 14 and 30 millitorr. .Alexef‘.f &J Opes(15) report a transition in
argon from baciward to forward waves at about 10 millitorr, and
Vasil'teva et. al.(12)

It is likely that forward waves would have been observed in the present

find the same transition at about 4 millitorr.

experiments if lower pressures had been used.
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BACKWARD WAVES _ | | o |
The dispersion curves for the backward waves were shown in fig. 8(a).

These are described approximately by the empiricel relation
wk = constant | - (17)

" The curves obtained from the three different gases Hg, A and Ne, lie
at distinctly different values of the product wk and we shall compare
these with the values obtained from the dispersion equation of Pekarek
& Krejéi('z*‘je).

(31) Dispersion equation according to Pekérek & Krejdi.

These authors have produced a. one-dimensional theory for the
propagation of lonization waves in a high current discha:t:-ge(43 e) R
i.es a discharge in which the Debye length is much smaller than the
wavelengthe They ‘start with the following four equations: the continuity
equations for ions and electrons, the Poisson equation and a heat flow
equation (described in the appendix of ref. (43f)). They derive the
following expression for the ion density perturbation at (z,t) following
a perturbation in the form of a Dirac delta function at (z=0, t =0)s

n [ | . -
, 'n+(z,t) =5 [“ exp [i(kz - kzikaf t) + ¢ (k)t] a (22)

where

n=n+(z’t=o)

16 Teo De ‘
- (% + 3," -—-—one K)(Eo + 'a1 ;-;') VAl

b
1
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16 T
='§ El (2IC+T aTe)

Te -7 eo = electron temperature perturbation
Eeo = unperturbed longitudinal electric field
A, = electron mean free path
De = electron diffusion coefficient
He = electron» mobility
z' = (33/oT,) at T, = Teo
Z = jonigation rate per electron

¥k = average fraction of energy lost by an electron on colliding
with a neutral atom

& = axial distance in the laboratory frame of reference, measured
' in the direction from anode to cathode. ‘
- Any component of the disturbance which has a wavelength k is of the form

of the exponential term in equation (22). ‘This term represenﬁs a
propagating wave of frequency

= (23)

k + a,

This is the dispersion relation in the laboratory frame of reference.
It may be written as

T
wk = L (3 16 __eo x)(E + 8

b, .
14(a,/k)% 2 7 Ehe ! Ee- )2 (2)

. 2 '
In the present experiments, Te o/E o}"e and Te 0/on o 8T < 1, and «

é
and T ax/aTe are < 10 -2 (€5 ,) and so the terms in equation (24) containing

k or T_ k[T  mey be ogitted.
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The equation then reduces to

wk = %Eo z ' (25)
which is of the form of equation (17).

If we consider the extreme case where k becomes << a,, we find
from equation (24) that the waves become forward waves with a phase
velocity w/k = (g- E Z'/e2).

(32) Dispersion e quation in the ion drift frame of reference.

If we replace z by x +)vdit)in equation (22), n is transformed
into the frame of reference moving with the ion drift velocity. The

dispersion relation then becomes

Ak | .
0= g kv, | (26)
k % a
1
which reduces to
@+ v, )K* =25 2 (27)

By linearising Pekarek & Krejéi's four basic equations, Righetti,

(70)

Magistrelli, Enriques & Boschi produce essentially the same dispersion

equation in the ion drift frame of reference. Theirs may be written as

T,
wk = (3 %ﬁé E)‘ «)E 2z (1 +H/k)-Hw/k 6(x? + H) (28)
where
=L De 0\~
H= -
2 &y (vde * 4men ) e - 84 Ve/ D

and G = Vag * EOZ/hatene R Vai °

If T k/EM, << 1, equation (28) becomes
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[ +en® - -Z—_EOZ'] a®+E) =0 - (29)

This equation contains the dispersion relation mentioned above (equation
(27)) and the independent relation

2 _
k" = Hwa, v, /2D (30)

Righetti et. el obtained dispersion curves for backward waves in
a nitrogen discharge at 21, 27 and 31 millitorr. They evaluated %he
quantities H, G, HG - b, B 2' and Hb, B 2' (where b, = 2 ;ﬁ 5 i° )
by fitting equation (28) to each experimental curve. They
found the values of G to be in reasonable agreement‘w1th the ion drift
~velocities corresponding to E/p. It is not clear why there should be
such agreement since equation (28) is applicable in the ion drift frame
of reference, wﬁere as the experimental curves are obviously obtained in
the laboratory frame.
(33) Determlnatlon of 2!

We shall compare the experimental curves with equation (25) which

contains the measured parameter Eo and the quantity Z's« The latter may
be expressed as '

—ﬁ—-(ZZ)atT:T | (1)

8 e co

where Z Z is the total ionization rate, per electron? from the ground
and m@%agtabl@ states of the atomss If the cleotren ensrgy éistributien
is essumed to be Maxwellian, and the ionizetion cross-section of an atom

in the state s is assumed to be A (e - Vs), then

2ye [ ny 8y @) vt e em g )

| v v . .
= 6.7 % 107 n_ A Tz/z ('T'E + 2) exp (’--T-?-) _ (32)
_ e e



19

V3 is the energy ih electron-volts required to ionize an atom in the
state s, A the initial slope of the curve of cross-section versus
electron energy €, and v, (e) the random electron velocity. Essentially
the same equation is glven in Appendix 3 of the book by A. von r.ngel( 5 )
On d:.fferentlatlng equation (32) with respect to T we obtain

v v

67x107n A '1‘2 [ +255 +3] exp(~V /T ) - (3‘3)‘

T
€

Curves of excitation or ionization cross-sections a(e) generally
rise fairly steeply to a meximum velue and then decrease more slowly as
€ increases. Where o(e) falls much below the value A (e—VS) or reaches
its meximum within a few electron-volts of VS, Zs and Z; are appreciably
less than the values calculated from equations (32) and (33). The o(e)
curve may usually be expressed reasonably well by two straight lines on
the o(e)-e plene, and the integration to obtain Z, or Z! is then easily’

. carried out. This has been done where necessary in calculatlng the
values of Zs and Z; presented below.

We shall use the suffixes g and * to denote the ground and metastable
states respectively. The density of metastable atoms n, may be estimated
'roughly from the continuity equation, ‘

0 | .
nZ. =D, V 1, +n Z, (34)

where Z 15 the ra.te of excitation per electron from the ground to
metastable states, V is the operator 15-; (r 2 ) and D, = v Kg/} is
the diffusion coefflclent (v and 'Lg are respectlvely the mean random
velocity and mean free path of the atoms). The radial variation of n,
is here assumed to be of the form cos(xr/2R). It is also assumed that
no metastable atoms are reflected back into the discharge by the tube
wall. 'Such an atom is subjected to many collisions on reaching the
layer c;f gas atoms at the wall and is likely to be transferred into a
different excited state; it would then decay to the groun(i states In

 the case of the mercury discharge, where the mean free path of the atoms
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(refe (65) pe 31) is of the same order of magnitude as the tube radius,
D*Vin* is spproximately equal to ngv,/R where v, is the mean random
velocity of the metastable (or ground state) atoms.

