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SUMMARY

4 cylindrical plasma 1s considered to be heated by R.F. currents to a
temperature of about BOOO°K in argon at a pressure of 50 x 10’6 atmospheres.,
An estimate 1s made of the skin depth and of the uniformity of the plasma in
the central region both with and without an axial magnetic field. A skew
solenoid is suggested to provide a magnetic field inclined to the axis of the

plasma.
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1 INTRODUCTION

In two recent Notes ’2 consideration has been given to the possibility

of setting up a laboratory plasma for the purpose of carrying out experiments
on ion wave propagation. The method of plasma generation gsuggested follows
those of Knechtli and Wada3:4, Kino? and Rynn and D'Angelo®, The experiments
of Rynn and D'Angelo were carried out in the §Q machine at Pranceton, which
appears to be on a much bigger scale as regards the plant involved than does
the apparatus used by either Knechtli and Weda, or Kino. Wong, D'Angelo and
Motley/ have generated and detected ion acoustic. waves which were very heavily
damped as in fact the theory of Fried and Gou1d8 predicts.

In the presenti paper a few calculations are given that relate to the
possibility of generating a plasma by means of R.F. heating. Thas 1s not
intended to offer an alternative apparatus for the proposed wave experiments,
but 1t may well be that a plasma of this type would be a useful standby for
the development of instrumentation, and 1t may also be possible at some stage
to i1nclude such a plasma in a small f'iring range to investigate the passage
of aerodynamic models through an 1onised gas, If we consider three possible
methods of plasma generation in the laboratory,

(1) by d.c. discharge,
(2) by R.F. dascharge,

(3) by direct thermal icnisation,

it may be assumed that the order given represents an order of increasing
difficulty of construction. On the other hand the order given probably also
represents an order of increasing quiescence, and in addition the presence of
a steady current in a d.c. discharge can be a considerable handicap in some
contexts. A specific reason for the present paper is the existence of a
considerable R.F. power supply within Aerodynamics Department R.A.E.

It is assumed that the plasma is contained within a long circular
cylinder surrounded by a helical R.F. ceil and further that the R.F. currents
in the plasma are confined to an outer skin as shown in Fig.1. In Section 2
the diffusion inwards 1s considered across an axial magnetic field to get an
estimate of the uniformity of the plasma in such conditions: the analysis
follows that of Rynn and D‘Angelo6. In Section 3 the diffusion is considered
in the absence of a magnetic field, both for s fully icnised gas and a zas in
the presence of a preponderance of neutral atoms. The axial magnetic field
impedes the diffusion process, and in order to allow easy diffusion inwards
while yet providaing & magnetic fiield, the flield due to a skew solenoid is
considered in Section 4.

The f'ew calculations given here are not intended in any way to be a
thorough investigation of the problem of plasma production by means of an R.F.
daischarge, but it is hoped that they may give some idea of the possibilities.



2 PLASMA WITH AN AXTAL MAGNETIC FIELD

21 Skan depth

The R.F. coil will induce circumferential currents in the plasma which
will have their greatest intensity near to the circumference and fall away
in an approximately exponential manner i1f the skin depth is small compared
with the cylinder dismeter. We assume that the hot gas in the ocuter skin has
reached equilibrium which we take as being the Saha value. Convenient
numerical values for Argon which has an ionisation potential of 15-7 volts,
are

T = B8000°K

P = 50 x 1076 atmospherecs
n = 5x 1013 em>

n § 10% ionisation
n, = 5 x 1012 om~3

where T is the temperature, p the pressure, n the neutral number density
and n, the electron number density both per cubic centimetre. The skin depth

depends on the conductivity, which may be estimatcd from Spitzer9 who gives
the specific resistance n to be

— 6-53x1o319§7§ohm cm . (1)
7

The value of log A is about 8+5 so this gives o value for 7 of about
0+078 ohm cm. Some justification for using this valuc in the prosenct of an
axaal mognetic ficld is given below in Section 2,2, The skin depth for a

semi-infinite conductor is given by e.g. Sommerfeld’ in m.k.s.c. units as
1

4y = (;%a)ﬁ (2)

wherc the suffix m denotes that d is in metres, and in the plasma
Bo=H,= L x 10—7, k.m.c.-2, o is the specific conductivity and w the

cireular frequency. For the specifiic resistance obtained sbove this
expression leads to a skin depth given by 4 = 1L00/VT cm, where £ is the
frequency in cycles per second.

