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ABSTRACT

Isotope scParntioﬁ is an imporitant {field 6f scientific research,
Many methods have heen used to separate -clements and isotdpes. _.TheAtwo
main ﬁrocesses used at present are diffusion and centrifuging, - In the
" second category,'rotafing plasmas may be of importance due to the high

rotational velocifics which can be obtained,

+This thesis describes an experimental study of isotopic enrichment in
a robating neon plasma.  Some of the theoretical considerations are also
presented and a new theory of isotopic separation in rotating plasmas is

Tormulated,

VORTEX II, the votating plasma device used in the research to study
neon enrichment, was redesigned from an earlier experiment built at Culbam
Laboratory. Essentially the pachine consisted of two coaxial clectrodes
-which formed an amnular vacuwn vessel.  The interelectrode space was filled
with neon at a pressure of 50mborr and a radial curreni pulse of 8 KA peak
and 3.85ms durelion was passed through the gas in an axial magnetic field
of typically B, = 0.1T. This produced a net azimuthal motion in the

plasma,

Flectric probes, laser interferometry and a mechani cal sampling valve
were used to measure the sputial and time dependence of the plasma dynamics
and the isotopic enrichment, Typical parameters found in the VORTEX II

plasma were; electron density, n, = 102 m"3, plasma flow velocity, .

vy = ioénls—i, electron temperature, T, = 4¢V, stable flow time, Te =

3X107%s

e

The spatial and tcumporal bebaviour of the isotopic enrichment was
determined using a fast acting, electromagnetically driven gas valve with
a typical operating {ime of 400 us connecied to a mass spectrometer. Resuitis
obtained showed that enrichment of the heavy isotope, 22Ne, increased with
increasing radius, r, and flow velocity to a maximum value of 20% at the
outer electrode wall., Two dimensional separation also occurred with 22ye
depletion occurring ét the inside plasma boundary, off_the axis of the ver-

tical mid pleone..

Theory predicts only 4% enriclment and does not include two dimensional
separation effects. Some mechanisms, similar to the counter—current flow in
corventional cenmtrifuges, are discussed which may explain the two-dimensional

¥ .
separation and the high enrichmeats obtained in VORTEX II.



CHAPTER T

ISOTOPE STPARATION AND ROTATTING PLASMAS

With the advent of nuclear power and the global depletion of fossil
fuels, the enrichment of uranium in an efficient manner is essential to the

'fresent and future world economy. Consequently, the separation of isotopes

is a very important field of scientific research and many methods of enrich-

ment have, and are still being, investigated. These include aerodynamic
nozzle processes, chemical exchange, laser scparation, gas centrifuges,
diffusion and electromagnetic methods, as well as the plasma centrifuge,

the subject of this worlk.

1.1 AVATTABLE METHODS

0f these methods, the most important technique of separating iso-
topes to date has been the diffusion process. (Chemical exchange, énd
nozzie processes have had conly limited suceess and willlnot_be dealt with
here.) This is the only method at present, which enriches the uranium
isotopes on a large cormmercial scale., DBriefly the process operates by
péssing uranium hexafluoride (UFG) gas through a series of membranes using
large compressors. The lightest isotope; 235U, has a higher diffusion rate
than 238U and is therefore separated, since the diffusion rate of a gas of
mass, M, is proportional to (M)-%. The main dizadvantages with this
method are that firstly, the separation per stage.is low, therefore cas~
cades rust be used; and éecondly, the process requires a large power

consumption.

At present the most serious contender to the diffugion process is
the gas centrifuge. This essentially congists of a rotating cylinder
which drives gas inside azimuthally by viscous shear. The theory of the

centrifuge is based on the well-known fact that, in the steady state, the

pressure gradient in a rotating gas, balances the outward centrifugal force.

-1 ~




For two gases of molecular weight, M1 and M_, the ratio of the pressure of

2
the two gases at the rotor wall (r::rl) and at the axis (r::roj-is given by,

Py M ~li)(wr1)

e )-( )( 0)‘”qpr S = (P:L)(r)a e (122)

where w 1is the angular velocity of the rotor, and ¢, defined by equa-

r’i‘

tion (1.1), is the separation factor of.the simple process, Equation (1.1)
shows that the separation fTactor of the simple centrifugél process depends
on the absolute mass d;fferenée, whereas for the diffusion process, we
noted that it is proportional fd.(Ma/Ml)%. For this basic reason, the
ceﬁtrifuge meth0ﬁ should be particularly useful for the enrichment of heavy
isotopes, such as uranium. The dependence of the separation factor on
temperature should also be noted here., From equétion (1.1) it can be seen
that the lower the %emperature the more efficient the centrifuge procesé

" hecomes.

The figure of merit of a centrifuge is the separative power, 8T,
From the theory of gas centrifuges (LONDON (1961)) it can be shown that the
paximum éeparative powef of a centrifuge with a small separation factor is
given by,
uts kems/s veo (1.2)

2

(0, - M) (wr,)?
(6U)maX=pD[ - 22KT 2 ]2

where Z 1is the rotor length, p is the mass density, and D is the diffu-
sion coefficient of the gas. The maximum separétive power. is therefore
proportional to the fourth power of the peripheral velocity, to the rotor
length and to the inverse square of the femperature. Idéally then, the
separative power and the separation factor can be made very large simply by
increasing the rotor speed; however, in mechanical devices the rotational
velocity is limited by the mechanical strain of the moving parts and also
by fluid dynamic turbulence which produces mixing, ,Theée limitations on
the. maximum peripheral velocity also mean that the séparatioﬁ factor per
stage is low, so that cascades must be used to obtain the required enrich-

ment, as with the diffusion process.

--2- ) 1




The laser separation method is a new and potentially important

wethod of isotope separation. The process operates by irradiating uranium
or UF6 vapour with a highly monochromatic, tunable, dye laser, and selec-
tively exciting the atoms (or moleéules) of 235U. These can then be sepa-—
.rated from the remainder by selective photoionization by another laser, and
subsequenf removal by an electric field, by laser deflection of atomic heaﬁs
or by photochemical methods, Large separation factors have been achieved
in the laboratory using these techniques (BASOV et al, (1074); DBERNHARDT
(1974); LIU (1974); NEBENZAUL (1975); SNAVELY (1974)). As yet, however,
there has not been a demonstration of a process capable of achieving bulk
isotopic enrichment. . An interesting comparison between the po%ential energy
costs of.laser separation with those of gaseous centrifuge separation, has
reéently been made by TAIT (1975). He estimates that ~ 75 keV per atom

is required to enrich uranium by a few per cent, with the laser separation
method, whereas ~ 200 KeV ig required using conventional centrifuges tﬁ oh-

tain the same enrichment.

Electromagnetic methods such as the calutron where an ion beam is
deflected in a magnetic field, have been used for many years to separate
out small amounts of pure isotope. The advantagé of this method is that
an isotope free from any impurities can be obhtained. However, large scale
isotope enrichment with this method is impossible due to space charge effects
which limit the amount of ion current in the device. Calculations by
SMITH et al (1947) give the maximum amount of pure isotope, M,.Which can be
collected by this method, to be |

A -4
M= 3.19 X 10‘471(%&—1) VB mes/hr e. (1.3)
1 " .

where 1 1s the abundance ratio of the collected isotope, V is the accel-
erating voltage, and B +the magnetic field strength. It is evident from

equation {1.3) that the space charge effect imposes a drastic limitation on



the amount of material collected, even for very hish voltages and fields.
In the so-called 'radial mégnetic separator'_(SMITH et al, 1947) and the
'ionie centrifuge' (SIEPTAN, 1958), unsuccessful attempfs were made to

neutraiise the ion étream and thereby to reduce the space éharge effeét.

S

Both were abandoned in favour of the caulutron.

1.2 A BRIET HISTORY OF THE PLASMA CENTRIFUGE

From equation (1.1) and (1.2) it was seen that the azimuthal flow
velocity plays a crucial role in the overall efficiency of the mechanical
centrifuge. If similar scaling iaws apply to the plasma centrifuge it is
appropriate to ask whether plasma centrifuging to much higher velocities
by MHD processes in a stationary cylinder might not offer an attfactive
alternative to the mechanica1~centrifuge. Dther potential advantages of
using such systems are that firstly, MHOD driven rotation requires no mov-
ing parts and therefdre there ié no rotor wear, and secondly, the higher
separations expected with plasma centrifupes compared with mechanical
systems, may enable the number of stages in a cascade process to be reduced
substantially, as pointed out by GEORGE and KANE (1972). One major disad-
vantage of the méthod, however, is that much higher temperatures occur in
rotating plasmas compared with mechanical.devices. Even for low degrees

of ionization the gas temperature is of the order of ~ 10* °K.

It has been known for some time that by applying a current, J,

across a magnetic field, B, the resulting JXB force can be used to make

plasmas rotate. In rotating plasmas, unlike the calutron, the problem of

charge separation does not occur to any appreciable extent, and large ion
currents are therefore pogsible. In 1966 BONNEVIIR proposed a simple
model of isotope and element separation in rotating plasma devices, and
ebtained some theoretical estimates which compared favourably with mechani-

cal centrifuges. Since then the theory has been extended to cover a wide




range of possible operating conditions (LEHNERT, (1070, 1972); NATHRATH '

et al, (1071, 1975); GEORGE and KANE, (1972); BONNEVIER, (1971). A

mumber of experiments have also beeﬁ performed which have clearly demon-
strated that element and isotope separation does occur in rotating.plasmas.‘
A summary of the results obtainéd in these experiments, together with thel
A brief description

main experimental parameters is given in Table 1.1.

of these experiments will now be given.

TADLE 1.1
HMATN PXPERTMINTAL PARADTIRS OF PLASMA CENTHIFUGES

ter Filling Magnetie Discharge | Teapero~ Flow Separation
P'Dtat‘nl;:_ﬂicihw Operation Gag Pyressure Field Current ture Velocity Factor
(mtore) | (Tesla) (hupa) (°z) (me=?) ¢

FI Rotating Pulsed X3 AE, 40 0.8 * ~ 10% ~ 10° ~ 50,0
plarma . rotation; 4ma - . . .
{Bonnevier, 1070, flowtize /D, 40 0.6 * ~ 105 ~ 0% 1.4
Supper IIT Pulsed X3

(Jomes & Sizmpson, | rotstion 0.Tums Ny 103 1.5 2.8%10% | 4 x10% | saxip* # 1.1
1974, 1678) flowtime ‘
Vortex II Pulsed JXB ’ !

(Coirnu, 1974, retabicw 3, Fme N° 50 0,08~0,20 _3.0){103 5 x 10* 1ot 1,18
1978} flowtizo . !
Tetoting Aze Sveady state . ) ) '
(:m'.v.;g- & Simen, | IXD rototion X, farwao? 0:74 100 o £2x10% f 1.1
197 - .
'

Eollow Catlods Steady state rotad A * a.53 330 > 10t H 1,28
discharge in axial | tion produced by Adatt '

Eugnetic faald alumnﬁnchb and are 2 * 0.55 50 > 10t 10* 3.8
{Sooschoter, 1975) E/B arift :

* no data given . -
# essesssd from the critical velocity phenomenon (ses saction 2.2)

Although indirect evidence of mass separation in rotating plasma had

%+ heen reported (MAY et al, (1965); ANGERTH et al, (1962)), the

first qualitative evidence of mass separation in zotating plasnmé was
obtained by BONNEVIER (1971) in the FI device shown in Fig.1.1. The
experiment has a complicated geometry with a poloidal magnetic field; the

discharge taking place between the two anode rings and cathode plate which

defines the plasma confinement region. Element separation was studied



using a hydrogen/argon mixture and isotopic separation studied using a
hydrogen/deuterium mixture and natural neon which consists of 90f9% 2QNe
0.3% e ana 8.8% e,  The plaswa flow was sampled at different posi-
iions.in the discharge by a mechanical valve and analysed by a mass spec-
trometer, However, although large separations were reported (sce Table
1.1), the results were unsatisfactory for a number of reasons. Firstlj,
the gas mixture did not return to its eqﬁilibrium value at the end of the
experiment; secondly, there was no time resolution during'thé pulsed’
plasma flow; thirdly,no quantitative results of neon isotope separation
were given, and finally, the discharge parameters were fixed so that the .
predicted dependence of the mass separation on plasma conditions was not
investigated. TFor these reasons experimental work began on the Vortex II

device in 1972, to investigate Bonnevier's claimed results,

Evidence of separation of the 'neon isotopes has been obtained by
JAMES and SIMPSON (1974) in the Supper III device 'shown in Fig.1l.2.
"Plasma is produced by discharging a capacitor bank hetween the concentric
electrodes situated at the end of the vegsel., The resulting radial cur-
rent produces a i}(ﬁ_‘ionizing front which travels along the vessei, cOn-
verting the neutral gaé into a rotating plasma. In these experiments gés
was collected from the discharge using a fast acting valve and time resolved
measuremants were obtained, The isotopic ratio was found to refurn to its
equilibrium value, but the radial dependence of the separation factor was
not investigated.  Although these results were published first, similar
results were obtained at approximateiy the same time by the author with the
Vortex II device. Time resolved measurements of the radial dependence
of the separation factor were first obtained by the author with the Vbrfex
IT experiment described in Chapter IV, (CAIRNS, (1974, 1975)). The pheno~
menon of two-dimensional separation effects in rotating plasmas was also

investigated for the first time.
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HELLER and SIMON (1974) have recently obtained meésurements.of neon
isotopé separation using a steady state rotating plasma device. The dis—
charge chamber is shown in Fig.l.S.- .Samples were collected at the axial
mid-plane and at the outer wall, and analysed with a quadrupcle mass spec-
trometer, lSeparation factors comparable with the other experiments des-
cribed above were ohtained, ‘No experimental details of the spatial
temperature, density and flow were given, and no theoretical comparisons
made,

Steady state isatopic separation measurements have also been made
by BOESCHOTEN (1975), using the argon isotopes in a hollow cathode discha;ge
experiment which is shown in Fig.1l.4. The two most abundant isotopes have
mass pumhers of 40 (comprising 99.6% of natural argon} and 36 (0.334%)
giving a mass ratio of 10%, as with the neon isotopes. High separation
factors were obtained using argon discharge, but the most important results
were obtained using a hydrogen arc secded with a small amount (less than  20%)

of argon. Argon (40) separation factors of 2.75 were obtained, much larger

‘than the pure argon case.  The resulis were attributed to differences in

the radial density digtributions between the 'pufe' and 'seeded! case, This
explanation is tentative however; other mechanisms such as the higher thér—
mal conductivity of hydregen (therefore cooling the discharge), of faster
plasma rotation (see section 2.2), may be responsible. Whatever the reason,
this experiment has shown that gas seeding may have importanf applications

in rotating plasma centrifuges,

Resecarch on rotating plasmas is not confined to their possible use
as centrifuges, Due to their interesting properties, work on them has been
performed on a world-wide scale in many branches of plasma physics, incor-
porating basic fusion researph (BOYER et al, (1958)), gas blanket studies
of thermonuclear reactors (LEPNERT, (1970,1975); HELSTEN, et al; (1974a)).

energy storage devices {AMDERSON et al. (1959)}), injection systems (FORSEN

-8 -
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The countiruwously working rotating wrc device of Heller et al. The arc is

siruck between the pin cathode and ring anode. The combination of an

axial mapgnetic field with the radial component of the current causes a
rotation of the plasma due to the Lorentz force '
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Fip.1.4
Schematic view of the contimmously working rotating plasma
‘ ‘ used by Boeschoten. The arc is struck between the ancde
and a hollow cathode in an axial magnetic field



et al, (1966); immc;g et al, (1964); SILINIAUS et al, (1967)), and
cosmical physics studies (LEINFRT (1971); SENKA (1975)). The details of
these and many other eiperiments which can be found in the literature are
too extensive to be given here, Largely as a result of the wealth of
exﬁerimental data available, however, the thepfy-of,rotating plasmas has
reached a.Stage where there is a good understanding of the main physical
processes which occur in them, allowing realistic predictions to be made
of their basic dynamics. The problem of isotopic separation however 1is
still in its early stage and more theoretical and experimental work is
required hefore their cfficiency can be accurately compared with other
gseparation techniques. The remaining part of this thesis will describe
in detail, the basic theory of rotating plasmas, their possible applica-
tion as centrifuges, and the Vortex Il experiment — a device designed

to study isotope separation in rotating plasmas.

- 10 -



CHAPTER  II

INTRODUCTION TO THE THEORY OF ROTATING PLASMAS

It is well known that_whenever an electric current, j, is applied
across a magnetic field, B, the resulting Lorentz jXB force produces a
net fluid motion in the plasma. This Lorentz force hag beeﬁ put to many
uses in plaéma physics research as mentioned in the preceding chanter.
In particular, very high azimuthal velocipies‘can be obtained using special-
ly designed cylindfiéal geometries, and it may be¢ possible that the result-
ing high centrifugal forces could be used to separate elements and isdtopes

efficiently.

The first part of this chapfer deals with the basic theory of rotat-
ing plasmas and the remaining sections with the main physical'effects which
are comuonly observed in rotating plasma devices. The theoretical aspects
of isotope . separation are diséussed in Chapter III. A review of rotating

plasmas has heen recently published by LEINERT (1971).