Data on the cross-sections o(e) has been obtained from several
sources. M.A, Cayless(71 has presented curves for both o(e) and the
excitation and ionization rates in mercury discharges. Little information
about c(e) for the transitions from ground to metastable states. in neon
and argon is available: a smell diagram is given by Massey & Burhop(72)
in the case of neon, and we shall assume that the o(e) curve for argon
is similar in shape and has a maiimum value 1.5 times the maximum for
neohs c(e) curves for ionization of neon, argon and mercury atoms in
both the ground and metastable states have been calculated by L. Vrlens(73)
Values of &y (for equation (33)) may be obtained from ref. (65) p. 63.

Values of most of the quantities which appear in equations (33) and
(34) are listed in Table 7. The ionization rates and their derivatives
and n, were calculated on the assumption that the total number density

of atoms n (which is approximately the same as n ) is equal to 3.5 x 1013p

where p is the observed pressure in millitorr. The factor 3.5 x 1013
appropriate at a gas temperature of 2739& whereas the gas temperature
in all the discharges is considerably higher than room temperature.
The temperature of the outer surface of the tube wall is of the order
of 100°C and it is estimated that the gas temperature is 10 or 20 degrees
higher. (Kegan & Lyagushchenko(74) estimate the wall temperature to be zAOOﬁK
in the case of O.4 A discharges at 1 torr in neon and argdh). At a gas
temperature of say AJOQK, n is equal to two-thirds of 3.5 x 1013p and
the figures in the last six columns of Table 7 need to be reduced by a
factor 6f 1.5« This correction has been included in the values of W in
Table 8 and the values of'é E Z' in Table 9.

There is evidently a large proportion of metastable atoms in the
mercury discharge. It is calculated that these account for about 70%
of the total ionization rate. According to Be Klarfeld(75),
jonization is significant in mercury discharges at pressures > 1 millitorr:
ReMe wae(76) for example estimates that half the ions in his 4 A mercury
discharge at 1.75 millitorr are produced via the metastable statese

stepwise



Table 7. Quantities in equations (33) and (34)+

Gas p Te Eo B A, I\.g D, n, Zex .Zg | Z, Zg Z;
10716 | 40717 | 40t 102 10° | 10 |10 10 107
m Torr| eV |V cm"'I gauss cm2 V-‘| cm2 V-‘| cm2 sec-1 cm"3 seo-1 sec sec-‘| s.ec-JI eV-1 sec-JI eV..JI
| Ne 26 | 7.0 .7 15 H11.2 a | .16 b 1 1 |2 o |42 Bal21 a Y
Al o 3] 7 115 H2o5 2] 2 v | .7 2 |1 e 2.7 Ba|hd a & a
2 [ 1.5 .25 | 15 ‘ 10 [2 da | +15d) 3a | .28 4 W7 a
Hg 1.2 a | 10 4 1 :
‘ 2(-5) | 2.5 +25 0 20 |6 4 | 1.04] 3a | 1.4 a 3 a
a L. Vriens (73) b A. von Engéi(65 ) c ‘.vMas'éey & ‘B'lirhop(?z) a4 M.A. 'Cayless.'(ﬂ)

= 1.5%xnm o for neon
e assumed that ma;c o‘ex 5 ax ox

+ gas temperature assumed to be 273°K.

t7i
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(34) Accuracy of calculated.values of Z' ,

It is clear from equations (33) and (34) that &' is directly
proportional to ng (or n) and therefore‘to P, and that it is a sensitive
function of Te. Through the term Z}, Z' is also dependent on the
. electron density, although to a much smaller extent. We shall consider

the question of errors in p and Te'
(&) Errors in p. It is likely that there are pressure gradients
between the vacuum gauges at the ends of the discharge tube (fig. (4))

and the region of wave propagation.

In the mercury discharge the pressure is measured at each end by
means of an ionization gauge. Nominal pressures of 2 millitorr or
more are achieved by removing the cooling bath from the mercury pool
cathode, and keeping the baffle valves closed (or closed at the anode
end and:open at the cathode end). As the anode is cooled with water
at abouf 10°C, the vapour pressure in thét region is limited to just
less than 1 millitorr, even though the pressure'reading in the tube
above the baffle valve at that end may be higher. Furthermore there
is a transfer of mercury vapour from the hot cathode pool to the cool
(~20°C) portion of the tube wall beneath the ionization gauge at the
cathode end; the saturated vapour pressure in éhis region must be
approximately 2 millitorr. Under these circumstances the pressure
in the region of wave propagation must be somewhat less than the
recorded values of p.

The higher pressures used in the neon and argon'discharges could -
be read only on the Pirani gauge, situated at the cathode end of the
discharge tube. The gas was introduced into the short half-inch tube
connecting the gauge to the discharge tube and the latter was pumped
from the anode end at slow speed. Under these conditions it is possible
that the pressure in the region of wave propagation was again somewhat
less than the measured value.

Some uncertainty in'the.value of p also arises from the gradients
introduced by the pumping action of_the'longitudinal drifts of the

charged particless It is commonly observed that this effect increases
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the pressure at the anode end of the discharge and is greatest when the
tube radius is small (ref. (65) p. 256). H.G. Jones* finds that in a
hydrogen discharge of a few amperes, with a mercury pool cathode, pressure
gradients can exist in either direction, depending on the discharge
parameterse.

(b) Errors in T_. The velues of the electron temperature listed
in Table 7 were obtained from the slope of the upper part of the probe

characteristic. This part was usually linear over at least one decade
in log I_, but at voltages more negative than'~(Vb - jTe)‘the curve
of'ten changed to a larger slope. This effect has been studied by

R.M. Howe(76)
electrons to the tube wall where recombination with ions tekes place.

who explains that it is due to the flux of energetic

Only the more energetic electrons, those which are responsible for much
of the ionization, can cross the ion sheath at the wall; there is
consequently a depletion of such electrons in the énergy distribution

in the plésma. The effect disappears at several electron mean free paths
from the wall. As xen‘Q 3 cm in the present discharges, the depletion‘of
energetic electrons should occur throughout the cross-section of the tube.
We should then expect the effective value of Te in equation'(BB) to be
less than the temperature of the bulk of slower electrons.

We may check the recorded values of T_ by comparing the power input
and power dissipation in a 1 cm length of the plasma column. The power
input from the electric field is E, ID' This should be at least as
great as the power W lost by the electrons in the ionization and excitation

of atonms:

=
i

W o+W,+ZW _
g ex .
~

2- ke
= R, (ZV, + ZyVy + 2 2 Vox) (35)

= 2
the average electron density ng is assumed to be equal to /3 of

where
represents the summation of the

the density at the axis and & Z, Voo

L 3
private communication
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‘excitation energy over all the excited states. The power lost through
elastic collisions withk atoms is comparatively small. ‘
Corresponding values of E ID and W are presented in Table 8. The “'f"
velues of W in brackets correspond to electron temperatures 20% less than f;}
those given in the table. The last three columns show the relative »
values of the power losses due to ionization from ground and metastable

states and to excitatione.