In order to reduce the skin depth to a small fraction of a centimetre,
which is probably ideal for the creation of a large central region free from
much current and thus reasonably uniform and quiescent, the exciting frequency
needs to be of the order of 100 megacycles. The equipment available in
Aerocdynamics Department R.A.E. is at prescnt limited to about 0+75 m.c. which
corresponds to a skin depth of 1+6 em. In a plasma with an overall diameter
of 10 cm, however, this may still leave a central core of about 5 em in a
reasonably uniform state.
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2.2 Electrical conductivity

The assumption of a simple conductivity law in Section 2.1 requires
Justification when a powerful axial magnetic fi1eld is present. The induced
E.M,F. acts circumferentzally in such a way as te try to drive current across
the megnetic field lines and this results in a number of complications. After
making several simplifying assumptions, Rose and Clark1¥ quote a conductivity
matrix for a plasma in the presence of a magnetic field using rectilinear
coordinates in which B takes the form (O, O, Bz)‘ They treat two models, the

first of which is a fully ionised gas subject to no restraint other than that
of the urniform magnetic field. This yields a conductivaity matrix given by

o, =Jo o o - (3)
o ° 0
0 1/

This implies that an electric field draives no current across the magnetic
field, which can be seen to be true in thc absence of restraints and af the
collision frequency is small compared with the cyclotron frequency. In these
circumstances both electrons and ions follow the paths of free particles in
the presence of perpendicular clectric and magnetic fields and both types of
particle drif't in the same direction as each other and at right angles to both
the applied fields. The two drift velecities are identical and of magnitude E/B
since (see e.g. Ref.9) in a system moving with velocity E A E/B2 there is no
electric field and both particles in the moving coordinates simply spiral around
the magnetic field lines; and thus no net current flows across the magnatic
field. ®Since the reclative frequencies are important in connection with this
reasoning it is of interest to note the values that apply in the condaitions
mentioned above in Section 2.1 and for a typical magnetic field such as the
350 gauss used in Section 2.4 below. The frequencies in increasing order are
then given roughly by the following table.

v 5 % 10% sec™!

i

collision frequency, ions with neutrals

in
w ; = dion eyclotron frequency = 8 x 10% sec™
vi; = collision frequency, ions wath 1ons = 8:3 x 10° sec™?
Vig T collision frequency, ions with clectrons = 1°2 x 106 secu1

w = applied freguoncy = order 106 sec™
Vop = collision frequency, electrons with ncutrals = 107 sec™?
Voo = collision frequency, electrons with electrons = 2+2 x 108 sec”]
Voi = collision frequency, electrons with ions = 32 x 108 sec™]
w o= electron cyclotron frequehcy = 6 x 107 sec_1



In this Table ths cyclotron frequencies are given in radians per second since
this is relevant for comparzsons witn collision frequencies; +the applied
frequency w may be up to,0°75 x 10° cycles per second for the avajlable
equipment, i.e. 47 x 10° radians per second, and the value of 10° quoted in
the table is intended to indicate this order. The charged particle collision
frequencies inelude an allowance for long range collisions and are based on
the deflection times given by Spitzer9.

We can return now to equation (3) and note that for the electrons the
cyclotron frequency is greater than any collision frequency so that the
electrons would start to drif't radially on the appearance of the induced
electric field and i1n accordance with {3). The magnitude of the electric
field has been left as an unknown in the present Note but a value of, say,
35 volts/cm would result in a radial drift velocity E/B of 107 cm/sec so
that in a half' cycle of the applied frequency the electrons would have
drifted the order of the tube radius. A drift velocity of such magnitude
is, of course, out of the question since a2 large pressure gradient would
build up in the electron gas to oppose it. With regard to the ions the drift
velocity would be interrupted by collisions since @ < Vigs Vi and this
suggests that the i1ons would lag behind the electrons in any radial drift
thus setting up a space charge field that would also restrain the electrons.