2.1 BASIC ROTATING PLASMA TIEORY

For simplicity the analysié is restricted to the fully ionized
region of a rotating plasma; which is suff?ciently collisional on the scale
of the discharge dimensions,to be analysed using the fluid equationé. The
plaéma contains two types of ions of densitj ank and anq’ and electrons

of density n It is contained in the 'homopolar' type geometry shown in

o
Fig.2.1., This is the simplest experimental geometry for producing rotat-
ing plasmas and was used by ANDERSON et al (1958) +o invéstigate the basic
physics of these devices. It essentially consists of two coaxial elec-
trodes of radii r, and T and axial length, h, immersed in a uniform axial
magnetic field, B;. Insulator surfaces are located at +h/2, Right-

handed eylindrical coordinates are used, such that the unit vectors shown

are in the positive sense.

- 11 -
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Schematic view of the coaxial electrode geometry of the homeo-
polar device (Ancerson et al, 1958). Application of a radial
current between the ancde and cathode in the axial magnetie

field shown produces an azimuthal plasmu flow '
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2.1.1 Basic Equations

We begin the theoretical treatment with the well known magneto-
hydrodynamic equations which are obtained by taking velocity moments of the
Bolﬁzmaﬁn equation, The zero order moment determines the particle balance.
For the kfh species, neglecting ionizatiqn and lose processeg, this is,‘

Bnk

5+ Y- (nEKk) =0 ' ... (2.1)
where Vv, is the velocity of the kth species. '

The first order moment gives the equation of motion,

v, . 7 —
a5+ (. Dy) = nZe@ey, XD - T. % - am T+ ) P
JFk

... (2.2)
where ¢ is the gravitational potential, '
' 3, is the second order stress tensor, and
j-gkgj s the total momentum transferred to the kth species
r ’ -
per unit time and unit volume, by collisions with the
other particle types, |
An infinite series of higher moment equations may be obtained from -
the Boltzmann eguation, by suitable substitutions'of the velocity moment.
However, each new eguation contains terms which can only bhe found from the
next equation in the series, and hence, any finite number of eguations does
not form a closed set. The system can only be terminated if the highest
moment is neglected or simplified. In the present case this implies that
simplifying assumptions must be made about the stress tensor in equation
(2.2). A discussion of this problem is given by SPITZER (1962), who con-
cludes that if the mean free path, A, is short compared with the distance
over which the pressure, p, velocity and other macroscopic quantities change
significantly, then the pressure is a scalar quantity and we can put,
Vc_llj =—v'pk .’ s (2.0)
In the case where a shearing velocity is presemt, transverse to B and

‘parallel with surfaces of constant density and pressure, which is usually

- 13 -




the case in well confined,‘azimuthally symmetric rotating plasmas, Spitzer

obtains,

(. ‘_{{) = Eﬁkl— . (g 3y, oo (2.9)

where the second term is the sum of the off-diagonal elements of the stress
tensor, and b is the coefficient of viscosity. The subscripts refer to
the difection transverse to B. Finally an equation of state is required
bk’ in terms of the other plasma parameterg. In the

analysis the 'perfect gas approximation' will be used, namely,

for the pressure,

: . 2}
by = Oyt (2.5)
where kﬁ is Boltzmann's constant, and Tk is the temperature of the Kth
species. Before considering the total balance of a rotating plasma, the

steady state guiding centre velocities of the individual species will be

analysed.

2.1.2 The Partiele Velocity Components

Substituting equation (2.4) into equation (2.2), and neglecting

the gravitational term, we obtain in the steady state for the-kth species,

. e
r — ) i ’ \
mm (v . DV, =07 e(E+Y, XB) - Ip_+ V. (pkﬂzk) + -@k‘%"“
‘ . J
... (2.6)

This equation can he considerably simplified if we now assume azimuthal

and vertical symmetry with v 5 >V v and also that the initial Bz

kz -

is not modified to a great extent by currenté flowing in the plasma, such

r!

that By »B., By.
With these assumptions the radial and azimuthal components of equa- .

tion (2.6) in cylindrical coordinates become respectively,
2

MR ‘ apc R - |

~ —%E ~ nkzke(ER'ka Bz) - ?5} + ( ; Ezlk) ve. (2.7a)
| ; J;«*k

v Vo as -

(2 ) = 2 (k2 evg) o L

i ee. (2.70)

Wl"'d
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These two equations are coupled by the momentum tranéfer term, ij

which can be written as {BONNEVIER (1966))

T :
- men, <5vkj> W (Y_k-Y_j)

B

ij = - ij

= - okjnknj(‘_qc—y_j) .. (2.8)

Here & is the Coulomb cross section, ij

tween particles k and j, and (5vkj) represents the probability of the

is the relative velocity he~

particles k apd J colliding, averaged over the appropriate velocity dis—
tribution. For ion—electrqn collisions, vthe interaction parameﬁers, Ukj’
defined by equation (2.8) is given hy (SPITZER, (1962)), by'.

%o = Zéez'n _ i R (2.9)

and for ion-iom collisions by

. o, _ :
(mn>2 oo [ itq 2 2 : :

qu = E; Zqu QK;frzaj ecn ... (2.10)

(TAYLOR, (1961); POST {1950); LONGMUIR and ROSENBLUTH (1956)), where

Ak and Aq are the respective mass numbers of the ions, and 1 is the

resistivity of an electron-proton plasma, given by,

oon= g 0em . vee (2.12)
T2 ) .

The non-dimensional paramefer [ denotes the ratio between the effective

cross-sections of distant and close collisions {HOLT and HASKELL,’(iQGB)).

Inspection of equations (2,9) and (2.10) show that due to the term
i 4
(mp/me)2 ~ 43, collisions between non-identical ions, in many cases, pro-
duce a much larger momentum transfer than that obtained with electron-ion
collisions. This has important consequences in the theory of isotope

separation in rotating plasmas, as will be seen in the fellowing chapter.
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2,1.3 The One-Fluid Equations

The equations formulated above, are useful when analysing the
dynamics of individual particle species, and will he used extensively in
the next chapter when isotopic éeparation will he considered. When the
behaviour of the entife plasma is analyzed, however, it is mathematicallj
easier to treat the Gifférent specles, constifuting the plasma, as a single

fluid.

To ohtain the one fluid model, we define expressions for the centre

of mass fluid velocity, V, current density, j, charge density,_ﬁ,'anq the

mass density, p, as follows:

y=1 ( nmy +nmy ) ... (2.12a)
=7 p q g T leeve | |
-+ (1 \ -
j é e anqu - neze) - ... (2.12p)
5:—‘1-(2112 —n> ... {2.12¢)
€q q q . e
= ( nm +nm ) (2.12q)
P=\[ qq el e :

where the summations extend over all the different ion species. Summation
of equation (2.1) over the entire plasma, using the above definitions, gives
the continuity equation,

op

= + .(p0) =0 . eee (2.19)

Similarly for equation (2.2) with {2.4) we obtain the momentum balance of

the 'one fluid' plasma,
Qv

p %—;-+(\_7_'._Y)lr)=i><§—_v_p+_‘z.(p§‘_f_) ... (2.14)
where quasi-neutrality has been assumed and the gravitational potential
neglected.  The momentum transfer terms have cancelled out as a COnsequencé
of Newton's third law,

The equation describing the current, j, in the plasma, known as the

'Generalised Ohm's Law!, can also be obtained from the moment equations in
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a similar fashion as above. It is usually given by

n
e

2
en,

e[

1. .1 _
:E+EXE—E;‘J_XE—T]J_:I— oo, Ip, .. (2.15)

Finally we have Maxwell's equations which complete the set of basic rela-

tions used here,

v.F = = ... {2.16a)

J-E=

¥.B=0 - .. {2.16D)
B |

SXE :—_a't_' R (2.160)
J 2E

IXB = — 4 —— = ... (2.164)

i L | /

The second ferm in (2,16d) represents the displacement current, This is of
importanceii1relativistic plasmas and in plasmas in which high freguency

electromagnetic waves are propagating.It caﬁ be neglected in the VORTEXplasma.

2.1.4 The Balance of a Steady State Rotating Plasma

Using the same assumptions as those used in the derivation of equa-
tion (2.7(a) and (b)) in section 2.1.2, the radia1 and azimuthal components

of the momentum balance and Ohm's law become respectively,

2 .
Vg | 3p

- p—r— = JBBZ - ‘é‘; ) (2.173)

- 3 (12 () L2 oy & .
3.8, = M3 (r = (Vg)) + o 55 (ovg) == e (2.17b)
1 . en .

en_ (JeBz -5/ = E +VgB, -, ... (2.18a)
1. o _

o 9B, =-VB, by . ... (2.18b)

=

Substitution of the value of j, from equation (2.18a) into (2.17a). and

solving for the azimuthal wvelocity, we obtain,

. 'V2 )
Vz_-—EI‘-- P _§+__1..._E?,.1_+f¢. ... (2.19)
9 BZ eneBz i eneBz ar BZ ‘]I‘

The correction terms to the F/B drift velocity, which is normally domi-
nant in rotating plasmas, therefore arise from the centrifugal drift, which

increases the velocity and the positively directed ion pressure gradients

and ohmic dissipation which decrease the plasma velocity.
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Combining (2.173) and {2.16d) and neglecting the displacement ternm,
_yields the radial balance, v2 B2
Loy, 5,0
PT =37 e 3T _ e ( . O)
o :
Thus the outward centrifugal expansion of the rotating plasma is balanced
by both the magnetic preésure and the plasma density gradient. In general,
the azimuthal current will contribute in a similar way to the axial balance
of the rotating plasma, The effect of the current is to bend the initial

. axial field lines and produce a radial, Br,‘component. Igrioring inertia

terms in the axial balance, we have,

J'BBI.'%—-:-E | A(2.21)

z
implying that the jeBr force will tend to comﬁress the plasma in the mid-
plane regions away from the neutral particle layers at the end insulators.
This fact hés been used to advantage by ANGERTH et al (1962) and SRNEA (1974)
to produce flow velocities in excess of the 'criticél velocity' (see section
2.9).

The»azimuthal balance is seen immediately'from équation (2.17n),
which shows that the'driving jrBz force is balanced by viscous drag. In
general, this equation is difficult to solve as it requires detailed knov-
ledge of the boundary conditions of the system; also the viscosity of the
rotating plasma will, in general, vary in a complicated fashion over the

discharge radius.

_ Calculations by SHEAROFSKY (1962,1963), give the general expression

for the plasma viscosity to be,

o= nkT g
Vi; gZ+4x?hn?

(2.22a)

where g, ¥ and h are functions of the ion-ion collision frequency, Vi
the ion mass and the magnetic field, Tor lowly magnetised isothermal plas-
mas (i.e., when Wy « 1, and T = constant), it is a good aﬁproximation to

regard the plasma viscosity as a constant,  DBRAGINSKIT (1058) finds
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the viscosity in this case to be,
' 5 1
T2 AE

N's m-2 .. (2.220)
Z%n A

U= 2,21 x 107*°

In the other extreme, when the plasma is highly mégnetised (w'rii »1), the
plasma viscosity transverse to the magnetic field is given by ( THOMPSON,
1962) 3
-y &nAJ&znz
— e

T Nsm 2~ .. (2.22¢)
B2T2 '

Hl: 2.71 X 10

Recently, HELSTEN (1974b) has made a detailed, computer aided study
of the momentum and heat balance of a fully ionized rotating plasma, using

the transport coefficients calculated by Shkarofsky, snd by assuming no-

slip boundary conditions. The results are presented in Fig.2.2. A

n{i0"M)
T(I0°K)

Vetio‘r\\j g7 )
107—2

™

¥,

\
Density

0 - 0 ] a
4. 6 8 10 2
Radial position {cms)
Figp.2.2

The radial balance of a completely ionized,highly
magnetized,rotating plasma  (from Helsten 1974)
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comparison can he made between the velocity profile with variable viscosity,
for a high B, field (wr%j_»jj using equation (2.22¢), and a Poiseuille

flow profile with constant viscosity, shown in Fig.2.4. It is evident that

‘the Poiseuille profile. represents a poor approximation in rotating plasmas

with large magnetic fields. Nevertheless, primarily due to the ease of

mathematical solution, the Poiseuille profile has been widely used to pre-

dict some of the salient experimental features of rotating plasmas (see
section 2.,3).
This completes our treatment of the basic dynamics of rotating

plasmas. Attention will nmow be given to the main physical effects which

are commonly observed in rotating plasma devices.

2.2 THE VELOCITY LIMITATION

ALFVIN (1954,1960) has proposed that when the relative velocity

between a plasma and a neutral gas increases to a value:

v =V , = (:"""cf_n‘)— : e (2.23)
rel erit T mi

where P, is the ionization potential of the neutral species, a strongly
enhanced ionization process should arise, limiting the relative plasma
velocity to this wvalue, The calculated values of the critiéal velocity

of certain gases are given in Table 2.1.

TABLE 2.1

THE CRITICAL VELOCITY OF CIRTAIN GASES

Gas Ionized Mass Ionization Critieal

_z7 Potential & | Velocity

(1.67x10 kgm) V) (ke &=
H 1 13.6 51.0
He 4 - 24,5 34.4
N 14 . 14.6 14,2
Ne 20.2 21.6 14,4
a1 39,9 15.6 | 8.7
U : 238 ~6.0 [ ~2.2
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This' effect has serious consequences in rotating plasmas where there

is nearly always a small but finite amount of residual neutral gas'in the
main body of the plasma, and, in particular, at the boundary regions. A
great ﬁény experiments in different geometries have confirmed the validity

of Alfvén's original hypothesis (FAHLESON (1960); ANGERTH et al (1962);

DANIELSSON (1973)), however, the underlying phyvsical mechaﬂism responsibkle

for it is still not completely understood (see the review by SHERMAN {1973)).

In coaxial geometry, the critical velocity exhibits itself as a
voliage limitation across the @ischarge which is independent of neutral
filling pressure and plasma current, over a large experimental rance, and
about propoftional to the magnetic field strength (FAHLESSON (1961);

ANGERTH et al (1962); LIINERT (1971); DANICLSSON, (1970); SRNKA, (1974).
A simple theory of this phenomenon can be easily derived using the one-fluid

equations.  The total tube voltage, Vi, is given from equation (2.19) as,

. I‘2 I'2 I‘a ap . %2
V= f dr = - J v.B dr + j 'ﬁ—l—-—~i+'nj - ] )dr-+V
T~ ER - Ez - \en_ or Yy er s
Ty Ty T €

. _ ... (2.29)
* where a term, VS, hag been added i{o include the effects of possible voltage

drops acfoss the aﬁode sheath (see section 2.5). The pressure gradient,
resisiive and centrifugal {erms contained in the second integral, are
'usuall; small compared with the e:ﬁf produced by the polarising field,
veBz, (LEINERT (1971)) and so, if the limiting velocity is present, the

voltage will reach a saturation value given by
2e @y
W—2" B v .e. (2.25)
m. Z ] _
1 :
This voltage plateau, termed the 'hurning voltage' of the dischargze, is a
main feature of a number of rotating plasma eiperiments (seg the review

by LEINERT (1971)). Both the critical velocity and the flat burning voli-

age profile have been observed in the present experiment (sce section 6.2).
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In view of the undesirable effects of such a velocity limitation in
a plasma centrifuge or in basic thermonuclear research, sonme éttempts have
been made to avoid it., ANGERTH et al (1862) and SRNKA (1974) found that

by using sufficiently large radial currents (> 10%A), the plasma became com-

_pletely ionized and speeds in excess of the critical velocity could be

achieved. The success of these experiments was also atiributed to the
effective pinchiﬁg of the plasma away from the end glass insulators by the
asspciated jeI&,_force, (see section 2.1.4).  Attempts to produce super
critical velocities in the F series of experiments‘at Stockholm, using
specially designed poloidal magnetic fields (see Fig.1.1) to prevent plasma
from coming into contact wifh the end insulators, have encoﬁntered a numher
of plaéma instability problems {LEANERT (1972,1975)). Recent experiments
performed by HIMMEL and PIFL (1973), however, have indicated that a small
admixture of gas with a higher critical velocity than that of the main gas,

may increase the velociiy of the slower ion sbécies by collisions in the

azimithal direction. Although the two gas species will tend to separate,

it is possible that the gas seeding technique could improve the overall
efficiency of a plasma centrifuge, as shown by BOESCHOTIN (1975), (see.

also sections 1.2 and 7.3).

2.3 VISCOUS EFFECTS

- Viscous effects at thé electrode and insulator surfaces have impor-
tant consequences in rotating plésmas, and lead to two dimensional effects
in the radial current distribution (see section 7.2.1); This problem
has been considered by DAKER et al (1961) and by KUNKIL et al (1963), and

their simplified treatment is presented here,’

Two extreme cases are considered, first, when the axial shear domi-
nates over the radial one, and secondly when the radial shear dominates.

In the first case, retaining the dominant terms, equation (2,17b) with
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(2.18a) gives.
Bzve

322

. 1
u = j B, = ER VBBZ) B, ... (2.31)
‘where the viscosity has been assumed constant over the boundary layer region.