Table 8. Power input and dissipation per cm of column

Gas{ p |T,{E, | B E I, W wg/w W/W| Zw_ /W
n Tord eV |V on™! gauss || watt oo™ watt co % % %
Ne | 26 |7.0] 7 15 4 2 (1) | 37 3 60

A |1k | 3e4] o7 15 3.5 5 (2) | 48 5 47

2 l1.5] .25 |15 2 2 (1) 2 5 93

Hg .
2-5 |2.5] «25 0 2 11 (6) 7 | 10 83

‘The comparatively low value of W in the neon discharge -indicates
that the value of either n, or T, has been underestimated. It should .
be noted that the value of n, for neon in Table 1(a) is less than the
value for the present argon or mercury discharges by a factor of about 7.
Since the eurrents are roughly equal in the neon and mercury
discharges, and the electron drift velocities estimated from the
extrapolation of the neon curve in fig. 61 of ref. (65) and the mercury
curve in ref. (66) are of the same order of magnitude, we should
expect the electron densities in these discharges to differ by a
factor of no more than 2 or 3. It seems likely that the value of n,
for the neon discharge has beeg underestimated by a factor of more
than 2 and that T, has been slightly overestimated. With the probe
facing against the eleotron drift velocity in this:discharge, it may
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be shown from the theory of Allen & Magistrelli(es) that the value of
Te obtained from the slope of the probe characterlstlc is too large by
10%.

The values of W for the argon and zero-field mercury discharges
suggest that the effective values of Te are less than the recorded
values by about 10% in the former and 4O07% in the latter. The flgure
of 40% appears to be unreasonably large, but the absence of the
magnetic field probably ellows a comparatively greater loss of energetic
 electrons to the wall.

' If we reduce T, in equation (33) by the percentages suggested above,
the values of Z' in the neon, argon and zero-field mercury discharges
would be reduced by factors of 1.4, 1. 7 and 4 respectively.

(35) Experimental and theoretical values of wk

The follovnng table shows the average value of wk for each experi-

mental dispersion curve and the corresponding value of 2 E Z' (see
equation (25)). The figures in brackets represent the value of 2 E 2
when stepwise ionization is ignored.

Teble 9. Values of wk and % EOZ'

Gas , p | T Ed ' B wk %Eéz‘
mTorr | eV |V cm ! gauss 10% x sec™! en”! [10% x sec™! cn”?
Ne |[(18-)26| 7.0 | .7 15 o 15 (15)
Ao | || a7 |15 I 33 (30)
2 | 1.5 ] .25 15 B8 2.5 (.7)

We ‘see that %EOZ' is greater than wk by factors ranging from 3 to
150 The latter figure applies to the long wavelength branch of the
dispersion curve in argon, which we shall regerd as a special case (see
section (37) below)s The remaining four curves have g-E OZ_' greater than
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wk by factors of 4, 5, 3 and 10 respectively. If T is reduced by
the percentages suggested in the previous section, 2'E°Z' would
exceed the value of wk for each of these four curves by a factor of
about 3.

The main uncertainty in the theoretical value of wk lies in the
determination of Z'. After corrections have been made for the likely
‘errors in p and Te, the calculated values of &' could still be in error
by factors of 3 or more. Measurements of p in or near the region of
wave propagation and more exact information sbout the energy distribﬁtion
of the fast electrons are required in order to reduce this uncertainty.

_ Furtherﬁore,_little attention has been given to the effect of the finite
size of the plasma column on the wave propagation, although preliminary
‘measurements by H.G. Jones (private cohﬁunication) indicate that the .
waves are axially symmetric and the wave fronts convex when observed

in the anode to cathode direction. (At 4 kc/s in a 2 millitorr mercury
discharge the phase shift between axis and wall is‘~200). It is
reasonable to assume, however, from the above experimental results and
-discussion that the theory of Pekdrek & Krdjoi describes the main
‘features of backward waves at low pressures, Vviz. the éhape and position

of the dispersion curve on the w-k diagram. We therefore identify

these backward waves as ionization waves.:

-(36) Minimum value of the wave number

The experlmental dispersion curves approach a low wave number limit
kmin_when w is made large. This is especially noticeable in the dlsper31on
curve from the neon discharge and to a lesger extent in the ourves for
the present mercury discharge and the nitrogen discharge of Righetti

et al. 70 . Such behaviour can be explained to some extent by means of

equation (29) -
In the laboratory frame of referenca equation (29) would be wrltten

(wk - %EOZ') o - kﬁ_) = 0 (35)

. 2 N
where ki = a.1vde/2De and a, = (16/3K)(Te°/3613)(2x + Teo a“/bTe>- This
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represents two independent dispersion relations which eppear above as
equations (25) and (30): Values of a, may be obtained roughly from
ourves of k and T, versus E/p (ref. (65) pp. 126, 248). These are
listed in Table 10, together with the values of ko '

Table 10. The parameters a, and kc

a k =‘/a v. /2D -
Discharge ‘ 11 © 1a e
cm cm !
Ne, 26 m Torr .03 .03
A, 14 m Torr 001 005
Hg, 2 m Torr 002 oy

| Tfe electron diffusion coefficient D_ has been put eéqual to % Eexe ~_
where Ce is the mean random velocity and xe the mean free path. The
actual values of De are likely to be much smaller because the mean
free path of the electrons is reduced by thelr interaction with induced
dipoles in the gas atoms (ref. (65) p. 141). This would make k_ larger
than a, in all the discharges and of the same order of magnitude as

k

min'in the neon and mercury discharges.

As the frequency is increased it appears that k decreases according
to egquation (25) and then approaches fhe limit kb well before reaching
values of the order of 8, at which equation (25) is invalid. There is
a large discrepancy, however, between the values of kmin from either
of the two argon curves (fig. 22(a)) and the value of ki» If is therefore
uncertain whether or not the expression (a1vde/2De)E should be identified
with the minimum value of k.

(37) Long wavelength branch of the dispersion curve in the argon discharge

The two branches of the dispersion curve in argon occur at
wk= 2x 10h and wk = 7 x 10h. In the frequency range where the waves
of the two branches coexist, 18-30 ke¢/s, they have wgvelengths in the
raiio of '3 to 1 and appear;tq be coqplqd: the short wavelength component
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grows over several wavelengths at the expense of the long wavelength
component which is damped.

The comparison of the values of wk and g-EOZ' suggests that the
short wavelength branch is the normal curve for the argon plasma.
The most clearly defined of the waves observed in argon are those
at a pressure of 30 millitorr, which lie on this branch (fig. 22(a)).

The coexistence of two or more modes of moving striations has

(77)

been observed in neon and argon é at much lower currents and

much higher pressures than those in the present discharges. .

L. Pekarek * finds that when the current in a neon discharge is
raised to about 1 A or more, the striations pfopagate in only one

mode (and also fit the relation "wk = constant" much more closely).

" It is not expected that there should be more than one mode in a pure,
high current argon discharge either, although this possibility should
nbt be rejected.s There is the alternative possibility that the long
wavelength mode is sustained by impurity mercury ions in the discharge.
In order to make wk = 2 x ‘IO’+ sec-1cm-1 at an electron temperature of
3.6V and electric field of 0.7 volt/cm, a density of about 4 x 1012
mercury atoms per cm3 would be necessary. This would require that AN
there be droplets of mercury, on the tube wall just above the cold
trap ‘say, at a temperature of about 0%.

(38) The two dispersion curves in hydrogen

Density waves in hydrogen discharges have commonly been observed

as forward waves, with group and phase velocities towards the anode.