The conductivity matrix (3) must thus be rejected as regards the
behaviour in a constrained plasma and we turn to the second model given by
Rose and Clark in which fixed scattering centres are present. In a weakly
ionised gas, for example, where collisions with neutrals predominate, the
electrons and ions lose momentum to the neutrals {which are supposed to be
so numgrous as not to be greatly affected by the momentum transfer) insteed
of to each other; thus the electron and ion equations are uncoupled and the
conductivity matrix for either species takes the formll

oo v b
[o)i e = %l -3 =3 © (%)
v 'l'wb v +(nb
[¢))
b Vv
G 5 5 O
v +(D.b v +Un).b
0 0 1/ v

where m and v cach take the appropriate suffix, Here the conductivity across the
magnetic field is much reduced (and in fact the ions begin to carry an appreciable
amount of the current) and the off-diagonal elements which represent the

Hall currents are large by comparison with the direct elements in the (x,y)

plane. It is of interest to quote the electrical resistance matrix that
corresponds with the conductivity matrix (4) and which may at least be expected
to apply during the early stages of the R.F. heating process. If the ion

current can be neglected we can wrate
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I=1»[0]E (5)

where I and E are the current and electric field vectors respectively. Then

E = (o)1= [n)1 (6)
oand [nz] is given by14
[nz] nn; v @ 0 (7)
—wy v 0
0 0 v

s0 that the direct resistance does not vary with the direction of excitation

(Spitzer? finds that the resistance is increased across the magne tic field by
o factor of just over 3). The heating effect, P, of a current vector I will

be given by

P = I'[n]I (8)

where I' is the transpose of I, and it can be seen that P is independent of
Hall currents.

In the equilibrium phase covered by the frequency table given above,
however, it 1s less clear that the conductivity matrix (4) applies. It can be
scen at once from the respective collision frequencies that the neutral
particles are too few in number to provide the predominant collisions, but one
might argue that the pressure gradients and the electric field set up when the
type of motion considered under equation (3) tries to develop would themselves
act to destroy the gathering momentum of the electrons and ions, and thus take
tho place of the fixed neutral scattering particles that were assumed in the
derivation of (4). But we must still conclude that equation (4) cannot apply
for very long because of the large radial Hall currents that would be sct up.
These would load to the development of a space charge and be counteracted by
the corresponding radial electric field. In fact it seems that if bodily drift
and Hall currents are both prevented by the geometry, as they appear to be in
our case, the conductivity that finally results will be simzlar to that essumed
in Section 2.1, and the skin depth of 1+6 cm found in that section may well be
of the right order.

It is possible, however, that for very much higher applied frequencies,
of the order of 100 m.c., the geometrical restraints may not have time to take
effect and much of the conductivity in the direction of the circumferential
electric field could then be lost. In such circumstances 1t might b5 mere
efficient to gererate the plasma by axially induced currents, in which case the
R.F. coil would be replaced by longitudinal R.F. conductors, carrying suitably
phesed aiternating currcents, surrounding the plasma cylinder in the manner
shown in Fig.1(b). ;-



2.3 Plasma uniformity

For simplicity the cylindrical plasma is assumed to consist of two
regions, an outer skin in which the heating occurs and an inner core maintained
in a steady state by inward daffusion and in which the only loss is due to
volume recombination of electrons and ions, The axial magnotic field is
supposed to be large so that the magnetic pressure 1s large compared with the
gas pressure and the diffusion process is supposed to be dominated by the
Coulomb cross sectien, i.e., the gas is effectively fully ionised. The
analysis of Rynn and D'Angelo6 is applicable (in their case the diffusion
is outwards) and we repeat here the relevant equations. It is assumed that
only singly charged ions exist so that the basic continuity and momentum
equations (which can also be cbtained from Spitzer9) are

0 (9)

dav(n, v.) + an. n
i i e

I
Q

(10)

dlv(ne Ee) +an n

2
n, mi(zi-grad) 1i+k Ti grad ng - n, a(_Ii +1§.K§) -ne n (n, v.-n

1]

n %Qfgm)%+k%gmd%+%e@+%xy

'r]ezn(n v.-n_ v )
e e 1i-d

Here a is the recombination coefficient

v is the 1on velocity vector
Yo is the electron velocity vector
e is the electronic charge
my is the mass of an ion
m, is the mass of an electron

k is Boltzmann's constant

E 1is the electric vector

B is the magnetic vector

The terms on the right hand side of equations (11) and (12) represent the
momentum exchange between electron and ions, and n is the electrical resistance
of the plasma in the absence of a magnetic field.