The solution of this equation, subject to the no slip conditions that ve:o

at z:i‘h/E is given by

ER cosh 2/8 . :
(1 . ... (2,32)

~ cosh h/25

where the boundary layer & is defined by

toh

_ﬁi_(g) : | (2.3:5) 

The velocity profile given bf equation (2.32).for various valueé of
the parameter, b/ is shown in Fig.2.5. The function j, is then found
by substitution of equation (2.32) into (2.31). ﬁaker now assumes fhat_
jr « vl oti/r and calculateé the effective resistance of the boundary

layer region to be,

J‘2
! d
v T, Fp ar | in(r./r,) .
Rfle-i_:— h,/ = COth‘é""‘S:RMCO‘thM
e 5 + 2. g 4_.”0.6 o]
" 2‘]1‘ Z : ... (2.34)

where the ratio M = é% is the Hartmarnn numher of this type of channel flow
and Ro ié the electrical resistance of the plasma disc at zero magnetic
field..

The second case analysed is termed the long tube approximation,
where the viscous drag is dominated by the radial shear, If only radial
shear is considered, the azimuthal component of the equation of motion,

equation (2.201)), beconmes with the previous approximations,

IB 3%y v, ¥ :
iB = —2 l_u( + 1 e___e_) ... {2.35)
r'z 2pgh T 32 r ar T
the solution of which is, IB c _
1 N -
v (——+C T- rhr) ves (2-~J6)
8 7 Anhy 2

Where C:L and C2 are determined from the boundary conditions. This gives
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a Poiseuille flow type profile, a typical flow profile is shown in Fig.Z2.4.
For the no-slip boundary condition shown (ve::O at r::rl,rz) the constants

from equation (2.36 are given by, .

2.2
= I
rz—rl
2 2
c B (rimr1“r2mr2\
27 r2_ p2 )
2771

The effective resistance may now be found in an analogous way as hefore,
using the Generalised Ohm’'s Law. Baker obtains

.
. — ; ,__' . -
Rogr = B\l + 62) | +oe (2.57)
 where L° represents the area calculated by integrating the bracketed term

in {2.36) and dividing by 2{n(r2/rl).

The current flowing along the insulator boundary layer méy only be
neglected if the volume'resistance given by equation (2.357) is smaller than
that given by equation (2.34), that is we must have, h » 2L%/6. Since 9
is uswally very short (~ 1mm) unless B is very weak, this conéition ig

virtually impossible to fulfil in practice.

This analysis can be summarised as follows: the radial current is
only axially uniform at the beginniﬁg of the plasma acceleration. When the
steady state situation is reached, the high emf produced by the rotating
plasma, forces the majority of the ecurrent to fleow in the boundary layers

_at the insulator surfaces, A small_radial current is, however, drawn by

the rotating plasma to offset viscous drag and loss processes.

2.4 NEUTRAL LAYERS AND PARTIJALLY IONIZID REGIONS

When a fully ienized rotating plasma is created in a homopolar
device, several mechznisms will lead to neutral and partially ionized
regions forming at the electrodes and insulator surfaces, Neutral parti-

" cles will free stream to the walls; ions and electrons will escape to the
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 insulators along the B,

charged particles-will also occur transverse o B .

ity, these regluns are not yet completely understood.

field by ambipolar diffusion, and diffusion of

Due to their complex-

However, they play

'an 1mportant role in the boundary conditions of the system, and can affect the

total balance of the plasma,

LEHONERT (1968, 1975) has analyzed the boundary region of rotating
plasmas in some detail, and his main findings can bhe seen by inspection of

Fig.2.5,:which shows the behaviour of the neutral and plasma densities near

neutral gas
region o
¥ diffusion

4T CiION

fonisation  internal plasma
reglgn a—region

-

~
e

>X

Y
r«—boundary regwn—»—wi

FJ.P'; 2.5

The partlcle balance at the neutral/plasma
boundary layer of a rotating plasma

the boundary.  Following his analysis, the boundary region can broadly be

subdivided into two regions. First, there is a diffusion region zh‘ix:sxb

of low temperature, where the fluxes of ions and neutrals are equal and

oppositely directed. Secondly, there is an ionization region xp:§x<fxT

where the incoming neutrals are ionized due to the increasing temperature,

Ty The extent of the ionization region, L,s has been calculated by

LENIERT (1968) to have the e-folding length,

R N
L m -l (KL )“ (2.58)

: =
n . A\
n o m@n:
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where oy} is the plasma density at the boundary (see Fig.2.5), €y = ?%E,
_ n

€ = 5/nn, where v; = is the ion-neutral collision fregquency and £ is the
-net-frequency at which charged particles are produced by ionization.

Usuall§ € « &, in the 'cold' outer régions of the plasma.

Thé dimension, Ly, is crucial in the formation of a fully ionized
~rotating plasma. If Lnéi(ra-rl) £hen the plasma is said to be 'imper-
meable! in that it effectiﬁely screens itself from the éurrounding neutral
layer. 1f, However, L, is comparable to (rz-ri)then the plasma bounfary
hecomes diffuse ané neutral particles can enter the rotating plasma and
- gtrongly affect the total balance. The Vortex plasma is characterised by
safficiently high densities at the boundary, ., such as to make it imper-

meable to neutrals (see section 6.4.2).

2,5 ANODE SHEATH FORMATION

In highly ionized rotating plasmaé of axial symmetiry, a problem
arises in that the drifipg (jr) current is primarily carried by the ioms.
Physically this arises due to the fact that the electron Hall parameter
W Ty is aiways mach larger than thaé of the ions (see Table 6.1). There-
fore, as the ions drain towards the cathode, the anode must produce ions to
preserve the continuity of the electric current. Yn practice, however,

metal electrodes are not perfect sources, or sinks, of ions or electrons,

and an electron sheath and depleted ion region will form around the anode.

Such anode sheaths have bheen observed in homopeolar geometry, by
SRNKA (1974) and are also evident in the present experiment (see section
6.2). As pointed out by KUNKEL et al (1963) such an electron sheath will
have 1afge electric fields aésociated with it, and the EXB drift will
produce enormous shear.stresses which will almost certainly make the region
unstable. This instability may well mean that the electrons are able to

cross the magnetic field more easily and drain off towards the anode.,
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CHAPTER TIT

THE THEORY oF iSOTOPE SEPARATION IN ROTATING PLASMAS

-

--Thé problem of isotope and element separation in rotating plasmas
is, in géneral, a very complicated one, Consequently no theory published
to date has reached a stage where quantitative predictions can be made with
any certainty of the detailed performance and efficiency of a plasma centri-
fuge. The main theoretical difficulties arise in the determination of the
complex flow profiles and loss processes, such as diffusion, recombination,

viscous friction and heat conduction, which occur in rotating plasmas.

The various theories of isotopic geparation using rotating plasmas
found in the literature, cover a number of possible opefating conditions,
-ranging from the partially ionized to the fully ionized centrifuge. 1In
~this chapter we shall deal mainly with those relating to the fully ionized
state, as this corresponds to the plasma conditions in the experimental pro-
gramme undertaken in this thesis. For completeness, the partially:ionizod

theory is briefly mentioned at the end of the chapter.

3.1 THE THEORY OF BONNLEVIER

Although the diffusion of particles in multicomponent plasmas had
been an‘alyzed earlier by SPITZER (1952), LONGMIRE and Rosmﬁawm (1956),
POST (1959) and TAYLOR (3961), the first theory propesing the use of the
high centrifugal forces of rotating plasmas to eﬁrich elements and isotopes
wa s prcscntéd by BONNEVTER {1966). Yor different mass species to he contriw
fugally separated in rotating plasmas, they must cross the axial magnetic
field., To do this they must be acted on by mass dependent azimuthal forces.
In his paper, Bonnevier proposed a simple mechanism which could give rise
to these for;es. In the radial momentum balance, as we shall see, the
centrifugal term gives rise to a slightly higher azimuthal velocity for the

heavier ions and the subsequent difference in velocity, generates




collisional ‘friction between the fw& species. These frictional forces

are azimuthal anﬂ'oppositely directed. The azimuthal forces across the
.axial magnetic field, darive the particles radially, outward for the heavier,
and inﬁérds for the lighter. Thus enrichment of the heavier ion species

should occur at the outer radial positions of a plasma centrifuge.

Bomnevier's theory is obfained from the single particle fluid equa-
fions gifen in Chapter II, A’model of a steady state, quasi-neutral, multi-
componeﬁf plasma, rotating hetween two coaxial electrodes in an‘axial magne-
tic field,' is considered. From equation (2.2) and (2.8), neglecting vis-
cous and grévitational tefms, the steady state momentum balance is given hy,

BBy - T = B n(Brr D) - Ipe - ] g (047 ) (3:0)

l{fé q

Vertical and azimuthal symmetry is now assumed with va>>vr. In his paper,
.Bonnejier éhowed that the latter approximation is valid, provided that the
axial magnetic field is gufficiently strong such that Q/mi« 1, where I is-
the ﬁlasma.angular velocity. With these assumptions, the azimuthal compo-

nent of equation (3.1) becomes,

. T >
. __.® 1 (% Tkt
k6= "B T Z enkB \Var ~ Tk w4
Z k z

... (3.2)

| where the radial cellision term has been neglected as a consequence of

ve » V.. Equation (5.2) implies that, provided the separation of the ioﬂ.
species is sufficiently small,such that their respective pressure gradient
terms are approximately equal, the heavier ion species has a slightly higher
azimthal velocity thaﬁ the lighter species due to the centrifup..

term. This gives rise to ion-ion and jion-electron collisions which produce

different radial drifts for the electrons and the two ion épecies. A sche-

matic diagram of the forces contributing to these drifts is shown in Fig.3.1

With the previous approximation, Bonnevier obtains the magnitude of the ra-

dial drift velocity for each species to be,




]

bty

Fig.3.1
Schematic view of the separation process. Collisim:xal
friction (F, and Fy) forces between the ion species
lead to oppositely directed radial drifis vkr'vc;r

1T .
“r T~ 7 eB_ L qunq(vkenvqﬁ)' . wee (3.3)
n Tz -
k#d
Expandiﬂg equation (3.3) using (3.2), for a plasma containing two ion

species (k and j), and electrons (e), he obtains for the radial velocity of

the Kb species, neglecting electron inertia,

. ve
v kT . (-dne . 1, dnk e k@)
=T 2n kel d - ‘
kr Zke Bz e\ dr ank dr ZkkT T
n. dan dn. n,, v2 m.ve- SN\
_ LT k J k _j;_ . _‘]_(ml{ kB ] |9 (3 4)
252 %kj\Z dr = Z, dar "KIN Zr T Z.r )) :
Zke Bz knk J k J

It should be noted from the above equation that coefficients of the density
gradients depend on the chargé, vhereas the centrifugal terms contain the

charge to mass ratio. This is of importance in fusion reactors, since it

means that highly charged impurity ions will tend to concentrpte in, and



| cool, the denser regions of a hydrogen, fusion plasma, 1f, on the other
hand, both ion species are equally ionized in a rotating plasma, then the
heavier ions will diffuse in the positive radial direction at a faster rate

than the lighter species. : .

- The tempefature and densities in tﬁe rotating plasma can distribute
themselves, in the steady state, in such a.ﬁay that the radial particle flux
due té ion-ion collisions, is zero. Neglecting the electron~ion collision
term, ¢, as small compared with the ion-ion term in equation (3.4), (see

section 2.1.2), the following is obtained,

2 2
n, dnk 1 dn, B n, /mkvke mjvje) (3 5)
Zn dr ~ Z. dr ~ kT \ Z,r = Z.r s :
k™ k J k J

This equation can he simpiified and solved if we now assume that Zkz:ijjl

‘and that, to a first approximation, Vicg

mation used in conventional centrifuge theory). With these approximations,

Rﬂvje::Ve. (This is a usual appfoxi-

equation (3.5) has the solution,

r (A ~A)
AR (39_%.15..__.1.) ... (5.6)
o ¥ Ak
_Akm vg . :
where 8§ = ”31%?‘ represents the ratio between the energy stored in mass

M
n=%.

‘ J
‘This expression should be compared with that for a conventional centrifuge,

motion and in the thermal energy of the most abundent jon species; .
equation. (1.1) in Chapter I. The equations are of the same form, although

the fundamental separation prdcess is different.

Under the conditions of a strong magnetic field (wyrs » 1) where
the present'thenry is valid, an initial axial magnetic field will have a
radial component iﬁduéed due to the azimuthal current. In this situation
there will alse he a Separation of the ion species along the field, as
shown in Fig.3.2. The calculations follow similar lines to those of an

undisturbed magnetic field case, and Bonnevier obtains for the separation

along the field,




Thus, in'quasi equilibrium, the dis-
tribution of ions transverse and

~ parallel to the field, simply depend
on the rétio of the two field compo-
nents, Br and Bz' Meésuremen{s
made by BONNEVIER (1§71) in the F1

device, which has a poloidal magnetic

field (see Fig.1.1), have shown experi-
‘mentally that separation does occur

Fig.2.2 . o cald. i . . o ~
Schematic view of the separation process in alonc the field, in qualltatlwe agree

a poloidal magnetic field. The component of
centrifugal force, F, aleng the field leads ment with equation (5.7).
to 2-D separatien .

3.2 THE THEORY OF McCLURE AND NATHRATH

The theory proposed by MeCLURE et al (1971, 1974) and NATHRATH
et al (1973, 1975), -also appliesto fully ionized rotating plasmas. The
basic separation mechanism prop;sed (azimuthal ion-ion collisioné) is the
same as the Bonnevier model. The main differences bhetween this and
Bonnevier's formulation, arise from the fact that firstly, a simple expres-
sion is derived (from the one-fluid model) for the azimuthal flow velocity
as a function of radius, whereas in Donnevier's model the azim;thal velocity
was treatéd as an average value; and secondly, the effect of the axial flow

of material on the separation factor and density profile is taken into account.

In this theory a model of plasma rotation in a radial electric fielad
and an axial magﬁetic field, is chosen with a constant temperature throughout
the plasma volume, The azimuthal centre of mass velocity of the plasma is
determined from the one fluid momentum equation (equation t2,14)); Tnclud-

ing radial mass flow, viscous forces and assuming constant viscosity, W,



this‘is,

|2 -
d
Y- B JOCES: RO (5.9)
dr?. Tr .dr - I‘2 e -~ u ‘ . s e .
_ r'iwr
where ‘c;:-ﬂa—. Assuming infinite cylinders in the axial direction, we
can put wl giving j B == where C is a constant. Equation (3.8)
r r rz r
‘now, has the general solution
) A o (a+1) _© ;
ve =T + Br - To b (a.ga)
for finite radial flux, and,
A C -
Ve =7+ Br + 20 rinr ... (3.99)

for zero radial flux., These solutions give Poisseuille type flow profiles
of the type shown earlier in Fig.2.4, and have heen used extensively in the

literature of rotating plasmas, (LEIINERT, (1971); BAKER et al, (1938)).

In their paper McCLURE et al (1971) compared the velocity given by equa-

" tion (3.9a) and (3.9b) with experimental flow measurements made by SCHWENN
(1970), on the hollow cathode high current arc described in section 1.4.
Good agreement was found using equation(ﬁ.gbj (no axial flow) with the
boundar& conditions ve=:0 at r=0, r=x, (no slip conditions). How-
ever other experiments, for example the Txion device (BOYEIR et al (1938)),
Vortex I (SRNKA (1974)), steady state rotating plasmas (NDESKE (1371)), and
the present experiment, indicate that in other geometries, the Poisseuille flow
profile is a peor approximatioh to the experimental results, Difficulties
also arise in the specification of the boundary conditions in coaxial sys-
tems, partigularly at the immer electrode, due to the anode sheath. In
general, the velocity profile can only be obtained from a self consistent

analysis of the fluid equatioﬁs given in Chapter 11,

The theoretical derivation of the separation factor now proceeds:
along similar lines to Bonnevier's formulation. However, in this case,

since the velocity profile is known and constant femperature has been



assumed, unique solutions of the separation factor and density distribution

can be obtained.

A quasu.-neutral plasma containing electrons and two ions species (k

and 3) is considered, Writing the momentum eguation for each species
. . . L 2y e By
(equatlon (3.4)) and 1ntrodu01ng the quantities wy = T’ Wg= V-V,
e V8 : .
Tkj =g and Q= el they obtain a system of three inter-related

kg

q
differential equations invelving the densities and the particle fluxes,

Uy, AN 2

3 . - k .
I‘k =V, . By neglecting quantities of the order (—-—E) and

Vel

©  assuming that Z_ = Zj = Z, the following is obtained

k

dn (mk-m.) VS eBz _(1+§2)
r

dr T KI T TR n g Z (- rq)
where . ml
D R *
&= el3 ce.} +Zq an.),

o being the value of ¢ for Z=1.

For the density distribution the following is obtained,

2 2m,_va 2eB 7°
e _ATE Naz.___r__(mr)
(Z+1);3kekT (Z+1)Esk

where
Bke (we e Tke]

The general solution of equation (3.10) for &»1 is given by,

é{) and

... (3.10)

(3.11)

r .2 *
Ih ~m. T Vv eld B 7z I
T i g Tl !.f]
eB_§'Z [ T r‘[; w7 o’ - == L (E"er

i Ty

n
'I']-T—Tri = ———m T .j T (r )e

BR Z
eB fl‘(r’)dr

2 .
I

Vg
f — ar’
1 1

e

and for equation (3.11) for all £, by,
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The variation of (A) plasma flow velocity, Vs (B) density,
N, and (C) separation factor, m, with radius. (Calculated

from cquations (3.12) and (3.13), with B,=1T, T=3.5x10%
°K, AM= 3AMU, M = 1 AMU). The experimental results of

SCHWENN (1970) are shown for comparison
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I 6 !