Figs 2L however contains both a forwerd and a backward dispersion

curve from tﬁe hydrogen discharge at 2.5A and 17 millitorr. The se

meet together on the k-axis at the wave number of the standing striations
in the discharge. The two types of wave co-exist, producing wave-forms
such as those in fig. 25. Similar wave forms were observed by

Righetti et. al.(YO in a 12 millitorr hot-cathode discharge in hydrogen,
from which they plotted the points shown in fige 27 « The points for
the short wavelength component are rather widely scattered but thqsc

* private communication.
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for the long wavelength component form a clear dispersion curve of
negative slope.

A similar pair of dispersion curves has been cbtained by
L. Pekérek(78) and Pekarek et. al. (79) from a discharge in a mixture of
46% hydrogen and 54% neon. When the mixture is richer in hydrogen, only
forward:waves are observed and when it is richer in neon, only backward
waves are cbserved. (see Appeniix E(2)).

Since no backward waves have previously been ob served in hydrogen
it is possible as in the argon discharge, that the backward waves are
due to the presence of impurity ions in the discharge.

(39) Damping of the backward waves '
The frequency dependence of . the damping coefflc:l.ent kI’ :L.e. the

imaginary part of the wave number, is best illustrated in fig. 19(a) which
‘applies to the neon discharge. » kI was not clearly defined in either the
argon discharge, where the waves were of smell amplitude, or the mercury
discharge, where thé waves were of very long wavelength and were hea.vily'
demped. The relation between k; and w in fig. 19(a) is roughly of the

form wkI constant.
An expression for k; may be obtained from the tern ¢(k) in equat:.on

(22)s This term represents the reciprocal of the growth time of a
density perturbation and is expressed by Pekarek &Krejb'i as

De a, 2 (36)
(k) = 'bEZ'—---'bEZ' - kD . 36
Vae 1o k2+af & ‘
where b, = (T oo Bote )X 2. The first term on the right hand

side of the equatlon is a growth term and the other two are damping termse.
- Consider the variation of the amplitude of waves in a wave packet
as the packet moves towards the anode with the group velocity |w/k|e. The

spatiel growth rate is given by

ko= -5 () | | (37)

(We choose the sign of ki to be positive when there is damping). If we
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replece b,E 2' by vk and sssume that a2 << k2, then

1
A Rt e

Similarly, the expression for k; derived by Righetti -et. al.(70) may be
reduced to the form |

kI = -(kz De/vde + e, | | ' (39)

Let us apply equation (38) to the neon discharge. If D, is
assumed to be equal to Eéhe/B, the growth term is larger than the sum
of the damping terms by an order of magnitude in the observed frequency
range. This expression for De is, hdwever, larger than the actual value
- (see section (36) above) and so it is uncertain whether growth or damping
is predicted by equation (38). It is noted that the growth term and the
sum of the damping terms each increase as the frequency decreases.

(40) Effect of magnetic field on wave propazation

In the absence of the longitudinal magnetic field the wave traces
‘on the chart recorder are often irregular and show a poor signal-to
noise ratio. The only clearly defined series of waves at zero field
are those in the 5 cm mercury column., A few wave traces have also been
obtained from the neon and hydrogen discharges. A comparison of the
waves in the mercury diécharge at B=0Vand at B=15 gauss shows that the
magnetic field (i) inereases the signal~-to-noise ratio, and the signal
amplitude per unit of exciter ocurrent, and (i1) decreases the product
wk for the backward waves. The first effect is illustrated in figs. 11,
42 and 17 and the second effect in fig. 16.

The reduction of wk by a magnetic field is reported by Zaitsev &
‘Vasil'eva(eo). They observe that in an argon-mercury discharge (p~1
4 tofr, I, = 100-200 mA, diameter = 2 om), wk decreases by 30% when B is

" raised from O to 1000 gauss.
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The application of the magnetic field reduces the rate of loss of
the charged particles to the wall and so the electron temperature falls.

This reduces the term Z' and therefore the term wke There is slso less

dischierge noise at lower electron temperatures. The effect of the

‘magnetic field on the signal amplitude is discussed in Appendix G.
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CHAPTER V
- CONCLUSIONS .

(41) Summary

Experimental curves have been obtained for the dispersion and
damping of both forward and backward waves in low pressure d.c. discharges.
Some of the forward waves have phase velocities less than those expected -
from the measured values of the electron temperature, even after allowance

is made for lbngitudinal drifts of the charged particles. The backward

~ waves have values of wk which are also less than the calculated values.

There is, however, sufficient agreement between the experimental and

theoretical dispersion curves for the forward waves to be identified

as electro-accustic waves in one or other of the two lowest radial modes,

and the backward waves as ionization waves. There is little correlation .

between the theoretical and observed values of the damping coefficient

“for either type of wave.

(42) Significance of results » .
These experiments supplement earlier work on forward and backward

waves in d.c. discharges. The dispersion curves obtained by Little & o
Jones approached a cut-off frequency (in mercury) or a cut-off wavelength

(in hydrogen), whereas some of the present curves are of the more simple ;
form ﬁ/k = acge Hatta & Sato had previously found such a dispersion ;
relation for waves in argon, but under somewhat different conditions. |
Ealier authors had demonstrated that either forward or backward waves g
may occur in a positive column, depending on the value of the pressure. §

Tt has been shown here in the neon discharge that forward and backward f

This fact is relevant to any theory of the

waves may co-existe 5
Most experiments on ;

transition between forward and. backward wavess

ionization waves have been carried out at pressures in the range 0.1- ﬂ)torr!
and few of these have been concerned with dlsperslon curves. Crawford &
Self obtained a backward wave dispersion curve at a much lower pressure
in mercury vapour, 2 millitorr, but this was not at the time thought to if

be associated w1th ionlzatlon waves.__The present experiments and those :4'ﬁ
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of Righetti et. als have since linked the backward waves at low pressurea”:'
with the ionization wave theory of Pekdrek & Krejci.
(43) Suggestions for further investigation of forward and backward waves

As far as future work on forward and backward waves is éoncerned,
certain theoretical and experimental investigations would be of interest.
S The theory of ionization waves needs to be extended to bounded plasmas.
In principle this could be done by including perturbations of the
electron temperature and ionization rate in the theory of electro-
acoustic waves in a collision-~dominated positive column. Apart from
providing more appropriate dispersion curves for ionization waves, J
this procedure might clarify the transition between forward and backward
‘waves. It would also be desirable to include the electron drift velocity
- in such a theory to see how this affects (1) the propagation of forward
 waves in the'prinéipal mode and (ii)‘the damping of the forward waves.