In the lamiting case of a long circular cylinder, the physical parameters
become functions of the single independent variable r. We also meke a number
of simplifiying assumptions, of which the first is that departures from electri-
cal neutrality are negligible, so that

nl = ne = n, say, (13)

and hence equation (9) becomes
14 2
g (111Vr) + an = 0 (14)

whers v, s the radial component of velocity and because of assumption (*3) the

valucs for the 1ons and electrons are identical. There is no other component
of v preasent 1n eguation (14.) since the z and 8 components must be constants
by 1eason of sympetry. The moméntum eguations are now linearised by neglecting
terms of order v2; the electron end 1on temperatures are assumed to be equal
and constant and the cleciric field i1s assumed to be zerd, so that after
subtracting equatlions {11) and (12) we have

2]

2 2
2nevyx3 = 2nv n(_'\_r_i-}_f_e) . (15)

This gives an equation for the radial velocily V. in terms of the circumferential

velocities v,,. and v ..
i6 el

- v, B = n cn(vlo-vee) . (16)

A further equation, also in the circumferential velocity components,
is obtained by the addition of equations (11) and (12) to give

dn
2 kP == = ._.nB(vle-vee) . (17)

From equaiions (16) and (17) we have

2nkl dn
vr = = B2 E; . (18)

Maxwell's equation (curl B = L% 3) can be used® to show that variations in B2
can be neglected in the conditions of a strong magnetic field, so that sub-
strtution for v, from equation (18) in equation (1a)leads to

-3 R F 0 (19)

where A = 21]kE/B§.

*The assumption of cqual ion and clcctron temperatures is jus%ified in the
numerical examples that follow, and the unimportance of the V€ term 1s demon-
strated in Sectien 3.1, 9



The solution of equation (49} is
2 2a
2 a1 <r : (20)

where 2, is an arbitrary constant and IO a modified Bessel function of the

farst kand. If we use the sufTix 1 to dencte conditions at the circumference
of the plasma where it meets the outer skin, and the suffix o to denote con-
ditions on the centreline, then

S

2.4 Numerical values

The relevant value of a to use in equation (21) 1s uncertain. For pure
radiative (two—bodg) recombination a value has been measured for Argon at
3100°K of 2 x 1071V cmd/sec (see Rof.11) and this may be expected_to reduce
with the square root of the temperaturel2 to about 1+2 x 10°10 em?/sec. The
practical value, however, may well be anything up to an order greater than
this as g regult of three-body recombaination, and the value used here is
3 x 10-10 cm5/sec which is the same as that used by Rynn and D'Angelo6 for
caesium at 2000°K. The magnetic field 1s no doubt a parsmeter that the
experimenter would wish to vary: we take 350 gauss as a typlcal value that
gives about the same ratio of magnotic to gas pressure (roughly a hundred to
one) in the laboratory as obtains in the ionosphere. Then we find

1.2_9_. -1
% = 066 om ', (22}

If we specify that n, should not exceed n by more than 206, equations (21)

and (22) lead to a limiting radius r, of about 2 cm which in view of all the

1
uncertainties is much too small from the point of view of relying on a
reasonable diameter of fairly uniform plasma. A graph of the distribution
given by equation (21) is shown in Pig.2. It is not to be expected that a
highly uniform distribution would be obtained in the presence of a strong
axial magnetic field since this would imply rapid diffusion inwards which
the magretic field opposes.

We have assumed that the 1on and electron temperatures are equal at the
inner surface of the skin. As a check on this we can estimate the order of
the radial distance travelled by an ion before 1t is _heated up to the
temperature of the electrons by collisions, Spitzer9 gives an expression for
the equipartztion time, teq’ for a mixturs of two kinds of particles each

with its own initial Maxwellian distribution and its own %femperature. The
temperature difference Te - Ti diminishes exponentially and after a time te

it has reduced by a factor e. For electrons and singly charged ions,
Spitzer's expression becomes

- 10 -



-y

sec (23)

t. T Tan Tt T

587 Ae Al /To Tj)
eq n, log A \Ae

where Ae and Al are the atemic weights of the electron and ien respectively.