Z+1)kT £ T

X e * . ee. (3.13)

Hence unique solﬁtions can be calculated for the separation factor. 1In
the limit of no radial flux, equation {3.12) reduces to that given by
Bonnevier {equation (3.6)) if an average value of the flow velocity is
taken over the radius, Egquations (3.12) and (3.13) are plotted iﬁ Fig.
3.3 for various values of the parameter ¢ (corresponding to the radial
flow of material). It can he seen ﬁhat any ogtward'for of material

reduces both the separation factor and the density gradient.

3.3 A NEW APPROACH

The theory of NATHRATH et al presented above, depends on the assump-
tion that the V@ pfofile has a Poisseuille flow profile. In general this
is not the case for reasons already mentioned, \ Another consideration is
that the radial electric field is an easier quality to'measure.experimen—
tally than the plasma flow velocity. A aifferent approach was therefore
adopted by the author and HAAS (1974), in which the separation factor was
calculated in terms of the radial electric field component. The model of
isotopic separation developed in this section also takes into account.the
effect of radial flow of material on the separation factor and the density

distribution. o

A model of a quasi-neutral, azimuthally syemetric rotating plasma,

- . ionired i a4 4 wi _ 3 ]

containing singly ionized ions of type k and j with nb > m_ an nk§>nJ
is considered rotating between two infinitely long coaxial electrodes of

radii r=r, and r=r, in an axial magnetic field, Bz. The main steps
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of the development are given here, a more rigorous treatment is given in

Appendix 1,

3.3.1 The Density Profile

From equation (3;2) we assume‘to a first approximation, that the
flow velocity is related to the elecfric field by the following equgtion:
' E :
Ve“‘ﬁf . . (5.14)
This isfnormally a goéd approXimation in rotating plasmas and is valid in
the Yortex II piasma as shown in section 6.6,  Substituting equation (3.14)

into equation (3.2) we obtain for the first order ion and eclectron veloci-

ties, i’ 5
vgm- R eI M 1 (5.15a)
53¢] BZ eBz ;mknk ar I‘Bi '
m dn, .2-1
v, =_ﬁ+__3,!7£3_ _1__1_.]331 ... (3.15b)
AL B eB im. n. dr r oo -
z 2 70 B,”
dn '
. ER kKT 1. e o ' -
Ve =35 "o a e - ee (3.150)

where constant temperature has been assumed and the electron inertial term

neglected, Similarly, from equation (3.4} we obtain.the radial components

;th

of the particle velocities; - for the species we have,

N2
U S P e
kr eQBi %e \ar D dr FT Bér
2
LT /-111 dnk dnj n']. ER

e g ~ - = (m ~m.)) ... (3.16)
22 Y% a d k 7 (o -m.)) (

e“B2 kj ‘ny dr r  kIr g2 J -
Similar expressions are obtained for the jth ion species and the electrons,

as shown in Appendix 1,

The one dimensional radial continuity equations for the particle

gpecies, in the absence of ionization and loss terms, are given by,

n Vi, =4 , ves (3.17a)

n. v, I‘:.A. . » e (3-17b)
J Jr d

ne Ver Ir = Ae . ' o.o. (31.170)




Substituting the electron radial velocity component (equation
(A1.4c) into equation (3.17c), we obtain the following equation for the
electron density,

. =G - ne(nkmk + njmj) . ... (3.18)
.chker :

kT B2 r
z .
We now assume that n‘_j « throughout the plasma volume (valid

for many 1sotopes), g;v1ng nm o njua if Hﬁ ~m This also implies
that nkﬁJne' from quasi neutrality. With these assumptions, equation
(5.18) may be written,
2n2 2 2
Ae e Bz dne ER

- Mo - )

T kT 0o T dr k’l"Bg r

Equation (3.19) can only be solved if the Er(r) dependence is known.
This can, in principle, be found from a self-00n§istent analysis of the
fluid equations which would require extensive computation beyond the scope
of this thesis. Rather we specify a function for ER to give an analy-
tiktal expression for the separation factor and the density profile. In
particular, we use the vacuum electric field (i.e. assume noTSPace charge)

giving the electric field,
By = E(rl) - ‘ Ceee (3.20)

where E( is the value of the electric field component at the inner

ry) : _
electrode. Substituting equation (3.20) into equation {3.18), we obtain

a first order linear differential equation for the electron deﬁsity,

dy v .
—-K:xd—x—;p ' cue (3.21)
wher C : '
= —— ¥ = ni y X == r? and W= —_——
2kl o ~ 2ETB;
This has the solution,
t(e) RN )
e =% L +Y(r)k_w R
1 ... (3.22)




where t = /x, and % and vy, are the initial conditions at r=r,.
(ry) (ry) - 1
The integrals contained in eguation (3.22) are related to exponential inte-
grals and can be found from standard mathematical tables. - Egquation (3.22)
therefore gives the radial electron distribution and also, due to the gquasi-
neutrality condition, the radial distribution of the combined (nk+nj) ion
species. For finite : (radial flux), the radial flux decreases the density

gradient.

.

3.3.2-° The Separation Factor

To calculate the separation factor, 1, we next consider the ion
continui'by equations, together with the radial ion velocities. Comhining
equation (3.16) with equa’bion (3.17a), we obtain,

' 2
ak_ / dnk dn ER -
? [rkan T mE) - 5 e
e Bz | Bz

. dn e L B
Znj e Ej -
+ cﬁgi [r kT (n nk dr) * p2 nknj (mj—ml;)_t'- Ak' .o (3.23)
) 2 | .

Since in our approximation nlane’ the first three terms in equation (3.23)
reduce as a first approximation to,

%o an?  Ep
o

_e R 2
rkT dr BZ mkne.l
z
which is -A_ from equation (5.19). Equation (3.23) can now be written,

ak rank drk

S mlrﬁu

knj(mj -mk)] :I - (Ae—Ak) . .. (3.29)

For zero radial current,JR, it is easy to show from equation (3....176.,'b,c) and
equation (3.12h) that (A -4 ) = AJ.', the radial flux of the heavier, less
abundant ion species. | Setding JR=0 is a reasonable approximation in

the hody of rotating plasmaé, as shown in the discussion of—vis_cous effects

in section 2.3.
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e oqs . 2 - R
D1v1d1pg equation (3.24) through by n_, setting Ae_Aszj and
rearranging using (3.20), we obtain an equation describing the radial depén—-

dence of the separation factor,

E 2
E—’r-] o (rl)rl\ (m _mk\ n e B ( ! (3 25)
ax ~ B 2 kT ) 2°‘k kT e
z
which has the solution, : _
- (A Y .8 1 :g ‘
n= n(rl) exPp (— x) (exp( n( ) .Jr Xy exp (x dx)
. - ‘ r,) nory ... (3.26)
' A e<B N2 [ my
where - B:-—‘I'-—'—"‘-Z-, ((r)
2[1[ KT ZkT
<J

with x and y defined in equation 3.21,

_ Equation (3.25) may be normalised by setting,

am e hs I 5 ) ‘
J._K i —_—— 12 YX
. N 2 —]T-;E-) <A.|._+A..;

where we have used equations. (2.10) and (2.11). Provided the separatioﬁ

factor is small, we can also put as a first approximation,

i T LU WL ... (3.28)
n(l") “‘n(rl) € .

Substituting equation (3.28) into equation (3.27) we chtain the

following:
1
—m o, B )2 A B2T? '
m, ) |
& ()= (ST (_m)y 2 L
Vot /N B, /o2 T
z 258k n Ay, )_P_)(A]
. (3.292)
E 2 1
G A VST 8" 12 )
- ( 2kT ) Bzi ) x2 7 ,m.. L AL ¥YxX . ... (3.201)
( P )—
me \Ak+AJ.




k]
E 2 A B27Z
d I8 (r )“- oy e 'z
— ol e Ry LB 2 i : ve. [(3.30:
ax (V= 57) 0% - smon 7 )'rx . (3.30a)
1

; E(Ri)> e x2_ B#f%

= ... (3.30m)
\ B/ apr Y X (

Equations {3.20h) and (3.30h) thus give unique solutions for the density and
separationlfactor for a given radius and set of plasma parameters. Thesé two
coupled equations have heen solved numerically using a standard Runge-Kutta
reutine available from the Culham Laboratory computer library (HODGE et.al
(1969); EDGLEY (1975)). The solutions of equations (3.20b) and (3.30b) for
di fferent plasma parameters with the neon isotopes are shown in Figs.3.4
and 3.5. fhey have been calculated on the basis that the maximum value of
the electric fiel@ (occurringlat the inner radiuns at ;z;ri) is given by the
critical electric field discussed in section 2,2, That is
: e @k\% -

E(rl) = Ecrit = Bz(b—E;h) o .o (5.51)
The solutions show that the separation factér depends strongly on the
temperature {as do conventional centrifuges), but that the radial outflow -
of material, specified by the parameter B* s defined.by equations (2.20)
and (2.30), has only a minor effect on the separation of the two ion spécies.
This results from the fact that, although to a first approximation with no
radial f%ux, the interaction parameter, Qﬁj’ has no effect on the separation
factor; when there iz a finite radial flux, the magnitude of the correction
term (the second term on the right-hand gide of equation (3.20b)) is small,
sinée ij is large, increasing with mass, This implies ﬁhat the first
order approximation of Bonnevier, (equation (3.6)), should représent a good
. approximation for the separation factor, particularly for the heavy isotopes,
if the velocity profile is known. The radial dénsity gradient, however, is

more dependent on the radial flux,
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3.3.3 Boundary Conditiomns

Two further conditions remain to be fulfilled before the separatioﬁ
factor given by equation (3.29), and the density profile, given by equation
(3.30), are completely determined, since the boundary conditions used have
been completely arbitréry. These houndary condifions may be specified by
evoking two conservation relations which are; firstly, the total number of
ions, N, is constant across the radius (since the problem considered is
purely one—dimensional); and secondly, the ratio,’nA, of thée total number

of the two ion species across the radius is also constant.

These conditions enable the boundary conditions of the density and
separation factor to be obtained for a given total numher of particles and

isotopic abundance, and are written,

r2 : IN' "
Jl (nk+-nj)z-dr =5 B ... (3.32)
Ts
. I n,r dr
r, J N. )
:‘ Ei‘: T]A ‘e (3.33)

Y2

I nkx-dr

r, _
For simplicity, these criteria will be applied to a rotating plasma with no
radial flux. The inclusion of radial flux is straightfdrward in principle,

but complicates the problem unduly. Even the present idealised case of

the é%ER profile leads to preoblems requiring computation, as will be shown.

In the absence of radial flux, equation (3.21) may be solved to give,

after some rearrangement,

2
1 7 T
(p +n.) = (o +n;)  exp =it -—=).. .., (5.34)
nk. J k™) r, zri \ 22 ) '
Similarly, equation (3.25) has the solutioh, .
’ n.- n.\ s
s R ) X -5
n = = e-xp 1 - X s (30 35)
. \nk r, ri \ r2 _
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The density boundary condition, (nk-bnj)r is given from equation (3.32).

1
and equation (3.34) as, 1/ 272 J
Ne '
(nk'Fnj)fi = T / ) - (3.36)
2ﬂhj're-1 2 ap
Y :
1

The integral is given hy

Ii;E -1/2r 1‘_ _1/2r§ , _1/Hr
[ee  ar=gl2 erde terly 2/— )]
Tq

ces (3.37)

where Ei(x) represents the exponential integral defined by,

o —t
E, (x) j — dt .

The calculation of the separatlon factor boundary condition, (“l)r

1
slightly more involved. From equations (3.32), (3.33), (3.34) and (3. 35),

we obtain,

Y2 ‘ i? (nki-nj) T exp 12 (1 —~> dr .
J n dr = L ok N
§ : re “2qgh T (1+ th
"1 1 QJJ Olp“" 1——%§ : o nA)
rgot T . (3.38)
and using equation (3.36) we finally obtain
2
s ' 2 I 1‘0—1/2r dr
—1/2r Y
j T e dr 3 (3 39)
n 2 _ 2 - . w .
r.o1 4 (L eY/ri v/ (14,
\ r

The integral on the left-hand side has, to the author's knoﬁledge, no known
analytic solution. | The equation may only be solved by specifying a value
of {nj/nk)ri and calculating the integral either by graphical or computer
methods and 'shooting' for the required 'nA. It should be noted from
.equatibn (3.39) that the separation factor boundary condition is independent

of the plasma density.
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3.4 THE PARTTALLY JONIZED CENTRIFUGE

In contrast to the fully ionized centrifuge theories presented
above, LEHNERT (1970} has considered the theoretical aspects of mass separa--
tion in a partialiy ionized centrifuge conéisting mainly of neutral gas.
Under certain experimental conditions, he suggésts that the neutrals can
be‘éccelerated by the volume force produded hy collisions with the rotat-
ing ions and electrons, putting them into rotation in a more efficient way -
‘than by the viscous shear forces of a mechanical.rotor. lIn a later paper
(LEFNERT (1973a)), the theory is extended and put on a more analytical bésis.
Also in this paper the possibility of controlling the ve(r) profile by

“external imposed electric and magnetic fields is considered,

For completeness, the theory of BOESCHOTEN (1975) should also be

mentioned in this section. He has proposed that a rotating plasma c¢ould

be used to replace the rotor in a partially ionized device,




CHAPTER IV

THE VORTEX TI ROTATING PLASMA EXPERIMENT

_ The Vortex II experiment is a modified version of an earlier device
built at Culham Laboratory by SRNKA (1973). It is a rotating plasma
.experiment built in homopolar geometry and designed to study the isotopic
separation effect in rotating plasma. A general view of the experiment,

togethér with some of the diagnostics used, is shown in Fig.4.1.

The exﬁeriment basicélly consists of a coaxial electrode system in
an axial magnetic field. The anmular vacuum vessel is fiiled with gas
(usually neon), at a-prcssure of 50 mtorr, which is then pre-ionized by an
oscillating radial current from a capacitor bank. A critically damped
current‘pulse, of ~3.5ms &uration from the main capacitor bank, then sets
the reéulting plasma into rotation, .Various diagnostics, which are des-
cribed in the next chapter, are used to determine the flow parameters and
plasma composition. = This chapter gives a detailed description of the con-

struction and ?ower supplies of the machine.

4,1 THE DISCHARGE CHAMBER

The fundamental paft of the apparatus is a coaxial, hon-magnetic
stainléss steel electrode system of radii O.i5m:and 0.35, and height 0,3m.
The set~up is shown in Fig.4.2. IPyrex glass‘speets of thickness 0.02m are:
located at the top and boitom of the electrodes, 'O"ring seals are used
throughout the nmchine'SO that the inferelectrode space can he evacuated.,
Diagnostic. ports afe situated on the outer electrode and on the top glass
insﬁlato;, enabling radial and ver%ical probe scans to be made in the dis~
charge.  The addition of holes in the glass insulator proved a sPécial
problem in the Vortex mwachine. Ioles drilled in glass gi%e rise to micro-
cracks and subscquently weaken its mechanical p?operéies.  A 0.025n1glass
Tibre sheet was therefore positioned above the top glass‘insulator to pre-

vent the possibility of implosien.
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Fig.h.2
Schematic cross secticnal view of the VORTEX II device
The electrode system, mounted on aluminium alloy supports, is
positioned between four magnetic field coils. The field coil cénfiguration'
congists of a Helmholtz pair with two additional coils to improve the verti-
cal field uniformity. The optimum coil spacing was calculated using a
computer- code at Culham giving a B, field, uniform to within 7% throughout

the discharge volume.

In order to prevent the possibility of preferential breakdown at
different azimuthal positions, and to therefore reduce the. risk of plasma
"spoking' (BARBER et al (1963,1972); LEHNERT (1972)), electrical emergy is
supplied to the electrodes using 16 uniformly spaced coaxial cables. The

inner electrode is the anode and the outer the cathode.
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4.2 VACUUM SYSTEMS AND GAS SUPPLY

The experimentﬁl chamber is evacuated using a 6.inch 0il diffusion
pump with a liquid nitrogen coocled vapour trap. An oil sealed rotary pﬁmp
provides a backing pressure of ~ 20mtorr for the diffusion pump, and is
also used to rough the vacuum vessel down from atmosphere. - Backing pres-
sure is monitored using a Pirani gauge; a Bayard-Alpert ionization gauge

‘monitors the base pressure of the machine.  The pumping system is connec-
ted to the machine through a 4 inch diameter glass tube for insulation pur-
poseés., A pirani gauge and an absolute McLeod gaugé, are connected to the

outer electrode to monitor the gas filling pressure.

After evacuation to typically 1X10~®torr, the diffusion pump
baffle valve is semi closed to reduce the pumping speed, and gas (normaliy
high purity neon) is leaked into the interelectrode volume using a regulﬁ—
tor and a néedle valfé.' The constant flow gaslsupply is adjusted to give |

an operating pressure of 30mtorr .