. On the experimental side, further measurements on backward waves
are required in order to test more thoroughly the validity of Pekéarek &
Kreacl s dispersion eguation. It is desirable to have dispersion curves
at several different pressures in a particular gas, together with accurate
measurements of p and Te (or; better still, the eleciron energy distribu-
tion), and also some information'on the shape of the wave fronts. The
discrepancies betweén the experimental end theoretical phase velocities
of the forward waves and the effect of the tube dlameter on both types

of wave also requlre further 1nvestlgation.

b e R i o e i s+ by e ¢ st 8 i ke e e L et e e 4 LN
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EXTERNALLY EXCITED WAVES IN LOW-PRESSURE PLASMA COLUMNS
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This Letter reports measurements on low-
frequency waves in hydrogen, neon, argon,
and mercury arces (f =4-400 kc/sec, p=0.3-30
mTorr, longitudinal magnetic field =0 or 10-45
gauss, column diameter=5 or 3 cm). Currents
of several amperes were obtained in these gas-
es with a mercury-pool cathode, using a liq-
uid-nitrogen trap in the discharge path.! Waves
were excited in the positive column by a coil
placed 80 cm from the anode and detected by
a photomultiplier on the anode side of the coil,
as in earlier experiments here on compression-
al waves in a low-pressure mercury arc.?7*

The dispersion curves obtained fall into two
groups, those having negative slope (backward
waves, Fig. 1) and those having positive slope
(forward waves, Fig. 2). Curves obtained by
other observers for backward waves in mer-
cury® and forward waves in argon® and hydro-
gen” are included, together with some of the
measurements in mercury reported previous-
ly%. The symbols specifying the various con-
ditions are explained in Tables I and II.

The backward waves may be described approx-
imately by the empirical relation

wk = constant. (1)
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FIG. 1. Backward waves. The symbols represent
results in different discharges (sece Table I).

The forward waves are of the form
w/k=acg

where cg = (kTo/m;)*'?, and 0.4<a < 1.4 (see
Table II). At low frequencies some of the for-
ward waves exhibit a cutoff in frequency or

in wave number. In weak magnetic fields the
waves are usually more easily excited: The
dispersion curves are not altered by more than
20%, so magnetic fields do not affect the wave
propagation critically.

In mercury, at 0.6 mTorr only, both back-
ward and forward waves can be detected. The
latter have very small amplitude and appear
in a narrow frequency range near w ~2X 105
rad/sec. At higher pressures, only backward
waves are observed and at lower pressures,
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FIG. 2. Forward waves. The meaning of the sym-

bols is given in Table II.

we observe both types of wave simultaneously
over a wide frequency range at w >2.5x10° rad/
sec. The phase and group velocities of the back-
ward waves are much larger than those of the
forward waves in this range. There is no evi-
dence of strong coupling (i.e., no observable
energy transfer) between these two types of
wave. In argon, however, the two backward
wave modes are coupled: The short-wavelength
mode grows at the expense of the long-wavelength
mode at large distances from the exciter.
The attenuation observed varies greatly and
in some instances the wave amplitude grows
over part of the plasma column. Backward waves
in mercury are strongly attenuated; the damp-
-ing length 6~0.5A, For backward waves in ar-
gon and neon the damping is less, 1.5A<6<10x.
Forward waves in neon show alternate regions

only forward waves. In neon, at 26 and 18 mTorr,

Table I. Discharge parameters for backward waves.

T ) B E I N
i e z z D e
Symbol Gas (eV) (mTorr) (gauss) (V/cm) (A) (cm™%) Diam Ref
S Ne 7.0 26 15 0.7 6 0.6 X101t 5
® Ne 7.2 18 15 0.7 6 1 5
(] Ar 30 15 5.5 5 5
[ ] . . Ar 3.4 14 15 0.7 5 4 5
& Hg . 2.5 2-5 ) 0.25-0,35 7.5 5 5
A Hg 1.5 2 15 0.25 7.5 5 5
4 Hg 2.5 0.6 15 0.1 7.5 2 5
Solid curve Hg 2.0 - 2 0 0.1 2.2 a
8See reference 4.
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Table II. Discharge parameters for forward waves.

je 4 Bz : Ez ID Ne
Symbol Gas (eV) (mTorr) (gauss) (V/cm) (A) {cm™3) Diam a= au/kcs Ref

=) Ne 7.0 26 15 0.7 6 0.6 <101 5 0.6
® Ne 7.2 18 15 0.7 6 1 5 0.6
» Ar 0.6 40 0 ~0 0.01 0.025 ~3 0.85(1.4) b
v Hg 5.2 0.4 45 0.1 9 K 0.9 c
@ Hg 2.2 0.4 0 0.1 9 5 075 d
[ ] Hg 3.5 0.4 15 0.1 8 2 5 0.65
® Hg 2.5 0.6 15 0.1 7.5 2 5  0.75
o) He 4.2 0.3 20 0.1 8 0.3 3 045
1o} Hg 0.4 0 8 5

Solid curve H, 10 0 0.13 2 e
° H, 5.4 20 40 2.8 5  0.45
® H, 5.4 20 10 4 5  0.45 a
o H, 6.1 17 10 1.1 2.5 0.5 5

aSpontaneously generated waves from noise a.nalysisﬁ‘
bsee reference 6.
CSee reference 2.
dSee reference 3.
€See reference g 5

of growth and damping, but on the average,
6~3x. In mercury, in the 5-cm tube, the same
value of § applies for forward waves when w
<3X10%, but at higher frequencies regions of
growth appear and §~10x overall. In the 3-cm
tube §~3x for these forward waves at w>1.4

X 10%, and it is the lower frequencies that grow
slowly over most of the length observed. Waves
in hydrogen show § ~ at the lowest frequencies,
and 6~3X when w is increased to 3X10° At

w >3X10°% regions of growth and damping again
appear and the damping length increases to
6~10A average.

To some extent these waves behave like mov-
ing striations. In rare gases a transition from
forward to backward waves is seen to occur
as the pressure is increased.® Measurements
on backward waves in argon® at high pressure
(=1 Torr, f=650~1100 cps) are well described
by Eq. (1), and the existence of two modes in
the argon curves marked culit m may be relat-
ed to the multiple modes seen at 12 Torr in
this gas.” We find no backward waves at all
in hydrogen; this is consistent with the fact
that striations in hydrogen and some other mo-
lecular gases are forward waves.™

At higher pressures these moving striations
which are backward waves have been interpret-
ed as ionization waves.? Observations on back-
ward waves at low pressures, near 1 mTorr,
have not been explained.®’** It is probable that

358

the waves of Fig. 1 are ionization waves, but
they are externally excited small-amplitude
waves in a stable regime of the discharge, in
contrast to the naturally occurring large-am-
plitude waves arising in oscillatory regimes.
(Small pulsed perturbations have been studied
in a stable regime by Pekirek and, recently,
in a quasistable regime by Cooper.!®

The forward waves of Fig, 2 have velocities
near the Tonks-Langmuir electroacoustic wave
velocity cg!®; with one exception their veloc-
ity is below cg. The ion-neutral collision fre-
quency is greater than the wave frequency in
most instances, so w/k<cs is to be expected.?
The waves are probably electroacoustic in na-
ture, though modified by ionization processes
and ion-neutral collisions. The exceptionally
high wave velocity in argon at low frequencies®
may be partly accounted for if y>1 should be
included in cg.

Our thanks are due to Mr, H. G. Jones and
Mr. C. R. Middleton for their assistance with
the hydrogen measurements.