The numerical value of teq 18 Tound 1o be 17 x ‘IO-'A*L sec. Ve can estimate the

radial drift velocity of the zons at the edge of the plasma from equation (18)
where, by cquation (20), (an/dr) 1s given by

2q, 2a
2 I'(r = I (% —
(@.1_1\ .M LTz NN A/ Hj_f:l_}c?_ai_f__ v A/
ar/, (. & NI 2'n, 2
o\ 1 A, A

A
20
Io<r1 A>
(

¥ith the same numerical values as bef'ore this gives (%%) = 0-86 x 1012 om™4,
\

The radzal velocity is then L

- o.afdmy Loy, 3 .
v, = A(dr) = 12 x 10< em sec s (25)

leading to & radial equipartition distance of 02 cm. In the circumstances
the assumption cof equal electren and ifon temperatures at the inner skain surface
appears reasonable.

> PLASMA IN THE ABSENCE QF A !NAGNETIC FIELD

3.1 Fully 1onised plasma

Consideration of the equations of a fully ioniscd plasms is no longer a
good approximation for the condition of 105 ionisation assumed in Section 2,
because in the absence of an axial magnetic field the main resistance to
diffusion inwards will come from collisions with the neutral atoms. It is,
however, of laterest to conszder the fully ionised plasma first since this
gives a measure of the importance of the non-linear wvelocity terms in
equations (11) and (12). The continuity relation 1s si1ll given by equaiion (14),
but the right hand side of equation (17{ vanishes so that the pressure gradaent
must be balanced by the second order velocity terms in equations (11) and (12),
whence with Ti = Te and m = m, + me, we have

dvr dn
nmv, T4 2 kT e = 9 - (26)

- 11 -



Equation (26) is not strictly correct since in deriving equation (11)
in the form given from the Boltzmann equation9 a continuity equation was
used that did not include the recombination term given in equation {14). The
correct form can be obtained by differentiating Bernoulli's equation,
P+ % pVe = constant where p = 2 nkT since there are two fluids each with a
partial pressure of n kT. This leads to an additional term T mv? dn/dr which
is however negligibly smell since it can be verified from the solution given
below that & mv® is less than 0+15% of 2 kT.

Equations (14) and (26) may be simplified to give

d.vr ™
'é"f_*-' = 2kTVW
dn
[ - — W kS
o nm v ; (27
where
v +anr
W o= L .

P

rmv2—2kTr
r

The boundary condition is that when r = O, v, = O and n = n s and starting

from this condition it 1s an easy matter to integrate equation (27) on a
digital computer as far as any desired radius. Such a calculation has been
performed for the same conditions as before and ignoring the neutral particles
with the result that for a plasma of 10 cm radius the ratio no/n1 exceeds

unity by rather less than G-001. In obtaining this result it is assumed that
n, and n_ are nearly equal, bccause the ions are supplied from the outer skin

and it is strictly n, that 1s known rather than no; if n1 differed

appreciably from B the boundary condition at r = O would not be completely

specified. For comparison with equation (25), the radial velocities calcu-
lated from equations (27) are -7+1 x 102 cm sec™! at 10 om radius and
-3+8 x 107 cm sec™! at 5 om radius.

3.2 Daffusion through the neutral gas

In this section we consider quasi static diffusion of the ions through
the neutral gas. Neglect of the momentum term nmv, dvr/dr is Justified in

view of the results of the previous section, Strictly the gas mixture consists
of three components, ions, electrons and neutrals, but the clectrons on their
own can diffuse very rapidly in the sbsence of a magnetic field so it is
sufficient to consider diffusion of the ions with the eclectron gas diffusing

et the same rate and having a partial pressure equal to that of the ion gas.