4.3 MATN ELECTRICAL CIRCUITS AND POWER SUPPLIES

Electrical energy is supplied 4
to the magnetic fields coils, the pre- B {‘ ;
Z
heat and radial electric field dis- ! f
: : . T T (R -
charges by three large capacitor banks . 9 0. 20 39 {_40ms
. s — —_— ~
wvhich are charged over a three minute 38 alani . o
. I'p[asmu _.-triggervalve 1
operating cycle. The circuits de- ~-p.m.signal :
‘ | |
tails are shown in Fig.4.3. o q. 5
4.3.1 Magnetic Fielad
gas
The vertical magnetic field pulse
(Bz) circuit, consists of an under-
critically damped series L CR cireuit. 0
Fig.h.b
The capacitor hanl consists of forty Ixperimental timing sequence of the magnetic

field, preheat, main radisl discharge and
gas sampling systen
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40 uF. 8 KV capacitors in parallel. The Vortex magnefic field is produced
by activating an ignitron which then discharges the stored electrical energy
of the capacitor bank, through the field coils. Fach of the four field
coils is an 80 turn cepper cable winding, mounted on plywood formers and
escapsulated in epoxy resin, A clamp ignitron is triggered at the first
current peak, 27ms after Jc,h-e start ignitron, Thereafter the coil current
decays by resistive dissipation with a time constant of 91‘ms . This is
rmach longer than the gas discharge time (typically 3.5ms ) and therefore
the field remains essentially constant over this period. The maxin:rum. fiela

obtainable with the circuit is 0.2T.

4,3.2 Preheat

The radial preheat discharge (PH) , consists of an undercritically
damped LCR circuit, <The capacitor bank is a parallel combination of two
20F , 23 KV capacitors which are normally charged to 10KV . The cap;';\citor
bank is connected to the electrodes by 16 coaxial cableé, in parallel, which

provide a lov impedance circuit.

The oscillating current pulse (Ipeak =-120kA, f ~ 50 kHz) produces
both initial gas breakdown (which occurs ~2us after the PH ignitron is |
activated for a gas pressure of ~ 50mtorr) and turbulent mixing of the
| resulting plasma. The result of this is that a reprodu(.:ible afterglow

plasma is produced before the main radial current is applied.

4,3.3 Rodial Flectric Field Discharge {Plasma Rotation)

The r_:ircuit cons_ists of a critically damped LCR _series arrangement,
The main capacitbr bank is a parallel arrangement of forty 78 | F, 8KV capa-
citors giving a total stored energy of 97KJ at maximum'charging voltage.
The induqtance was manufactured using 27 turns of 11 KV cable wound on a
0.25m radius wooden former, ax;d encapsulated in eposy resin; The coil is

tapped along -its length such that the inductance can be varied up to 220 mH.
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The variable resistor consists of four 62m{) expanded metal resistors

connected in series,

The discharge circuit is activated 100 us after the end of the PH
disbharge, with a current risetime of 0.8mg, peak current Ipeak=¥8 KA

and total duration some 3.5 ms.

4.4 OPERATIONAL SEQUENCE

The experiment operates on a semi-automatic basis with a three
minute cycling time between plasma discharges. During this time the main
capacitor banks are charged fo a:pre—get voltage, determined by the Variac
controls on the master control panel, and voltage sensing units. At the
end of the cycle, the charging current is stopped autoﬁatically by voltage
sensing units. A master trigger pulse is then sent to a number of standard
2000 series time delay units connected in series. These delay units then
trigger the respective circuits at the correct times. Other delay unité

are used to trigger diagnostic equipment during the plasma discharge.

The experimental timing sequence, showing typical oscillogram wave-

forms of the B, PH and ER discharges, is shown in Fig.4.4.

1.5 SATETY SYSTIMS

The safety systems are designed 1o prevent access to any high vol-
tage area during the machine operation, and also to enable rapid dumping of
the capacitor banks in the case of an emergendy. These coﬁsist of door
interlock éwitches, emergency stop switches in the HT areas, and an emer-
gency stop button on fhe control panel., The activation of any of these
switches, or interlocks, automatically causes the capacitor banks to be
shorted and earthed. Audible Wafnings are also provided preceding an

experimental discharge.
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CHAPTER |V

4 VORTEX II DIAGNOSTICS

The diagnosiics used on the Vortex ITI device can broadly be catego-

rised as; General méasurements, which include gas pressure, mégnetic field,
current énd voltage measurements, as well as subjective measurements such
as visunal inspection of electrode and insulator‘wéar; Plasma measurements,
involving spatial and temporal determination of electron temperatufe,'elec—
tron density and plasma flow velocity; and finally, Isotopic separation

measurements.

With the exception of the fast valve sampling system, used to mea-
sure the isotopic enrichment (described in section 4.6), and the 002 laser
interferometer, described in section 4.7, the experimental measurements have
bheen made USing‘a number of standard diagnostic techniques which are well
documented in the literature (see HUDDLESTONE and LEONARD, (1965)). The
following sections describe the theory, construction and'use of these diag-~

nostics.

5.1 DISCHARGE CURRENT AND VOLTAGE MEASUREMENTS (IT and VT)

ihe interelectrode voltage, Vp, is monitored with a conventional
resistive divider circuit, which is shown in Fig.5.1. This circuit was
calibrated with a signal generator over the experimental frequency range
(0<w = 10% s™1) ana gave VT‘: 412 V. , where Vg .is the voltage appear-

ing on the oscilloscope.

Total radial plasma current is measured using a calibfated Rogowskii
coil which is positioned around the current input cable of the machiﬁe. A
passive RC integrating circuit, shown iﬁ Fig.5.2, was used to display the
current as a function of time on an oscilloscope. Similar Regowskii coils

and integrators were used for the PH and fagt valve power circuits. In
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all cases the RC integrating time exceeded the total. observation time by

at least a factor of X 10, in order to reduce measurement corrections.

5.2

tive fashion by visual inspection of discharge damage to the electrodes and

ELECTRbDE AND GLASS INSULATOR DAMAGE

Some interesting information can

to the two glass insulators.

faces.

Most elecirode wear occurred at the top and bottom of the anode sur-

In these regions, extending some

be obtained in a somewhat subjec-

1 em from the ends, the surface

layer of the electrode showed cvidence of melting, suggesting a high degree

of ohmic dissipation, and consequently high current densities in these

regions,

There was also strong evidence

- B4 .

of, current tracking damage'to the



top and botitom glass surfaces, extending approximately 8 cms from the inner
electrode (anode). The glass insulator damage was symmetrical around the

anode, and similar damage occurred on both glass plates,

The probable cause of the localised eiectrode and ingulator wear
(discussed more fully in section (2.31)15 the high current densities which
occur at the top and bottom of the discharge when the.plasma flow is fully
developed, Under these circumstances the boundary resistance is much
smaller than the volume resistance of the rotating' plasma; This 1is a
cormon phenomencon in discharges of this geomeiry, as shown‘by BAKER et al
(1861) and KUNKEL et al (1963).‘ Damage also occurred on the upstream

facing surfaces of all the diagnostic probes inserted in the plasma flow.

5.3 MAGNETIC FIELD MFASUREMENTS

COPPER ELECTROSTATIC SHIELD  NYLON BUSH

%féﬂa@’/// 77777777, /54/{/ ~
AV BN

EPOXY RESIM

NYLON FORMER

e S T

i Z PV A rd yard

7 TR 7777 777777777 7T 7 70707700 7
8mm O.D, PYREX TUBE

FO TURN 3gswo
ENRMELED Cu WIRE

Fip.5.3
Construction details of the magnetic field probe

Measurements of the vacuum interelectrode magnetic field were made
using a multiturn search coil, which is shown scheﬁatically in Fig.5.3. It
consists of an 80 turn enmamelled copper winding on a 10mm diameter former,
siving an nd of 7.86 X 10‘4 me. The output signal from the search coil,

.V,

p is given by the well-known equation

v

aB
sz._nA-(ﬁ- . | (5.1)‘_

The resulting signal was displayed on an oscilloscope and integrated graph-

ically to obtain the B, field.
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Spurious pickup was minimised by using twisted enamelled copper
connection wires in the magnetic probe, and by screening them with brass
tubing, Similar screening was employed with the Langmuir and electric

field probes, described in the following sections,

5.4 TANGMUIR PROBES

Floating double Langmuir probes of the type used on the TARANTULA I N
experiment (PAUL et al (1969)) were used to determine the electron density |
and temperafure in the PH and ER discharges. The probe design is
gshown in Fip.5,4. Essentially it consists of 'tt'vo planar, equal area,
platinum electrodes of 0.5mm diameter, enclosed in a ceramic insulator.

Pick-up is suppressed in the same way as with the B, probe design.

TWISTED FNAMELLED 0,5mm 0.0, PLATINIM
COPPER WIRE

_ /[
\\_{_,,._., -

ImEEE

3mm

R l

Bmm. OB, pyReEX TusE \

. HMOULDED
CERAMIC TIP

EPOXY RESW SERL
BRASS ELECTROSTATIC SCREEN

Fig.5.4 .
. Construction details of the Langmuir probe
Langmuir probes suffer from a mumber of disadvan‘tagés. Firstly,
the physical presence of the probe in the plasma may éfféct the plasma;
secondly, the probe may be damaged or contaminated in intense dischargés,
and thirdly, the interpretation of results in the.case of highly colli- -

sional plasma or plasma in strong magnetic fields, (i.e. where the Hall
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| parameter, wT» 1), is very complex, -Despite these disadvantages, however,
Langmuir probes have been used.extensively in plasma phyéics research."Morem
over, the plasma disturbance (which will always be greater than the Debye
‘length,%b,due to electric field penetretion from the sheath'infq the plasma),
is confined to a region of the order of the ﬁrobé dimension under many ciroum -
. stances, The theory is algo reducible to a relati?ely‘simple form if the probe

sheath can be regarded as effectively'collisionless. "The condition for this

to occur can be expressed by the’ orderlng,(CEEN (1964)), -

Ty < a < r = X ) -
where RD is the Debye‘length,‘ a, the electron thermal gyro radiﬁs, rp
the probe radius, Aei the electron-ion mean free path, and a; the ion

thermal gyro radius, This condition holds in both the PH and ER dis-

charges (sece section 6.4 ).

Langmuir probes have an advantage over other diagnostics in that
they are relatively easy to use experimentally. They also remain oné of
the few diagnsotics which can give localised measurements in the plasma (at
least in the case of smali magnetic fields), since almost all other tech-
niques, such as interferometry or sPeétroscopy, give information averaged

over a large plasma volume.

Since the original théory published by LANCMUIR k1924), the theory
of the electric probe in a plasma has been developed extensively, particu-
larly in the collisionless limit (BOHM (1949); BERNSTEIN and RABINOWITZ
(1959); ALLEN et al (19?7)). Theoretical studies have also beeq carried |
out on the effects of a magnetic field on the probe sheath (ALLEN and
MAGISTRELLI (1059 ) ; SANMARTIN (1970)), and also on the use of probes in
plasmas which have a directed flow velocity (SMITH et al (1970); SEGAL
et al (1973); | VAREY (1970);  ALLEN and MAGISTRELLT (1942 .)) Although

in most cases these studies have resulted in -rather cbmplicated,
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numerical solutions, experimental evidence of the validity of Bohm's anaiy—
tic formula for a collisionless prohe sheath (given in the'next section)
has been obtained by CRAIG (1072), using a similar Langmuir probe to that

used in the present experiment,

The experimental procedure of determining the electron température_

_and density from the probe measurements will now be described,

5.4.1° Measurement Technique

. 12K
PROSE fa } |

looa
CABLE
ACOLFE oy
Fa: NG +21V
. =
1040 ] -
i ,

100 cAagLe Y

1000, CSCILLOSCOPE

S——y

Fig.5.5

Langmuir probe dc measurcment circuit

Two circuits have been used to determine the electron density and
temperature, The d,e¢, circuit, shown in Fig.5.5, maintains a constant
potential difference between the probe tips throughout the discharge. By"
vérying the voltage from shot-to-shot, the double probe characteristic is
obtained from which the temperature can he calculated, using the 'equivalent
resistance’ method (SCHOTT (1964)) in which the probe voltage interval he—
tween the meeting of tangents drawn in the probe characteristic, is eguated
to 4 XT_, in eV, This method is shown schematically in Fig.5.65' For

equal area probes, the electron temperature, T,

is related to the slope of
the prohe characteristic, at zero potential difference between the tips,

by the expression,




A
| Current(lp) /

Probe Voltage(V})
>

~
i
AR,

~
N
—

v
|-
=

Fig.5.6

Idealized double probe characteristic

p o —p(sat)® (CWP) | (ev) | (5.2)
e & 2k T € see A9
| =

where Ip(sat)‘ is the ion saturation current.  The electron density can

. ' .
then by‘found from Ip(sat) using Bohm's expression

I m,
p(sat) (i *2 e
e - 0.4Ape (\2kTe} .(m ) . ‘e (5.3)

n

The other cicuit used (Fig.5.7) sweeps the voltage between the probe
tips through a preset range, large enough to saturate the ion current to
hoth tips alternatively. The advantage of this technique is that the com-
plete.probe characteristic is obtained in one shot. The method is wvalid
provided the sweeping frequency, W, is much less than the ion plasma fre.
quency, u;, (CEEN (1964)). This is always the case in the Vortex plasma \
since w~ 2 X 10°, whereas 'ubi is typicglly 541010 in the Vortex device.
A probe-characteristic, taken in the PH afterglow plasma, with the sweep
probe, is shown in Fig.5.8. The saturated probe characteristic can be

clearly seen,
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When taking probe measurements, ~care was taken to ensure that mag-
netic field and flow effects were reduced as much as possible, by aligning.

the tips along the B, Tield lines and parallel with the plasma flow

z
(VAREY (1970); NOESKE (1974); SRNEA (1974)). In order to reduce the
effect of impurities Eeing present on the probe electrode surfaces, the
probe tips were cleaned using a high current betwéen the tipé after evéry
four shots, with a simple RC discharge circuit (RIMSBY (1974); SWIFT and
SCHVAR (1970)). A further consideration was that.thg voltage drop across

the current measuring transformer/resistor combination (typically ~0.1V),

was mich less than the inter-tip probe voltage (typically ~10V) .

5.4.2 Directed Prohe Measurements

As already mentioned in Chapter II, the ions in the Vortex plasma

have a net azimuthal drift, whereas the electrons are effectively stationary

compared with their thermal wvelocity, A cormon technique which utilises

this net ion drift as a diagnostic to determine n, and v_, incorporates

]
the use of a directed electric probe, This is essentially a planar
Langmuir probe, the tips of which can be orientated in any direction rela-

tive to the flow.

When the tips are orientated transverse to the ion flow, and normal
to the B, field, the ion motion can be neglected, and the probe tips col-
lect random thermél ions only, in an identical fashion to the Lapgmuir probg
described in the previous section.  When the probe tips are direetéﬂ up;
stream, the saturated ion current changes from the fhermal value to one
which includes tﬁé effect of the directed ion flux. Calculations by

SAGALYN (1963) give this saturated current 4o he,

Asme eV - a1 1 3
Ip(sat) = z Lexp(—:x ) & (x +~§E> erf(x)J ... (5.4)
. 1 '
| =Vg 8T N2 Ylow '
where Xx = =———y V, = (—~— . In the limit as -0, 1 : -3
Vf—t}:lﬂlz_ ? th ﬁmi Vth ’ Iy ( Sa‘b)
Apne eV%h., the current to a stationary probe in a Maxwellian gas (without .
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Bohm's 0.4 correction). When Ve S Vth’ Isat --—}AP ne erléw; this is
the current to a probe moving with a velocity, Vg, in a plasma where the
random motion of the ions_can be neglected (as also shown by VAREY (1970)).
In the experimental procedure,rthe probe was orientated upstream and trans-
verse to the plasma flow. The difference hetween the éaturéted ion currents
was then equatedlto,

= A n eV ves (5.5)

upstream ~ Liransverse p e ©8°
Ihis_is a reasonable approXimation to Sagalyn's formula in the Vortex plasma,

and gave good agrcement with the values of n, and Vf calculated inde-

low

pendently by other diagnostics (see section 6.6 ).