*On attachment from Department of Physics, Impe-
rial College, London.
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APPENDIX A
. ov on oT
Relationships between L ’ —2 and -5 °
0z 0z oz

The variations of V, n, and Tg with s have been shown in fig. 12
~to be closely linked. It is observed that at any value of z greater
then 3 mm the algebraic signs of an/az and aTS/az are the same

- while those of aTs/az end ana/az are opposite, These two results

. may be obtained from the equation of motion and the continuity equation
for the electronss '

a;ez - avez - - : ‘
1:lem_e( 3t tVe: TGz T Veu v vez,) == negEz- (v°ie)z (1)
.. on ‘ '
-2 ~ s 0. : ' 2
3% + V-(neL) = ( )

'where the bar over a symbol shows that it is a macroscopic quantity and
where '
Y, = B - )V, - 7,)

—e S—

is the s_tfess tensor(25 ) in the electron gas. The summation extends

over unit volume.o
The tensor term in (1) may be expanded thuss

9 2 ane
(v'w_e)z = ., 57 (vey = Veg) + mylve,- Vos! Bz
+ a9 (v, Ve,) VorVog) + Tslve, Ve, (Ve Veg) Wit ()

A1l the variables are functions of position only and so the operator
_ 3/t is zero. Equation (1) may be further simplified by omitting the
V, terms. This is not unreasonable since we should expecot the average

of the random velocity product, ('ez"'.véz) (ve > Ve .|.)’ to be comparatively

small, and vi-;ez is likely to be appreciably less than aFe /az near

I
I
i
|
i‘
i
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the axis of the wake (as in the case of the fig. 12 measurements).
" Equation (1) then becomes

3 4 2 —_—. , p— ane oV
Be 3z (Emevez + me(vez-vez) )"" me(vez- vez) 2z - Pe 'EE

where the kinetic energies are expressed in electron-volts. For a

. . ) — I.E —
Maxwellian distribution ;ﬁz = 0.85 ;gz and (vez- v_e»z) x 0,3 vﬁ
and, since Tg = = ".‘e;gz’ the equation may be written as

z’

15 ne 32 + 0.6 TSL-E.; = ne p A (l'.)

It may be shown from the curves in fig. 12 that the first term in
(4) is at least three times larger than the second term over much of the

observed region, but that this inéquglity is reversed in the range 2z<3 mm

~ (where n, decreases rapidly towards the obstacle) and in the range

12 7<> z <15mm. fhéfdiscrépancy in tﬁé iﬁtﬁer range 1s due perhaps
to errors in the slopes of the curves; the TS curve hag been drewn here

with a very small slog%. It is to be expected that |=g—] is in general
- ‘ : e ~ _
somewhat less than I'T§'| s because of the eomparatively large mean value

of ) which is probabl?‘ the result of the streaming of electrons into
‘the dark region from the plasma at the anode end of the wake. It then

follows from (4) that.

oT... oV ) . '
S . R '
=~ 5 R (5)

which i;.s' in agreement with the curves in fige 1'2.v
The continuity equation, (2), may be written in the form

‘ VaT,,) = £(s) = -UF,)

Tt is not permissible to put £(z) = O; because of the helical nature
of the macroscopic electron motion there is everywhere some interchange
of perpendicular and axial electron flux. It is necessary, however,

to make the assumption that the gradients of n, .end v og 1D the dark

region are sufficiently large to make |ng oy, ;/'azl'} and.




~ 3 | ' o
IVez ne/azl apprecisbly larger than £(z), the spatial rate of this

interchange of flux. Then

Tg a::z Ves a::
or
" 3 (Jimevi') T %752 ?5%'
or
oT an
De -573' ~ = ?TS 43_:4e

whioh is again in agreement with the ourves in fige 120

(6)
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APPENDIX B

~ Electron Cyclotron Wave |

Dispersion relation. The dispersion equation for the electron

cyclotrOn wave may be derived from the three equations

v

e A | |
—;% = ;(_ﬁ_o_+3‘_iex§_) (1)
E = =-%W | (@
Vox, = 0 (3)

where Y. is the macroscopic electron velocity, E the electric vector of’
the wave and V the electrostatic potential. The ion motion is
negligible in the frequency range of interest here (w >> wci) and we
shall assume that n, is constant in space and time. Since n, ® n,
equation (3) follows from the steady state equatlon of contlnu:Lty, -
' (n v ) Oe

The axes of the cartesian co-ordinate system may be chosen so that
the z axis is parallel to B and the xz plane contains the wave vector K.
It is assumed that the variables in the three equations above are each
proportional to exp i(wt + kX + kzz). From the x, ¥y end z components

of equation (1) it may be shown that

W= (ki/dci + ki))% =W, cos 0 (&)

where 0 is the angle between k and B. This is the dispersion relation
for an electron cyclotron wave of small emplitude. ' '
Effect of transverse dens:l.ty gradient. . If there is a density

gradient V_|_ne in the x d:LrectJ.on, the equation of cont::.nu:.ty may be

written as
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+ ik v1x) +v, VB, =0 (5)

ne(:Lkz v1z

where v, is the perturbation component of v, If equation (3) is

“replaced by equation (5), the following dispersion relation is
~ obtained:

k2

2 2 ' z

w =w (8)
e 2 2 R

k +k - ik An/n :

It is evident that either or both of the frequency w and the wave
-number k are complex qﬁantities. In the present experiment it is
assumed that in the drift frame w = a # ib and k =.kR + kI =

(a + ib)/vd cos 6, Writing An/n, as kg we‘may derive

. the following equation from equation (6):

oy D (2 12/ - 1
kR T+ (2 kZ/kz*')]2+1

7)

Let us assume that k = 5.2 cm"1, kz-.-.l..z em- -1 and kg=2 en™ 1
in the wakes represented in figs. 12 and 14.. Then from equation (7)
ki/ky=20.1. This is somewhat less than the observed value from

fig. 12, ky/kg=0.320.1.

Physicel description. We consider what happens when a wave is

' exclted, at an angle 0 to the magnetic field, at a frequency w which
. may be increased towards Woe® As w approaches Do (@ < @ oo cos 6),

the motion of the electrons perpendicular to the field increases sharplys

(22)

Stringer explains that the quasi-neutrality condition of the plasma'

then "requires & corresponding increase in the neutralising flow of
electrons along the field lines. However, motion along field lines
is'limited by electron inertia, which imposes a limit on the growth
of the perpendicular motion and henfe on the aﬁproach to Wog® As
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the limit is approached, the longitudinal electric field (E /k)
-resulting from the small residual space charge dominates over the
‘transverse component". ‘

The nature of the wave is illustrated below. In (a)- the
electron velocity vectors rotate about the direction of B. The
successive wave fronts encountered by an observer on moving aloﬁg k
have different phases of rotatioﬂ vwhich clearly tends to produne.
successive increases and decreases of electrﬁn densitye. The tendency
is counteracted by the periodic movement of the electron guiding
centres up and down along the- lines of magnetic field. 4s w —> w, Cos 6
' and the velocity and radius vectors increase, it is obvious that more
rapid motion along.the field lines is required. The stage is finally
reached when quasi-neutrality is maintained only by the bending over
of the orbits almpst into the plane of the wave front, as in (b)o

In the limiting condition shown in (b) the velocity vector v, is
approximately perpendicular to k. Stringer shows that the dispersion
relation w = W, COS S may.bg derived from the condition g,ze‘; O.

In this condition the electrons are rotating about the magnetic field
component B cos & with a frequency W, 08 ©, and the electrostatic

field E is approximately parallel to k as shown in (b).
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~ APPENDIX C

Basic dispersion eguation for electro-acoustic waves

The dispersion equation is derived from the following seven
equations concerning the perturbation of the ion and electron density.