We assumc for simplicity that both argon ions and atoms are hard spheres with
a diameter of 3+1 Angstroms. The equation of diffusion is then (see Ref.13)

- 12 -



N2 N-an
= E:E my D12 grad <-—ﬁ—~{> (28)
with
Q00186 T3/2

5 .2
p(m1/2) ro

where N is the total number o particles per unit volume
p 1s the density
P 1is the pressure i1n atmosphores

ro is the particle diameter in angstroms

In equations {28) and (29) masses of the order of m, are neglected by corpari-
son with m_, 80 that since N 1s a constant on our assumption of equal
temperatures, and since no= o, 1t Tollows that p = ml(N-ni). The veloecity v

can be eliminaled between the corntamuity equation (14} and eguation (28) o
give a second order non linear equation for 0y

d2 n dn h
1 + 1 1o 8 n2 = 0
er ey dr 1 L
where ’ (30)
6 - c:.(N - ni)
2ND12 J

To a good approximation we can use the same boundary condition as Hcfore,
that n, = ng at r = 0, where n = 0*1 N, and in addition dnf/dr =0atr =20,

The equations (30) have been integrated numerically and ihe results arc given
in Tablc 1. It can be seen that whercas for the fully ioniscd gas the number
density ny increoased towsrds the centre, it now reduces. ‘This 1s becaussc in

the dynamical equation (26) the radial deceleration of the particles was only
pessible if a pressurc gradient (2 kT dn/dr) developed, whercas in the qaasi
static equation (28) there 15 no pressure gradient and the neutral particles
are pressed inwards to make up for any pressure loss due to recombination.

- 1% -



TABLE 1

Radius (cm) ni/nO radial velocity (em/sec)
y 140003 -~ 750
2 10011 ~1510
3 10025 2260
L 4 +00L4; ~3020
5 1+0069 ~3770
6 1+0099 ~4530
7 1+0135 ~5280
8 10177 -6040
9 10225 -6790

10 110278 ! =7550

To check on the assumption of equal ion and electren temperaturcs, we
note that for a plasma of 5 cm radius the radial velocity 1s -3770 em/sec
which with an equipartition time of 17 x 10~% seconds leads to an equipar-
tition distance of 0*64 cm. This is still considerably less than the
estimated skin depth of 1+6 cm so that the electron and i1on temperatures
should be nearly equal. The fact that the margin is amall in this case offers
some possibility of control should it be desired to increase the electron
temperature above that of tho ilons; +this could be done in principle by
reducing the gas pressure,

L MAGNETIC FIELD DUE TO A SKEW SOLENOID

It is apparent from Sections 2 and 3 that the charged particles diffuse
rapidly enough to give nearly uniform conditions over a considerable diameter,
unless they are impeded by a magnetic field. & circular solencid wrapped
around a circular cylinder produces an axial magnetic field which has two
disadvantages:

(1) it gives maximum impedance to inward diffusion,

(11) if models are to be fired lengthways down the tube the direction
of firing will be along the magnetic Tield, whereas in general the
desired direction will be at some angle to the magnetic field.

One way of avoiding these disadvantages 13 to use a solenoid made up of
elliptacal coils so oriented that they fit closely round a tube of circular
cross-section as in Fig.3. 1In this section we consider what field is produced
by a long coil of this type.

-1l -



Cylindrical coordinates (r,6,z) are used and the planes of the ellipses
are teken to make an angle | with planes normal to the 2z axis. The axas 6 = O
is also the x axas. We represent the coil by a thin current sheet I of which
the 6 component Ie is constant. The z component xs gaven by

I, = Iy tany cos 0 . (31)

Since I and I6 are current intensities, e.g. 1n amperes per metre if m.k.s.c.

units are used, the field strength H(Ie) 15 given by the usual value for a long
solenoid

H(I,) = I (32)

where H(Ie) is the ficld due to the component of current I0 and is directed

axially along the tube; it 1s a constant at all points within the solenoid.
For the skew solenoid we have to superampose the field due to the z comporent
of current given by equation (31) and this t'ield will clearly be normal to
the z axis. Furthermore the current distribution (31) 15 symmetric about the
X axis, so that we can say at oncce that the x component of the field 1s zero
en the z axais,

Insade the coil where no current flows curl H and div H are both zero,
so the magnztic field can be expresscd 1in terms of a scalar potential Q
given by

H = - grad 0 . (33)
For o long straight wire carrying a curront 1 the potential Q is given by

n - -3 (34)