400~

TIME (ms)

Jig.5.92 ,
Typical raw data from directed Langmmir probe facing
(33J uwpstream; (b} transverse, and (c¢) downstrecm in
the plasma flow

Typical oscillograms of the saturated ion current to the directed
probe for various probe orientation, are shown in Fig.5.9. The effect of

the plasma motion when the probe tips are facing the flow is evident.
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5.5 ELECTRIC FIELD MEASURFEMENTS

A floating, coaxial electrode probe with a high impedance circuit
was used to measure the plasma electric field, The probe and circuit are

shown in Figs.5.10{a) and (b). Since the electric field is given by

v -
E=-= . - ... (5.6)

by measuring the voltage difference, AVP, hetween the coaxial electrodes,
the electric field can he calculated from
AV ‘
E ~ TR ie. (8.7)

where d is the electrode separation. Clearly, as- d is made small, equa-
tioa (5.6) gives a better approximation to equation _(5.5). waever, the-
probe signal also reduces and a compromise value of ci: 5mn was used in
the experiments. The clectric probe circuit was calibrated against fre-
('-uoncy and fra.ve a signal ratio of Vp/vs ~ 8, Wh ape VS iz the measured

oscilloscope voliugs.
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5.6 TIE PLASMA SAMPLING SYSTEM

A special problem when considering isotopic'separation in a pulsed

‘ rotating plasma, is the extraction and mass analysis of ions from the dis-

charge. Spectroscopic observation, although not affecting the plasma, is
not practicable since the wavelength difference hetween isotopes is very
small; neon, for example, has an isotopic wavelength shift of only
~6x1072 em~? (SNAVELY (1974)). Isotopic mass analysis of the plasma
ions must therefore entail the physical insertion of a sampling probe into
thendiséharge. Although this undoubtedly affects the plasma, it is the
énly method available which-gives both spatial and time resolved measure-

ments of isotopic enrichment in the plasma.

oscilloscopes |
fast vaive RIG. | Ie )@

Y

electronic

wﬁ b -
= ' ,_mdss spectmmetér |

= |
N 6__ LB

>~
P

baffle valve —&

e <= qir inlet

{Eop

%) <— rotary pump |

diffusion pump
Fig_;.5.’]‘l

Schematic view of plasmz sampling system

The complete experimental arrangemeﬁt of the sampling system is
showﬁ in Fig.5.11 (see also Pig.4.1). Essentially it consists of a fast
acting valve, moveable in the 'xﬁ and 'z! plane of the discharge, con-
nected ?y a flexible tube to a fast scanning M S 10 mass spectrometer, and

a fast acting ionization gauge. The valve 'floats' at plasma potential
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and is insulated from the rest of the vacuum system by a glass tube which
forms part of the pumping line. The vacuum system has heen electro-
polished and ultrasonically cleaned; +this procedure, together with the use
of copper and gold vgcuum seals, Qnables a hase pressure of “'2>(10'8 torr
to be attained with a 2 inch diffusion pump and a liquid nitrogen vapour
trap. |

| The sampling system w&s tested under a number of different operat-
ing conditions -and gave valve open times ranging from 300;:980Lm R fast
ehough to have reasonahle time resolution during the plasma rotation
(typjcaily ~’3.5ms) . Fagt ion gauge measurements showed that enough par-
ticles are collected ;ith a valve open timeé of ~ 500 s , to ensure accurate
measuremenfs with the mass spectfometer. The following sections déscribe

the valve in more detail.

5.6.1 The Fast-Acting Valve

(a) Construction details

The mechanical valve, partly based on worl by HILL and MONTAGUE
(1966), and BURCHAM (1973), is depicted in Fig.5.12. The solenoid circuit

details are shown in Fig,5.13.

.The valve consists of a stainless steeel tube with a 159 knife edge
at one end and attached to an alumihium.drive disk at the other end. The
knife edge is held against a copper plug of cone semi—angle 80° by a com;
pressed spring, to ensure a good vacuum seal. A stainless steel bellows
and sliding '0' ring seals, allow the aluminium flange axial movement whilst
still retaining the vacuum. Two 3% turn panéake solenoids in SRBT sup-
ports are situated a short distance on either side of the flange.' A glass
sheatﬁ covers the valve tube as an insulation from the plasma and to ensure

a good vacuum seal with the sliding seals on the Vortex device.
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Construction detaits of fast acting velve.

W.

Fig.5.12

Construction details of fast acting valve

KEY FOR FIG.5.12
Stainlecs steel tube .
0.D. = 5mm, I.D. = 3mm, length = 30mm
b BA screw-in copper sealing plug
2pm gismeter valve inlet aperture

Stainlesns psieel lube
¢, = 3gm, 1.D. = 2om, length = 33mm
Stainless steel tube '
0.D. = 7.95mm, SWG

Stainless steel tube
0.D. = 85.%35nmm, SWG = 22, length = 43.18 cms

22, length = 35.56cms

Sliging O ring seal and ¢lamp assembly
Stainless steel flange

3 X Gmn screwed rods

SREF solenciad support.

Spring loanded 'break! contact

33 turn Brass pancake solenoid
0.D. = 5.08cms , I.D. = 2.5%cus

- 66 —

(=T < N R <

-3

Mo Ko

HE alumilli:um alleoy arive disc
0.D. = 5.08cms , 0.51c¢cms thick

Stainless steel bellows

Spring loaded 'make* contact
Stainlesn tleel knife eage flunpe
Stainless steel flange

6 um Butterfly nuts

Stainless steel spring compressor
Compression spring

Stainless stecl support boss for
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0.D. = 6.6Tcems , I.D. = 4.0Gens

Coaxial cable conncction

"Sliding O ring seal

Q- rinp seal
Pyrex glass tube, 0.D. = 10.8aom
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Circuit details of fast valve control circuit

The oben time of the valve is monitored using a type 9524B, E}II
photemultiplier tube, with a - 600V power supply to the dynodes. The
photomultiplier detects a light signal when the valve opens in the plasma.
'Make' and 'break' spring loédéd mechanical contac;s were initially used,
but weré unsatisfactory due to excessive bouncé during the valve operation.
The photomultiplier, shielde& against the machine B, field by three concen-
iric mild steel tubeé, is comnected to a glass viewing port at the end of
the valve assembly by a flexible fibre optics tube. Experiments performed
with a bright light source have shown that a photomU1tipiier signal is ob-

tained when the knife edge is moved away from the copper plug.

(b)  Oneration

The valve operates in the following way: when the solenoid is
pulsed with a large current of frequency, f, eddy currents are produced in
the adjacent aluminium flange, if the flange thickness is greater than the

skin-depth, &, given by,
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§ = ( 1 )2 o .;. (5.8)

mfop

where |1 1is the permeability, and ¢ the conducti&ity of the flange. The
induced current density, fogether with the magnetic field,'B, produces a

force,
F= jXB

... (5.9)

~ which moves the flange awéy from the solenoid and thusg opens-the valve at
the end of the tube. .At the end of fhe pulse the valve is closed by the
compression'spring. Firing the other solenoid to speed valve closure,
produced only a margiﬁul improvement in valve peyformunée, and consequently

only the first solenoid was used in the experimental work.

(c) Valve dynamics

An expression for the valve motion, which is important in the de—
sign if high operating speeds are required, can be simply derived if fric-
tional forces are neglected. We then have for the valve motion,

d2x ) ‘
F:mgq- kex 5 ... (5.10)

where F is the magnetic force on the flange, k is the spring cbnstant,
m is the effective mass of the moving parts, and x is the valve displace-
ment, An expression for the force on the drive disk,'derived by NOVAK and

PEKAREK (1970), is,

@ e

vhere Ry 1is the drive disk radius, n is the number of solenocid turns,
I is the solenoid current, d is the distance hetween solenoid and disc,

and C is a constant defined by the equation.

In valves of this type the drive disc displacement during the accel-
eration period, is small compared with the drive disc/activating coil spac—
ing, The spacing &, can therefore be regarded as a constant, while the

current pulse lasts, giving the force as,
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F = % Iriax exp (-— %—F— sin2mt) =¥ exp. (— -i—t sin?_:ﬂt) ee (5.12)
vhere the undercritically damped current relation has been inciuded with
7= 2I/R, and @ = (1/LC)%‘ .. Combining equations (5.9) to (5.11), ana
solving for the valve displacement,' we get - o : -

- kx t%2 ‘

o [low (- 9)- 030085520 (-l =
. (5.13) |

vhere X is the initial precompression of the spring.  This equation is
plotted in Fig.5.14 for two values of the peak force, F:ﬁax = 5X10°N, ‘
6% 105N , and for three_ values of the spring precompression, X, = 5><10—3ﬁ 3
10%X10™%m s 15 X107 %m , The value of the spring 'k! uéed in the valve was
found experimentally to be 3.2xX10*N/m, and the effective mass of the moviﬁg
parts, 9.5><10"3. kg,‘ (drive disc and one third of the spring mass (BOOTH,
(1973)). Open times,of the valve, observed for fhe same ‘spring compres—
sions, are also shown on the graph and suggest that Fma;x is approximately
6 X 10°N . This value compares favourably with the value of 7.5><103_N
calculated from equation (5.10), considering the fact that flux leakages

| ' between turns have not been ‘taken into account.

Typical oscillégrams,of the solenoid current and valve open time,
‘ obtained from th.e photomultiplier for the three spring precompressions,
are shown in Fig.53.15, They show that there is a lag of approximately
140 us before the valve opens. Now the velocity .of longitudinal waves in
this stainless steel tube is 5000 ms™ 1 (KOLSKY (1953)), giving an expected
delay of ~86 pus before the valve should open; The discrepancy of ~ 50 us
could possibly be attributed to the fact that the photomulti.plier does not ‘

register a signal until the valve is open some (.,01mm , owing to the

'bedding-in' distance of the stainless steel knife edge/copper seal., ' ‘
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5.6.2 The Number of Gas Particles Collected

In the design of the gas analysing system, it is an important con-
sideration to ensurc that onough particles arce collected to be accurately
analysed by the mass spectrometer. This is a function of the inlet pres-
sure for the valwve, the valve dynaﬁics, the volume of the analysing chamber,
and the statistical‘fluctuation of the number of parti@ies analysed (see
section 5.6.3). Measurements made in the Vortex rotating plasma indicate
stagnation pressures of the order 1-10 torr, (see sections‘5.6.3 and 6.3.6).
By assuming a static filling pressure of this magnituée, therefore, the
number of particles collected can bhe calculated from kinetié theory in the
following way. The numbe£ df particles, &, impinging on a unit area per
unit time is given by - .

BTN

@:%(n—m-) | coo (5.14)

for neon at room.temperature, this becomes,
3= 4.7x10°* p m e gTd ... (5,15)
torr
The total number of particles collected is then,

, valve closed
N = &D f x at ... (5.16)
valve open

where D is the knife edge.diameter, and x is given by equation (5.12).
This expression has Dheen calculated for the three spring compressions
(5,10, 15 m) with ,Fmax = 6000N . The results of this calculation are
shown in Tahle 5.1. Fast ion gauge measurements (see section 5.6.4) give
the total number of particles collected with a spring compression of 10mm,
and a valve inlet pressure of P = O torr as 1.6)(1015, compaxed with the

caleulated value of 1.5 X 1015, so the agreement is very good.



TABLE 5.1

THE NUMBER OF NEON ATOMS COLLECTED AS A
JUNCTION OI" SPRING COMPRESSION

Spring Precompression | Valve Closing Time Nuwher of Parti-
{rm) (us) " cles Collected
5 980 10.34 P X 107*
_ _ ' torr
10 450 1,69 P X 100*
' torr
15 300 -} 0.6 P X 10**
torr

5.6.9 Stagnation Pressure Measurements

As well as analysing the

B0
collected gas sample, the fast
valve system can be used ito 504
determine the amount of gas colw.
A0

lected (as described in the pre-

Mass speetrometer signal {mv)

L]
: : “ 30} N
vious section) and hence +to c
$ 15
determine the equivalent pres- 20L Jds
. o =
sure of the plasma flow, if a 3 o
’ . - {01 : -23
valve calibration against pres- L4 7
- . ) t 1 1 0
sure is known. At the end of . 00 ; A 6 y Yy
each experimental run therefore, | Mochine filling pressure (torr)
' . . Fig.5.16
the machine was filled to a cer- Ly

Calibration of mass spectrometer signal
with machine filling pressure
tain pressure with ncon and the :

valve operated. This serves to calibrate the- sampling system against pres-

sure. A typical calibration is shown in Fig.5.16,

The rotating plasma stagnation pressure, P, , is given approximately

by BONNEYIER {1971) as
| m; Ve

/ -
P_=mn, (kI + —5=) No 2 | oo (5.17)

A knowledge of P, therefore, enables a circular check to be made on Ti"
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4

n, (= ne) -and Vg - This method gave good agreement with the other diag-

nostics used (see section 6.7).

5.6.4 The Fast Ton Gauge

The gas analysing system is continuously pumped throughout the
isotopic enrichment experiments in order to reduce impufity gases and to
produce a sufficiently low pressure in the mass spectrometer., A faét ion
gauge was therefore constructed to record the time at which the gas pulse
from the valve reached the analysing chamber, since normal ionizétion gauges
are limited in response time by their control circuitry.
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Control circuitry for fast ion gauge
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Fig.5.18 :
Raw data showing the fast ion gauge response

The gauge used is a conventional type 29B 15 ionization gauge, and
the control system is a #ersion of the type constructed by AXON and REID
(1968).. Tﬁe complete system is shown in Fig.5.17. Typical ﬁperating con-
ditions of the ion gauge are: TFilament current = 1.45A.,.filament voltage =
4V, filament emission = 1mA . An osgcillogram trace of the gas flow in
the systeﬁ for a valve spring compression of 10 mm with 9 torr inlet pres-
sure is shown in Fig.5.18. A graphical integratibn of this trace gives
the total number of particles collected to be ~1,6 X 10*° (see section
5.6.2).

Further experiments performed with the valve have shown that the
gas flow in the system is very reproducible from shot-to-~shot, and also
that for ~i.2 seconds after firing the valve, there is sufficient g-as in

the system to be analysed accurately with the mass spectrometer, It is

important to operate the mass spectrometer when there is no residual B,
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- field from the Vortex machine, since any stray fields distort the mass -
spectrometer electron multiplier tube and the ion trajectories. The mass
spectrometer was therefore triggered 280ms after activating the valve -

the machine B, field is negligible at this time.

5,6.5 The Mass Spectrometer

The mass spectrometer used is a conventional MS 10, 180° ion deflec-
tion model with a modification by JEFFIRIES (1964) to facilitate fast scans
through a preset mass range. The mass Spectrometer_is capable of scanning
f_I‘OII‘l 2AMU through to 100 AMU in 107 %s , making it ideal for monitoring
the relaﬁive abundances of various gases in transient flow systems.. In
all experiments the mass spectrometer was operateq under the following con-
ditions; electron beam (ionization) current = 50 uA, electron beam energy =
70 eV, filament current = 3.2A, eclectron multiplier voltage = 3kV , sweep

duration = 1s .

(a)' .Calibration of the neon isotopes with presgure

As will be seen in section 6.5.2, the stagnation pressure of the
plasma varies throughout the dischafge volume. ..A number of experiments
were therefore performed 4o determine whether variations in ﬁressurelat the
valve inlet produced any systematic errérs in the determination of the rela-
tive abundances ol the neon isotopes. Iig.5.16, uscd previously to show
that the mass spectromutgr signal is a linear function of valve inlet pres—
sure, also shows that the neon isotopic abundance ratio is independent of
inlet pressure. The average value of 22Ne/2Qﬁe ob?ained,'is 9.9% com-
pared with the known value of 9.65%., The discrepancy can possibly he
attributed to‘oscilloscope electronics or to measuring errors.

'(b) Statistical fluctuations of the number of
collected ras particles

Experiménts by JEFFERIES (1964) with the modified MS 10, have shown

that the device has a sensitivity of 107° A/torr at 50 UA electron beam
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current, The amount of time required to scan each mass peak was also found
to be.“JS X 10725, TFrom section 5.6.4, we see that a minimum partial pres-
sure of ¢J10‘5 torr for “CNe and ~107% torr for “Ne .is obtained in.the
masé spectroﬁeter for a valve inlet ﬁressure of ~1 torr. In this fhe
worst experimental case (see the stagnation pressure measurements in soction
6.5f2), the number of.ions collected in each mass peak is therefore,

Ne s N = 5x107% X 6.3x10° = 3.15x 10°

*Ne ; N =3.15%x10° .

20Né and 0,18%

The statistical fluctuation, /N, is therefore 0.06% for
99 . _
for “2Ne showing that most experimental errors in the determination of

isotopic enrichment arise due to measurement errors in the measurement of

oscillogram traces or to oscilloscope electronics.

3.7 INTERFEROMETRIC DETERMINATION OF ELECTRON DENSITY

An mentioned in scction 5.4, Langmuir.probes have a nuwber of dis-
advantages which result in the fact that measurements maoe in complicated
plasmas, such as in Vortex, may only be order of magnitude estimates.
Absolute measurements of the accuracy of Langmuir probes in plasmas, haﬁe
been made by IRISAWA and JOHN (1975) and by JONES (1974) in theta-pinch
devices. In both experiments the probe measurements of T, rand ng were
compared with those obtained by Thompsen scattering of high powered CO,
laser beams from +the plasma. Good agreement was found.in bhoth cases for_
measurements

the value of 71 However, Insawa found that lhe prohe n

e e
were a factor of ~4 lower than those given by laser -scattering, whereas
Jones found good agreement. These experiments éhow the necessity of ob-
taining more absolute ﬁe measurements than those given hy probes,

The relative n, value calculated fromiprobes should, however, he-

accurate, provided the plasma conditions do not change appreciably through-

out the discharge volume. An ahsolute measurement of the electron density
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was therefore made using a laser interferometer similar to the type used
by ASIDY et al.{1964). Although this method gives only the integrated
lihe of sight measurement of n,, the relative ng profile is known from

probe measurements which can then be calibrated absolutely.