-Equations of state:

2 2 | |
Py = c;mm (where ci,= Ty KTi/hi) e (1)
p. = °n m (where ¢ -y KT /m ) (2)

e e e e e = Ye e/ e’

Equations of continuity:

Bni

—= 4+ n_Vev. =0 (3)
at % TR

ane

— V.v =0 (1{.)
3t o ‘—e

Eépations of motion:

axi e Vpi AR | ‘

2 - — E- | | - (5)
ot my nm. S

ov e Vp

-2 = -— g-—=2 (6)
ot m, n o,

. Poisson equation:
VeE = ime (n; - n) (7)_ |

The quentities n, and ng are the perturbation components of the total

ion and electron dénsitieg, (ni + no) and (ne + no).
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It is assumed that the vpropagation is in the z direction and that
‘each of the variables in these equation is proportional to exp i(wt - kz)
Equations (3) to (7) may then be written in ‘the linearized form as
follows: ‘

]

wn, ~nkv, = 0 (3a)
Ore " P Vep = 0 (4a)
iwv, = eEz/mi + ikci#i/no ; (5a)
v, = -eEz/me + ikcine/n’o : | (6a).

E, = -hwe(n; - n)/ik. B (7a)

The variables Vgt Vez and Ez may be eliminated from equations (5a) and

(62), leaving “two equations in n, and n., fromvwhich we eliminate these

two variables to obtain the dispersion equation

2 2 22,2 2 2.2 2
(w -0 kce)(w -wy; ” $) = pe o3 (8)

- Under the condition that w2 and czk are much less than w;e, equatlon

(8) assumes the form of equation (1) in section , (l+):

2 - (cgme/mi) + c?(‘l + c / )

: 2.2
1+ ek /mpe

‘ . . 2
The dispersion equation for electron plasma waves, w =w__ + Kk Cos

may also be obtained from eguation (8).
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APPENDIX D

Dispersion equation for electro-scoustic waves in a plasma column with -

ion collisions.

The dispersion equation, (8), in Appendix C is modified by the
radial dimension of the plasma and by the ion collisions. If the
collision term Y Vs where v is the ion collision frequency (with
neutrals and ions), is added to the right hand side of eguation (5)
in Appendix G, this has the effect of adding iwy to the expression in
the second pair of brackets in equation (8). If we now assume that
the variables in equations (1) to (7) are of thé form '
A(r) exp i(wt - kz - md) and replace k2 by &, where & is given by

qu = ag and g represents any of the variables 81 s equation (8) becomes

. ,2 2 .3 2 . 2 . 2 2 2 |
2 | - = o (10
| (w’ We * % o) (W + dwy w; * o @) @ W - (19
Now the equation in g may be expanded to
12 agy 4 o%q . 2%
T 055 S35 -ea=0
r o0

13 2 2 n° | )

18 8y, (xk?-a-2)g=0 . : 11
or 32 (r ar) + (% -a-%5)q | e (

r

If we put k% 4+ a = -ki, equation (11) tekes the form of Bessel's

equation
1 9 9g | 2 m2
— e - S—— =0
r ar (r}ar) + (kc r2) 9
which has the solution

a=47 (k) "»:,'. | - (12)



Under the condition that w2 and.wﬁ'are much less than,wgi, equation

(10) takes the more simple form
w2+iwv+'c§a.=0

or w2 + dwy = ci (k% + ki) ' (13)
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AP NDIX E A

Three types of anode-approaching striation.
(1) ™Negative" striations of Donahue & Dieke

Fast anode-approaching striations may sometimes be observed near

the cathode of a low current discharge in the pfesence of the usual

cathode~-approaching striations. These were first observed by Donahue &

1 Dieke(6 and have &also been studied by J.R.M. Coulter(sz). Their
occurrence is explained by L. Pbkﬁrek* as follows.  When the positive
column conditions are suitable for the gfowth of ionization waves, the
packet of striations produced by any small disturbance (see section (13))

reaches the anode and the individual striations cause oscillations in the

discharge voltage. The voltage oscillations generate further striations
at the cathode end of the discherge. Any given wave packet thus gives

rise to a new wave packet. The process continues until.there are no gaps

between wave packets and the entire column is filled with moving striations.é
efi
!,:

The consequent mismatch is observed as a disturbance or "negative® striation:

It may happen that the oscillations fed back from anode to cathode produce

new striations which fail to synchronize with the existing striations.

in the otherwise uniform striation pattern, travelling towards the anode
" ‘at the group velocity of the ordinary striations.
(2) sStriations in hydrogen ‘ Q

Striations in hydrogen discharges have commonly been observed to . )
propagate towards the anode (see section '5123). In searching for an
explanation of this phenomenon, L. Pekérek and Pekarek et. a1(79)
have studied the change of direction that ocours in a hydrogen=neon
mixture as the proportion of hydrogen is changed. When the proportion
of hydrogen is less than L6% the striations travel towards the cathode,
and when it exceeds L& they travel towards the anode.

Thé following explanation of this observation is suggested by ‘;
Pekarek. A perturbation in n; is accompanled by perturbations in n_, i
T, end Z (section . (13}). Suppose the perturbatlon ngq is positive' Ng1.

then hax & maximum Just to the anode 51de of the maximum 1n nq and, by

i
H
i

'*private compunication
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enchancing the ionization rate at that point, tends to produce a drift
of the perturbation Z1 towards the anode. The perturbation T 1,_on the
other hand, has a maximum just to the cathode side of the maximum in 4
and tends to make Z1 drift towards the cathode. The direction in which '
Z1 drifts, i.e. the direction of the_striation, depends upon which of
these two opposing effects is the stronger. If this hypothesis is correct,
- the Te1 perturbation cobviously exerts the stronger effect on the drift
of Z1 in the neon-rich mixture apd the n_, perturbation is the predominant
one in the hydrogen-rich mixture. It is not known, however, what criteria
determine which effect is the stronger.
(3) Striations at low pressure

It has been observed in inert ges dlscharges that a decrease in

pressure from several tens of millltorr to several millitorr results

in a change of direction of the striations: at the lower pressures they

itravel towards the anode. This phenomenon was mentioned in section '(11).‘ Q
The phase velocities of the anode-approaching waves, both artificially i
excited(12) and spontaneously occurring(15), are consistent with the ;

assumption thnt these are electro-acoustic waves.

T “f/ T '; R ey
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APPENDIX F

Failure of cold trap.

When the discharge was run in neon or argon, only a few hours of
operation were obtained before the tube elther cracked or imploded.

The failure usually occurred at the cold trap where the glass was under
strain from the large temperature gradients. It is thought that the
greatest strain occurred in the lower rim of the outer sphere of the
trap, where the glass has the sharpest curvature and where the discharge
is constrained to change direction.

Such failure occurred in one of several different circumstances:
(1) initiel evacuation of a new tube; (ii) introduction of liquid
nitrogen in the trap; (iii) starting of the discharge at an unduly
high voltage; (iv) at discharge conditions where the column is unstable
(in neon at 4 millitorr, for example, where the discharge is close to
extinction and has large drif't velocities), and (v) after running the '
discharge for a few hours (spontaneous cracking).

No failure occurred with a hydrogen discharge, either during a
three day run by the author or during many weeks of operation by Little
& Jones. A feature of the hydrogen discharge which seems significant is
that it removed the very thin metallic-looking film that develbped on
the tube wall and on the wall near. the top of the trap during the

operation of the discharge in neon or argon. The film was probably

‘& deposit of metal particles from the electrodes.