27

at a point whose coordinates are (ru e) relative to the ware. We wish to faind

the potential and hence the field at a point (r,¢) within the coil and to do
this we use rectangular coordinates such that the point (r,¢) is also described
vy (E,m) where £ = x/r1 ard 1 = y/r1 as in Fig.k. Then & = % + B and

Ie tan ¥ . L 2n
Q0 = = 5 .[ de . (m+pB) cos 6 |
o [
N ‘
where from Fig.h, R is given by 135)

_ -1 {s1n 8 -7
po= tan (cos 8-—5) ’

- 15 -



It follows that

27 -
Ie tan ¥ {ry-sin 6) cos @ ]
Hx = = g 46 5 5
(sin ©=-1)° + {(cos 6-E)
0 .
and N (36)
27
H = _Ie tanwirf a8 (cos 6~E) cos 8
J 2n (sin 6-n)2 + (cos 0 —5_',)2 ’
o

By using the relations cos ¢ = —& and sin ¢ = ——— the denominator

2 2 > 2
VET 4+ NE + T
in the integrand of (36) can be written in terms of cos(e- ¢) and since the
integration is over a complete period of 2m we can replace 0~ ¢ by 6 through-

out the integrands. The second halfl of the range is then covered by replacing
6 by 2n-6 with the results that

s

I, tan ¥ )
H'x = —j—-ﬁ_—/%(sin2¢+%cos¢cos8-23:’:.1129500520)
o
v (37)
s
Ie tan ¥ a8 2
Hy = ——-——-é-q—i-————f-ﬁ-(‘l—cos 2p -~ 2Ecos ¢ cos O + 2 cos 2¢dcos 6)
o

where the numerators of the integrands are quadratics in cos 6 and the
denominator D is linear, and given by

D = 1+ E,z + nz - 2'/52'*‘7]2 cos 6 . (38)

We now substitute back in equations (37) for ¢ in terms of & and 1, divide
through by the denominator and carry out the integrations to find

by

H = 0 [
X

(39)

H -3 I, tan § . J
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The field inside this skew solenoid is thus constant and the magnitude
is such that if the andividual coils are wound 1in plares at 45° {o ine axis
of the solenoid, the cross component of the field wall be in the plane of the
major axes of the ellipses and will have a magritude of half the axial field.

Thas analysis shows that 1t 1s possible to design a simple coil that
gives a constant magnetic field inclined to the axis of the coil and thus
overcome both the obgections (2) and (1i).

5 CONCLUSICHS

The calculatlions wade in this paper suggest that a plasma can be
generated by circumferentially induccd R.F. currents wilh a cylindrical core
that 1s largely free from current and of nearly uniform density provided:

(1) +the R.,F. has sufficiently hagh frequency
and (2) a strong axzal magnetic field is not present.

For a plasma of practical size, one magacycle 1s about the lower limit of
exclting frequency and existing cquipment within Aercdynamics Department
might be just acceptable. If a strong magnetic field is provided 1t would
seem desirable to use a skew solenoad of the type discussed in Section L so as
to give a constant angled magnetic field that should not unduly impede
diffusicn. In some circumstances it may be desirable to induce the R.F.
eurrents in an axial direction, but for the freguencies considered this does
not appear to be nccessary and conductivity across the {ield should be
satisfactory.
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LIST OF PRINCIPAL SYMBOLS

A a constant defincd under equation {(19)

B magnetic induction vector = pH

D12 d1ffusion coefficient defined by equation (29)

E electric vector

I current density in amperes per metre

N total number densiily of particles per cubic centimetre
T absolute temperature
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LIST OF FRINCIPAL SYMBOLS {Contd)

d skin depth

e} charge on an ion

k Beltzrann's constant

T particle moss

n number density rer cubic centimetre
r distance from centreline

v particle velocity

x,¥,% rectilinear coordinates
a recombination coefficient

B,0,¢ angles defined by Fig.h

mn specific electrical resistance”
¥ permeability

v collision frequency

o specifiic clectrical conductivity
¥ angle of inclination of coils to z axis (Fig.B)
W frequency

Suffixes

e electron

i ion

n neutral

r radius

o centreline value

1 value at inner skin

*£,m are also used in Section 4 as non dimenszonal coordinates x/r1 and y/r1

respectively
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