For the Ashby-Jephcott arrangement to give accurate results, the
number of interference fringes, N, obtained must he > 1. As we shall show
in the next 'section, N is proportional to the wévelength, A, of the laser
radiation, and to the integrated line-of-sight density, Xnedx,.. Nbrmallf,
a helium-neon laser, with a wavelengtﬁ of 0.63 ym, is used in plasmas which
have a sufficiently large ‘[ned{, to give N>1. With 0.65 ym radiation,

the condition for this to occur is given by:

j‘ne aL’> 1.8 x 102 =2 ... (5.18)
A special prdblum eﬁcuuutured willh measurements in the vOrtcx plosma, was
that [ng db (initially obtained from probe measurements) is typically
~ 10%° 2 (¢ee section 6.4,1), The systom wag embsecuently modified hy
using a CO2 laser with a wavelength of 10.6 um. The laser was constructed
and used in an.Ashby—&ephcott arrangement for the first time. This system

gave enough fringes to allow accurate values of ‘rne dL 1o be determined.

5.7.1  Theory of the Method

Ashby ot al hove shown that when the output beam from a. laser is
réflected back into the laser cavity by an external mirror, the laser out-
put intensity is strongly influenced by any phase change in the reflected
beam.  This phase shifts, Awp, ig determined by the refrac?ive index Mp

of the medium, and the length Lp of the wave path in this medium:

ZTrLD
by = — (up—l)- ' ... (5.19)

The laser intensity therefore, undergoes one cycle of modulation for cach
complete wavelength change in the optical path between the partially reflec-

ting laser output mirror and the external mirror. The optical pathllength
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can be varied by either vibrating the external mirror, or by changing the
refractive index of the medium between the two mirrors. It is this second

method which allows electron density measurements to be made,

The refractive index of a highly ionized plasma for electromagnetic
radiation of frequency /21 is given by,
' / w? & R
"o\~ ' .
= (1 - =) , .. (5.20)
W _ _

n e2.1

where = (== " is the electron plasma fre uency. In the Vortex
Ui)e €., b . 1 _

plasma, w>» wpe giving, to a good approximation,

1.1“‘"1 _%(,%)2 . o ... (5.21)

N

Since the numbher of fringes produced by a plasma of length LP is,

2L, . -
N = "'XE (u-1) : (5._22)

we get, combining equations (3,21), (5.22), and inscrting the value of tkfé

electron plé sma frequency,

i

. ~-21
94 X 10 jnede e (5.23)

The number of fringes therefore, gives the integrated line of sight measure-

ment, Ine,d Lp , directly..

5.7.2 Experimental Arrangement

A diagram of the lascr interferometer system is shown schemétically
in Fig.5.19, Essentially it consists of a CW‘ CO, laser with an exter-
nal, 80% reflecting, germanium mirror, M3, a totally reflecting mirror,
M4, and a Mullard CdHgT  1liquid nitrogen cooled infrared detector. A
d'iverging‘lens is positioned in front of t.he detector to‘reduce the inci-
dent radiative power (typicallyllﬂ»lW) in an acceptahle level (~ 10 mW),

The laser beam passes radially through the vertical midplane of the machine
through two anti reflection ceated germanium windows, The external mirror;

M4, is used to allow Lhe detector to be positioned some Bm away from the
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the discharge (the maximum distance possible in the experimental area).
This reduces stray pick-up from the discharge to a minimum.. = Interference

is also reduced by enclosing the detector in a copper box..

The laser, shown in more detail in Fig.5.20, consists of a glass
tube of Im length and 20 mn diamcter, on which arc mounted two eloétrodes
positioned“0.56n1aparf. The cathode and the laser tube are water-cooled;
A gold plated concave mirrorrof-rédius of curvature 5m and an 80% reflect-
planar germanium mirror, are mounted at hoth ends of the tube on flexible |
rubber connections a distance 1.07 apart (~ 0.25m from the discharge, in
order to prevent mirfor surface damage). Mirror adjustment is made using
two micrometer screws and a flexible support. ’The design considerétions

of the laser will now be briefly discussed.

Calculationa by KUGELNIK und LI (1966) show that a concave/planar
mirror arrangement of the type used here.is stable if,
0<(1_-};-)< 1 ... (5.24)
whére L is the mirror spacing, and R is the radius of curvature of the con-A
cave mirror. The beam radius, r,, at the output mi?ror, defined as the |
' ‘distance at which the amplitude is 1/e +times that on the axis, and the

beam divergences, 8, are also given by,

Yy @ (")ﬁ' "('f-’_“""))%: | ) | coe (Ba20

NPT,

plt

A
8 = Tr . : e (5.26)
o]
Giving r, = 2.3mm and 8=1.48 X 1073 radians for this particular laser

o
cavity.
| | The laser tube is evacuated by a rotary punp and pas is COntinuously
leaked into the system using a needle valve and a two-stage regulator., The
gas used comprises of a pre-mixed quantity of 70% Ny, 20% He, and 10% €0, .
The two additive gases (N, and Ile) produce q-far-greater operating effi-

ciency than that obtained using pure €05, as discussed by DEMARIA (1973).
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Laser power supply schematic

The laser power supply is shown in Fig.5.21. it gives a well smoothed
suﬁply of ~6mA at 4.8kV +to the electrodes, with a tube pressure of
8torr. The laser efficiency was found to be ~8% with these operating

" conditions giving a measured output power of ~2.3W in the fundamental

(TEM 00) made.

5.8 FRROR ANALYSIS

All measurements, other than gas filling pressuré, were made by
recording oscillograms on polaroid film, The appropriate signal was then
measured with a finely ruled scale. Systematic errors were minimised by

calibrating the various diagnostics as shown previously.

The main source of error appeared as random shot~to-shot fluctuations
in the plasma and the sampling system. Consequently a number of measure-
ments were made at each condition; a minimum of fourlshots for the prpbel
measurements and a minimum of ten shots for the laser interferometry and
mass analysis measurements. Each data point shown in this thesishis.com-
prised of the calculated mean value, X , and the’error bars shown are =% one

standard deviation, &, defined by _
(x-x)?
0

b2
6_—.’/'—'-3-:—{—.—“ ves (5.27)

The experimental results obtained with the diagnostics are presented in the

next chapter.




CHAPTER VI

EXPERIMENTAL _RESULTS

The e'xperimental programme uﬁdertaken on the Vortex II plasma, pro-
gressed through two main stages. The first part of the eiperimentation
was concerned with the basie discharge characteristics and a detailed ana—
lysis of the plasﬁa dynamics. This enabled the discharge conditions for
ma Ximum plasﬁa dengity, flow velocity and stability, o be found. The
optimum conditions were, VER-= 8KV (i.e. maximum discharge energy) and
Bz 2 0,1T.. 1In the second phése of the. experimental programme, the pheno~
menon of isotopic separation was studied. As. a complete parametr.ic analyvsis
of the dependence of isotopic enrichment on discharge conditions was con-
sidered outside thé scope of this thesis, 6n1y twoe main operating conditions
were st1l1died in detail. These were VER = 8KV with B, = 0.1T and B, =
0.2T.

| A description of the plasma dynamics and isotopic enfichment, using
the meon isotopes, is presented im this chapter, In general, they are
stréngly dependent on time, the two space coordinates (r,z), and on the

initial conditions p,, By and Jg .

6.1 PREHEAT CHARACTERISTICS

A typical oscillogram trace of the preheaﬁ curreﬁt and voltage in
lneon with a machine filling pressure of 50n&orr, B,=0.1T and Vﬁh::ioﬁy
is shown in Fig.6.1. A veltage of about.2.4KV develops across the elec—
trodes after the preheat ignitron is fired, and breakdown occurs typically
1.4us later, Thereafter, the current and tube voltage decay to zero in
an undercritically damped fashion after 120L$ y primarily due to the impe-
dance of the extermal discharge circuit. Tube voltage reverses sign with
the current imﬁlying that the azimuthal plasma velocity also changes sign

with the oscillatory current pulse. This leads to turbulent mixing and a
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Typical oscillograms of the pre-heat current and voltage waveforms

. uniform afterglow plasma is produced. The magnitudes of the plasma
current and voltage were found to be insensitive to the machine filling

pressure over the range p, = 10- 200 mtorr.

Measurements were

made of the electron den— KO IngmA

-----
-

sity, n,, and temperature,

T,, at the end of the PH

2le=4-5ev

pulse,'using dc and swept

Probe Current {mA)
T

Langmir probes, The cal-

1

! 1 | i !

N~

“culated values of ne and O
. Probe Voltage (Volts)

Fig.6.2
Langmuir probe characteristic during the pre-heat afterglow

T, obtained by the +wo
" methods agreed +to within
20%. Fig.6.2 shows the probe characteristic obtained with the Langmuir
probe and dc¢ circuit, 100 us after the end of the PH pulse in neon,
'with B, = 0.1T. Using,fhe equivalent resistar'lce method (see section
5.4.2) this gives To & 2.25 ¢V with n, ~ 1.6 X 10°° w~>.  Radial profiles

of T, and =n, taken at the same +time with the swept Langmuir probe

e
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T

(Fig.6.3) show good agreement with

=4
= .
- the dc¢ probe measurements. Tor
, §3 =
‘g- —_ B;=0.1T the swept method gives
52 T, ~ 2.8 ¢V and ng~ 1,75x10°° m—:z’..
EE Integration of the radial density
- - :
L traces, assuming vertical unifor-
.0 I T T T I mity, shows that the plasma density
- corresponds to 7% of the initial
Q.
e neutral gas ionized with B,=0.1T,
€34 |
P and 145 with B,=0.2T. Most of
Uy
[ o=
A 2 the neutrals will have free streamed
p
‘-81 to the outer radii and to the end
B4
W ~insulators, although some will still
O | I I ) . . i
be present in the main plasma body.
O 4 12 16 2 P
RGﬂGfPOﬂtbn(cms) These neutrals may he responsible
o Fig.6.3 '
Swept probe measurements of the radial profiles for the current spoking which occurs

of Ty and n,  in the pre-heat afterglow

in the acceleration ﬁhase of the
plasma, when the main FEp hank is applied (see‘section 6.3). The outward
centrifﬁging of the neutral and plasma losses to the walls, contribute to
the shape of the density prdfiles shown in Fig.6.3. The high values of T,

and n, obbained at the outer electrode surface (r=20cms) are attributed

e
to the fact that the diagnostic port has a diameter of 2.5 cms , making both

and n_, higher than they are at other azimuthal positions.

e e
These probe measurements indicate that a reproducible afterglow

plasma is produced 100 s after the end of the PH pulse. This time was

therefore chosen as the starting time of the main radial (Ep) discharge.
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6.2  TUBE CURRENT AND VOLTAGE MEASUREMENTS

The curreﬁt/voltage characteristics of the Vortex discharge, exhibit
couplex behaviour. The tube voltage is dependent on the magnetic field,
“the machine filling pressure, fhe radial current and alsc on two-dimensional
and time dependent phenomena in the discharge. The radial current is
governed primarily by the external circuit parameters and is only slightly

~affected by p, and B, (increasing with P, and decreasing with Bz)°

A set of oscillograms obtained with B, = 0.1T, Py = 50 mtorr with
varying levels of peak current, is shown in Fig.6.4. These may be inter-
.preted in terms of the simple model for the interelectrode voltage, Vs
discusseﬁ in section 2.2. For peak currents of 4KA and less (Figs.5.4
(a) and‘(b)), which we shall call the low current regime, the input power
is insufficient to compietely ionize the gas in the main piasma volume,
There will,.thereforé, be neutrals in the plasma volume and the critical
velocity effect will be expected to occur; - This will give rise to‘a.vol-
tage limitation across the device. The voltage limitation calculated from
equation (2.25) is sketched in Fig.6.4(b) and indicates the critical velo-
city phenomena present in Vortex for low current inputs; Closer ihSpection
of Fig.6.4(b) shows that after the E, bank is triggered at t=T,, the
voltage rises to the critical voltage (plasma acceleration phase), and re-
mains reasonably constant from t=:T2 to -t::Ts. Thereafter the input
power is inéufficient to offset viscous drag and other plasma loss proces-
ses, and the voltage decays until at- t=T,, the plasma balance breaks down
and the plasma enters a lowly ionized mode with a corresponding rise in the

tube voltage. A similar effect is seen in Fig.6.4(c).

At higher current inputs (Ip > 4KA) , the tube voltage exceeds the
critical voltage by approximately a factor of 3, rising to a value of 800V

during the acceleration phase, as shown in Iigs.6.4(c) and {(d). At peak
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tube voltages, large fluctuations appear. Radial electric field measure—
ments (section 6.35 suggest that these 601tage fluctuations are due to large
amplitude oscillations in the electric field, whiéh develop at radial posi-
tiops of r < 8cms from the anode during the plasma flow. After reaching
the peak voltage at t=T, (Fig.6.4(c) and (a}), the average voltage remains

constant for ~ 500 us until at t::T3 a rapid voltage decrecase occurs,

- Plasma flow veloc¢ity and midplane elecctric field measurements, show that

this voltage'decrease cannot be atiributed solely to the decay of the vpB,

polarising field. A likely explanation is that the voltage drop is caused

by viscous effects at the top and bottom electrodes, which become predomi-

nant when the flow is fully developed {see section 2.3). This effect is

more marked at higher B, values,

The effect of B, on the peak tube voltage, Vo, was also studied.
Fig.6.5 shows the results of varying the magnetic field with constent peak
Ep bank voltaée (~8 KA peak rgdial current); As shown, the tube voltage
scales directly with Bj. | According to equation (2.25) the tube voltage
should vary linearly with B, 1if the anode sheath is negligible, or the

sheath scales directly with B, . Inspection of Fig.6.5 shows that Vj = B,

for a machine filling pressure of 50 mbtorr. The magnitude, however, is a

factor of ~ 2 higher than that calculated from equation (2.25). Another

problem which arises in the interpretation, is that electric field measure-

ments (see section 6.3) show that over the measurable region (r~10- 20 cms)

Vthe plasma flow velocity also increases linearly with B, and only approa-

ches the critical velocity at the highest magnetic field of B, = 0.2T.

From equation (2.24) we would, therefore, expect that the tube voltage should
scale as Bg. However, the measurable ER profile only accounts for ~ 10%
of the total interelectrode voltage, most of the interelectrode voliage being
dropped in the region near the anode, In this region, wvg must he indepen-~

dent of B, for VT to scale with B . A possible explanation, proposed
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by ANGERTH et al (1962) and SRNKA (1974), is that the electrode surfaces
give off an amount of hydrogen into the discharge, and the critical elec—

tric field will then. be determined by the hydrogen admixture. If E=E

crit
(hydrogen) from r=0-10cms, then the voltage drop V(O* 10)==0.1 EBopit =
1020V for the peak voltage condition at B, = 0.2T, Vp = 8KV . The

voltage drop for the radial distance fr = 10-20cms at this condition,

caleulated from electric field measurements, gives =130V giving

V(10-20)
a total tube voltage of VT = 1150V , compared with the observed tuhe vol-
tage of ~ 1475V, It is likely,.therefore, that an anode sheath also deve-

lops with the flow velocity due to the ion draining mechanism described in

section 2.5.

Variations in the tube voltage and acceleration time (i.e. the time
to reacg the pealk voltage plateau) with filling pressure, are shown in Fiz,
6.6. The variation of the plasma acceleration time with p, is attri-
buted to the time taken {to accelerate the neutrals and centrifuge them out
before high plasma velocities can occur, The discrepancy between peak val-
tage for B, > 0.05T over the range p, = 50- 200 mtorr, is only ~ 106, in
agreement with other rotating plasma experiments (ANGERTI et al (106?);
FAHLESON (1961)). The small tube voltage for p, = 200mtorr , B, = 0.05T

is interpreted as a small veBZ polarising field (i.e. v, small), Since

g

the velociiy scales directly with B, with Py = S0 mtorr , this pressure was

Z

uged for the majority of the experimental work

6.9, ELECTRIC FIEID MEASUREMENTS

Electric field measurements, using the coaxial probe and the cir-
cuit described in‘section 4.5, were made during the ER discharge, prim-
arily to determine the plasma flow veleocity and the azimuthal symretry of
the plasma, A ﬁ}pical oseillogram of the radial electric field at r=12cms

in the machine vertical midplane with B,=0.1T and V.n::alﬂ’ is shown in

H



i

2 3 . 4 L
TIME {ms) '
Fig.6.7

Typi?al oscill?grams of electric field ang tube voltagé
showing MIEQ instabilities during the acceleration and
extinguishing phases of the discharge

Fig.6.7. The main features of the oscillogram, common to others taken at
Ar = 10 - 20 cms, are that firstly, two-dimensional effects are evident
owing to thé faet that the integrated ER profile (over Ar 10- 20 cms) is
~ larger than VT af Jater times in the discharge; Secondly, during the
acceleration period, électric field fluctuations are evident indicating the
presencé of an MHD instability. These Ep fluctuations are followed by
a stable flbw of approximately 2ms duration. Finally, high frequency
(wr 2X10° Hz) fluctuations appear when the tube voltage reverses and the

plasma extinguishes,

Electric field and azimuthal.currenf fluctuations have been ohserved
in a number of rotating plasma experiments. These fluctuafions are attri-
- buted to current spoking in the discharge. - Rotating plasma devices usually
have‘large enough currents to form cathode and anode spots; thereby causing
non-uniform breakdown at diffe;ent azirmthal positions.  They should theré-
Tfore have a natural tendency to form spekes, particularly during the carly

stages of the discharge.
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Another mechanism which may be responsible for spoke formation, is
the so-called ‘'metrual drag instability' (SIMON (1963); HOH (1963);
LEENERT (1971)).  The hasic mechanism for the instability is the frictional

force produced by ion-neutral collisions which produces an azimuthal charge

 separation in rotating plasmas. With the inner electrode as anode, as with

the Vortex experiment, the azimuthal electric field produced by the drag
will lead to a radial motion toward the machine axis, this is counteracted

by the outward centrifugal force,

Due to these two mechanisms, spokes will tend to form in the plasma
body during the acceleration phase when the plasma is partially ionized.
Spoling hasrbeen observed in a number of rotating plasmas dufing the accel-
eration period (BARBER et al (1963,1972); RASMUSSEN et al (1969); LEINERT
(1971)). If the input power is sufficient to ionize the neutrals in the
piasma body, the neutral drag instability will be éxpcctcd to be localiscd
at the outer electrode and at the insulator surfaces at the end of the gas
burn-out and accéleration period,  There will always be neutrals present
in these regions. Inlthe Homopolar ITI experiments (BAKTR et al (1961);
KINEEL et al (1963)), it was observed that the radial current was carried
for the entire flow period {~400 us) by a group of 10~ 13 rotating current
spokes.,  BERGSTIROM et al (1963) also found that if the power input was insuf-
ficient.to completely ionize the plasma volume (neglecting wall effects),
spokes occurred throughout the discharge time.. Further increase of input
power above the gas 'hurn-out' level, limited spoke formation to the accel-
eration period. It should also be mentioned that any deviation from solid
body rotation (ve <r) will tend to deform.and smear out the spokes when
the flow develops.