Electrode materials have been shown in the case of fractured glass
from mercury clamp switches to produce "a mosaic craze cracking to a
depth of the order of one thousandth of an inch® on the internal surface
of' ‘the glass (from a report by the General Electric Company, London). It
was concluded that the final complete fracture of the glass was due to
very high local stresses caused by differential expansion of the embedded
metallic particles and the glass. A similar process may render the cold

trap less able to withstand strains or shocks.
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APPENDIX G

Mechanism of wave excitation

Three possible ways in which density waves mey be generated by means
of an exciter coil were mentioned in section (25), We now consider each
of these in more detail.

(L) Compresszon of plasma by alternatlng magnetic field., The local
magnetic field can ‘be regarded as squeezing the plasma (radially at the
plane of the exciter coil) with a pressure p « (Bo + By sixiwt)2 or

P B2 + 2B By sin wt where B, << B+ In the absence of the steady field,
B o’ the alternatlng component of the pressure p is proportional to (B sin
wt) s which has an ae.c. component §-B1 cos ote This is the mechanism
suggested in two previous papers concerning low frequency waves in a
positive column (2)’(22). It is evident, however, that the mechanisﬁ is
inapplicable if the field lines diffuse across the plasma column in a time
mich shorter than the wave period.

The rate of change of magnetic flux due to decay of the flux by ohmioc

losses is obtained from the equation
26 . m[g2 - |
at-hﬂ[vg_.gg (1)

where’¢ is the flux and m the resistivity(83). For a plasma with a
characteristic dimension L (e.g. the column radius), this equation defines
a decay time for the field lines, %, given by

g B8
or . L

% represents the time for field lines to diffuse through a plasma of

gy A e < gm e e L a e

dimension L or, conversely, the time taken for plasma, . compressed momentarlly
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by the magnetic field, to diffuse across the Tield.

In the present experiments ) = Ez/a 3 x 107 eemeus It may be
' shown, furthermore, that 7/ I 3e4 for a Lorentz gas in a strong
magnetic f:.eld.(8 4) (a fully ionized gas in which the electrons do not
intereact with each other and the ions are at rest. Assuming that this
ratio is applicable to the present arc discharges, we obtain m; ® 108 €olelle
The d.ecay time % is then approximately 10-6 sec, which is shorter than the
wave period by at least an order of magnitude. The squeézing mechanism is
therefore ineffective in the present experiments.
(ii) Modulation of the ion loss rate. This is the mechanism suggested.:
by Little and Jones‘25/,
are influenced directly by the magnetic field. This influence extends
to the ions through the ambipolar diffusion at right angles to the field.
Little and Jones have mistakenly sxpi)osed. n; to be proportional’ tg D;l,

Since @ >> w . it is only the electrons that

where De lS the perpendicular d.iffusion coefficient for electrons, and
thence to Boe De/(‘l + w 12) P Dﬁ/m2 'ca where D_ is the electron
diffusion coef'ﬁclent in the absence of a magnet:.c f:.eld, @ is the
electron cyclotron frequency and Te the electron-neutral collision per:.od)

It is evident that insofar as the rate of ion loss in such low pressure'
discharges is controlled by ambipolar diffusion to the wall, the loss rate
is modulated through the wie term in

l
c
1
f

Dy| = Dg/(1 vwo o wluy) (4')_ 

where Da.’ My and Ho are respectively the ambipolar diffusion coefficient, i
ion mobility and electron mobility in the absence of a magnetic field.
This equation may be obtained froxzeg.k)xe exprgss:.ons for D .L’ Di.l.’ pi-L end
M, given in the book by A. Simon |
In a Oc4 millitorr mercury d:.scharge with B = 45 gauss (as in the 5

2
® g ':e u./p. 10 and

i
¥

experiments of Little and Jomes), ®
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s a

D.LucB ¢(1-2B1 s:.nwt/B) | (5)

If, in the same discharge, B, = 0 agnd B1 = 2 gauss, then

2 2
Yee Te “1/“e <f 1 and

sin® wt)™ « (1 +%a Bf cos 2 wt) (6)

' 2
Dalo: (1 +a 31

where a is a constant and an << 1e¢ In either case Da is slightly

modulated by the alternating magnetic field. The consequent modulation

of the radial density profile gives rise to a small alternating density

gradient 9n, /az which is propagated electro-acoustically. This gradient

obviously varies with re |

(111) Production of sltermating drift of plasma by crossed eleciric and
magnetic fieldse The alternating magneta.c field B1g.ves rise to an

alternating electric field Ee in the azimthal direction, whose amplitude

Ee(r,z) is a function of r and z. Ee(r,z) increases with r and has a
dependence on z shown qualitatively in E (rnz)
s )
the sketch. 7 .
The combination of ﬁe end the
radial longitudinal components of the

magnetic field at the exciter produce

I
I
|
I
|

1
|

0

an slternating drift 5 of ions and electrons together:ﬂ

B x (oy + P * By v By )

r
v, = =
i) (8, + B,)2 (")
ByxBy, Ty 3y o
8 = -n + - = (since B,<< 30) (8)
o o ,
- ‘v'lr'.i- sz




The crossed fields Eor x 312 and Eoz x»;ﬁ,’r would also produce an

elternating drift of the plasma, but this would be in the azimuthal

direction and does not concern us here.

The variation of v, with r and z is shown at the bottom of the page.

D

The short lines at right angles to the diverging magnetic field lines (Bo)

represent both the magnitude and direction of v, o The a.c. field is
assuned to be so small that the lines of B, are not distorted by it.
When B, = O equation (8) becomes

DT T T (9.),"'
1 1

which fluctuates at twice the frequency of the exciter signal. The z
component, (E'e x ’511_)/B12 , is zero in the plane of the exciter coil and

rises to a maximum at a short distance from this plane on either side.

The effect of the z component is

ey
represented by the motion of two | N
slabs of plasme in opposite ' it iy Rt S
directions, es shown in the 5_1_
sketch. The radial motion is : e sz “_nd vDr |

also 'inciuded. The dotted and solid arrows differ in time by a quarter

of ~aryperiod' of the exciter signal.

- o
-

- -
- -

v ‘and BO near’ exciter




174

Variation of wave amplitude with exciter positions It was mentioned

in section (25) that the wave amplitude is observed to increase consider=
ably when the exciter is moved from a position well inside the field coils
(where B .= 0) to a position just outside. The variation of amplitude A
with distance z of the exciter coil from the end of the field coils is

shown in the following figures

amplitude

30 20 10 0 10 20 30
(outside) - z . cm (inside)

These mgasurements were made on a mércuny vapour column under the
conditions p = Oe4 millitorr, ID = 94, B = 45 gauss and @ = 2.2x105 rad/se(:sj
The solid curve represents the amplitude measured at a distance of one
wavelength from the exciter coil whilst the dashed curve corresponds to
the amplitude at about three wavelengths from the exciter coil. .
These curves are of the form expected from the assumption that the
radial field.Bor plays an important part in the wave géneration. It is
clear that under thg set of conditions mentioned above, the Ee x Bor-

mechanism is far more effective than the E; x B = and ion loss rate

mechenisms in the generation of waves at z = Oo
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