Good agreement is found in the Vortex II plasma with the experimen-

tal results from the experiments described above. At low input currents
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(IT < 4KA) spoking occurs in Vortex II. A typical oscillogram taken at
r=12cms with TIp(peqy)= 4KA and B_=0.1T is shown in Fig.6.8.. Velo-
city calculations from the radial electric field give ~ 10 spokes at this
condition. In view of the fact that the symmetric current feed and the
préheat plasma should prevent preferential Ep breakdown in the device, it
is thought that the spoking is due to the lowly ionized state of the plasma.
Lapngmuir probe and laser interferoﬁeter measurements, indicafe that only
about 10% of the gas is ionized at this discharge condition.

Spoke formation can be minimised using the maximum discharge energy.

ya

T (peak) =
7.8KA B, = 0.27 ., In this cage eleéctric field@ inhomogeneities are

Fig.6.9 shows a typical oscillogram taken at r=12cms, with I

restricted to the acceleration period, and the eitinguishing phase of the
discharge, indicating azimuthal uniformity (no spoking) for most of the
discharge time. The most favourable conditions for the suppression of
current spoking in the region Ar = 10_ 20 cms were found to be Bz 2 0.1T
with the maximum Ep bank voltage of Vpp = 8KV. In view of the impof—
tance of having a stable flow for isotope separation, these dischurge con-

ditions were chosen for the majority of the separation experiments.

| Radial scans of the electric ficld with Vgp = 8KV and B_=0.17,
0.2T are chown in Fig.6.10. The critical electric field, Ecrit’ calcu-
lated from equation (2.25) is also shown,  The critical field is mot
exceeded at distances of Ar = 10- 20 cms, although the value is approached
at méximum "B, . Probe measurements were not possible at distances of less
than 6 cms from tﬁe ancde, as these measurements invariably resﬁlted in the
destruction of the probe. The mechanism responsible for this may be the
formation of thin Hartmann layers on the probe surface (analogous to the
end insulator damage discussed in section 5.2} with the result that large

currents will destroy the probe (see section 2.4), From Ar = 6-10cms,
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the region is cafagorised with unreproducible Iarge amplitude electric field
fluctuations. Reproducible measurements were only obtained from Ar=10-20
cms.‘ It is interesting to note that this region corresponds to the position
where detectable electron densities (ne > 10'° m—3) can be measured with the

Langmuir probe (section 6.4.2).

t

6.4 FLECTRON DENSITY AND TIMPERATURE MPASUREMENTS

Dengity and temperature measurements were initially made.using the
swept Langmuir prohe described in section 5.4, This method gave well~
defined ion saturation currents, with zero probe current corresponding to
zero probe vopltage, as showﬁ in Fig.5.8, The spatial and temporal behaviour
of Te and n, in the ER discharge was determined, and an absolute cali-
bration was made of the probe n, measurements with the CO2 interferometer

described in section 5.7. The .rne dr profiles calculated from the probe

measurements (assuming azimuthal symmetry) agreed with the absolute inter-




- gection are the corrected values, An absolute calibration was not made

function of Fp hanls

ferometer to within a factor of two, All n, measurements shown in this

e

for Tg; however, indirect evidence provided by directed Langmuir probe and
plasma stagnation pressure measurements, showed good agreeﬁent with the

swept measurement of T, .
P e

6.4.1 Temporal Variations

e
I .

Time resolved
measurements of Te
and n, in the machine
centre mid plane (z=

0, r=10 cums) as a

Electron, density (XIO™m™)
L

fe)
o
am
D

i - I 2
voltage, with B, = Time after E_ Start (ms)
0.1T, are given in , : Fig.5.11

Time resolved measuremsnts of ’I‘c and n_ in the centre

Fie 6,11 The eloc— mid-plare for varlous bunk voltages
g.U.14, !

tron temperature remains reasonably constant throughout the discharge time

"at ~3eV and this is independent of the ER bank voltage for the range
considered. Electron density peaks at ~1ms after the Ep bank is

- triggered and then decays to zero after a further ~ 2.5 ms for the hichest

bank voltage. For VER = 8KV, the peak density is a factor of X8 larger

than the PH density value, indicating that wall neutrals are recycled in

the discharge. ~ For Vip = 4RV, the peék n, shows only a marginal in-

e
crease over the PH density (only ~10% of the initial particles are
ionized at this condition).

Over the characteristic time scales of the discharge (typically
3,5ms for maximum VER) both the electrons and ions will have Maxwellian’

velocity distributions, although the ions will have a displaced Maxwellian

due to their azimuthal drift, which is comparable to their mean thermal
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velocit& (see Table 6.1). The time to reach a Maxwellian velocity distri-
bution from an'ini£ial arbitrary one, can be estimated from the *self-
collisional'’ time, t,, of the interacting articles. This has been calcu-
lated by SPITZER (1962) to he, |

3
/ & Fl
s . M.axi10°arE . (6.9)

¢ nZ* n p

where A is the mass number. Taking T = 3.5 x 10%* °K, n, = 102173 '

=1, Anéon = 20.2, Ae = 1/1836 and in A = 10 as typical values in the

-10
secs for the

dischafge, we obtain a self-collision time of t, 2 X 10
electrons and t, ™ 3x107° secs for the neon ions. Thus both types of
particles will rapidly randomised into Maxwellians.  Equipartition of
‘energy (T, =1T,) is also rapidly established in the E, discharge. Ion-

e¢lectron collisions are responsible for the production of energy isotropy.

The 1/e +ime for energy equipartition is given by (SPITZIR (1062)) as
5.87 X 10°A, A T, T .2
iTe :

i e -
t = (K_ + =—] sec e.. (6.3)
°d 5 224 i -Ae-) _
e i

giving teq R 3-3F5 for the typical values used above. Thus T,=T; over

the duration of the discharge. '{“q
' ' ' T, 'Wﬁ.

Laser interferometer measurements of I nedr as a function ot
T
1

time are shown in Fig.6.12, These results were obtained with the maximm
bank volitage of VER = 8KV, The integrated density profiles obiained with
the Langmuir probe (uncorrected values) are also shown. Although good
agreémgnt is found with the genera} shape of the dénsity time dependence

(see Fig.6.11), the probe measurements obtained with B, = 0.2T are approxi-
mately a factor of X2 too low. Better agreement is found at the lower
magnitic field value of BZ.= 0.1T. With a machine {illing pressure,

P, ~ 50 mtorr , the integrated line of sight neutral density across one

radius is given by,
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2 .

] n dar =3.52 X 10%°m2 | ... (6.4)
Ty

Therefore ~ 45% of the initial gas is ionized with B, = 0.1T and ~76%

ionized with B, = 0.2T.
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Comparison of the integrated density profiles from
Langmuir probe and laser interferometer data
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TARLL 6.1

SIAGARY OF TYPICAL PLASMA DARWLMITIRS von NEON AT 1Y CENTRE NI~

PLANE POSIT) 0N, 10 MANTIMIM DisCh

A
AT

G EERGY

(Y'."L)J:: & ;;.T;

Parzmeter Ar=0.1m | Ar=0.14a | Ar=0,18n
() B, =07
Electron muwher density, ng o 1.9x10%% ¥ 1,ax10%% 11,0x10%0
Electron temperature, T, | oV 4 4 3.5_
Yon temperatire, Ty oV 4 4 5.5
Clectron theral speed, G ms1 ] 8.4x10® 8.4 X10° 7.6 % 10°
Ton thermal speed, € m 4.4%106° 1 4,4%x10°  [4,1x10°
Llectron therwal gyre radius, ag m 4.8%107% ] 4.8%107% | 4.5%x107°
Tont thermal gyro radius, o m 9.2x107% [ 0,2x1¢7Y (8.6 X;IO“S
Ton directed pyro rodius, ngyy oom 1.0x1077 | 6,3x107% [2,4%1073
Debye Zemptls, A, mn F,3x3077 [ a0x107 1.7 x1077
Flow velocity, vy me™d e.5x10° ! sox10® l1r.oxi10®
Elcctron plasma {requency, Whe rads~% ) 2,0%10%2 | 2,2x1012 | 1.8 x10%2
10171 pliasma f:'w}uc’ney, W, . rad gt 1,0 103 ° 1.1x10°° |9.ax10®
Blectron-ion collision time, Tg; s 0.1 %1079 ) 7,7%x107° [ t.ox107°
Ton-Ton collision time, 1Tj; 5 3.0%1077 | 2,6x1077 {2,9x1077
Electron orbits per collision, w Ty, 16,0 13.6 17.6
Ton orbits per collision, . Wi Ty g 0,14 0.12 0,14
(b} B,=0.21T
Flectron number density, n, w3 hLox10™ | 2,0x10%0 {4.0x10%
Electron temperature, T, eV 6 6 4
Ion temperature, Ty eV 6 6 4
Electron thermal speed, Cf ms~ % | 1.0%10° 1.0x 10° 8.‘1-)<10.S
Ton thermal speed, €y ' ws L | 5.4x105 5.4%10% 4,4%10°
Electron thermal gyre radius, o, m . 28X107® | 2.8%107% | 2.4%x107°
Ion thermal gyro radius, ajy m 5,4X107°% | 5.4x107% | 4,4%x107°
Ton directed gyro radius, agi n 1.4%1072 | 1.0x1072 [s,0x107°
Debye length, M, w 1.8x107% | 4.0x10™7 | 4.0 x 107
Flow velocity, Vg ms™* §1,4x10% | 1.0%x10° |s.0%10%
Electron plasma freguency, wpe rads~t | 5.6x10%1 | 2.5x10%2 |3.5x10%2
Ton plasma frequency, o rad s~> | 2,0x107 ] 1,3%10*° ]1.8x10*°
Electron-ion collision time, T4 8 2,0%107% | 1.0x107% {4.0x107*°®
Ton-ion collision time, 7, s 6.7%107% | 3.4%x2077 | 1.5x1077
Electron orbits per collision, Wy Tos 700 35 14
Jon orbits per collision, w T { G.4 0.33 6.12




. 6.4.2 Radial Variations

Measurements made of the radial variations of T, and n, in
the ER discharée, show a number of features. Due to the centrifugal
acceleration acting on the idns during the plasma flow, the ions diffuse
preferentially to the cuter electrode walls Wheré large density gradients
_form. Ion drainage from the smaller radial positions leaves a diffuse

region (ne < 10'® m™3) at distances of r < 8cms from the anode. This

low density region grows spatially with time until peak flow velocities

occur (typically ~ 1ms after the B start). Thereafter the plasma
decelerates and the pressure gradient reduces with a corresponding back

diffusion of particles to smaller radii.

Figure 6.13 shows the radial profile of T, and n, at different
times, for VER = 8KV and B, = 0.1T. The maxinum density occurs at :
~ 8001s after the start of the ER current pulse in good agrecwent with
the integrated density interferometric measurements and the time resolved
Langmuir probe measurements. Radial profiles taken with V., = 8KV and

ER
Bz = 0.2T, shown in Fig.6.14, clearly show the large density gradient.

Other important features shown are that firstly, very high densities
(~ 4.5)(1021m_3), occur at the outer radial positions, and secondly, the '

cooling effect of the electrode surface can be clearly seen.

The plasma halance may be analysed from equation (2.20). rewriting

. we have: y2 5
: 8 a [ RN . an S AT =
mn —r—- = _aI‘ \B}JU + akT ar +enk EI' . *ew (6.\))

The first term on the right-hand side represents the magnetic field gradient.
The magnetic field term is expected to bhe small, since Ty 0.1
typically in the discharge (see Table 6.1). Referring to Fig.6.13, the
magnitude of the iﬁdividual terms may be calculated to check the validity

of the equation. At r=10cms t~800 s after the E start, for example,

we obtain:
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2
s

=7 %X 10°Nw™® and kT'—g% ~ 9.1 X 10° Nm™ 3 with vy ® 6.5m s71,
on

T~ JeV, =~ 2x10%2 m*, n~1,2x10° w5, The agreement is good

mn

and justifies the view that magnetic field gradients must be swmall in the
device. The outward centrifugal force is balanéed at radial distances of

r < 14 cms by the plasma pressure gradient in Fig,6.13 and for r < 1écms
in Fig.ﬁ.i4. For larger radial distances, the radial balance is maintained
by a high density neutral gradient which forms on the ocuter electrode. Thé
mégﬁitude of the neutral dénsity can be estimated by the pressure balance

at the outer wall; . since Vg is negligible at r = 20 cms , we have,
n kT = 2nkT , ... (6.6)
W W , e

where ﬁw and Tw .are the respective neutral density and‘temperature.
Assuming T,~T = 2 X 104 °K with n =~ 4 X 10°° ™% near the outer elec-
trode wall with T = 300 °K, we get n_ w5 X 1022 n3, For B, = 0.1T
only 45% of the gas is analysed, giving the total number of neutrals present
as nn'°‘102°. ‘If we now assuﬁe that the.neutrals-are confined to a region
of &r = 5mm from thé‘wall, then the maximum possible n is given by

) nn
<
o, 2nrh or

=3 x 1023, - .o. (6.7)
In viéw, of the approximations made (Tn = T = 300 °K) this is, at best only
an order of magnitunde estimate. It is obvious for instance, that the neu-

trals will have a higher temperature at the plasma boundary than at the

wall, Also neutrals will also be present at the insulatof surfaces.

The extent of the partially ionized houndary layer, Ln, can he
estimated from Lehnert's formula {see section 2.5), which is,

kT,
! “_%_ 1 .

b
an\"n‘l"‘g';—a '1';'-; L (6.8)

where & 1is given by von ENGEL and STEEMRECK (1032) as,
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~ been found experimentally by GILBODY and HASTED (1856) to be

- 2e O é/ 1N -1/x '
- = 820 k( Pl +5 : .oo 6.
& ak \7 o) (o0 \leggje .. (6.9)
T, -
with ¥ = (z-p— . The constant a is dependent upon the {ype of gas used.
i

For neon, a = 5.6, Taking T~ 3.5 X 10* °K as a typical temperature
near the outer wall, gives &=~ 4 X 107 °m®s™%,  The effective momentunm

transfer ffequency from ion-neutral collisions, §n, is defined as,
E ={do. w. ) ... {(6.10)

where %in is the momentum fransfer cross section,‘and W is the rela-
tive.velﬁcity of the ions and neutrals. The value of O for neon has
0-in (neon) =
1079 m? at Ti = 4eV, Since Oin is a slowly var:ying function with T,
this value can be used for Ti = $eV, without a large error in the calcu-
lation., Taking W 40 be the mean thermal ion véiocity (i.e. we assume
the neutrals are at rest) we obtain §n =5 X 10 %m® ¢t giving Lnkslcm
for a plasma bnundar& density of n, = 1021 3, This is probably a lower

Timit to Ln , sincoe 'I‘e is likely 1o be S3eV in the boundary region.

Since for Bz z20.1T, VER = 8KV we have Ln .< (rz-rl) the plasma

produced is impermeable to neutrals (see section 2.4). This may explain

why plasma spoking occurs infrequently at these operating conditions.

6.5 DIRECTED LANGMUIR PROBE MEASUREMENTS

Directed Langmuir probe ﬁaeasurements were made in the ER di s~
charge as a .circular check on Te s .ne and Vg o obtained with the laser
and electric prohes, We have seen in section 6.4.1, that the ions have a
displaced Maxwellian distribution dﬁe to their net azimuthal drift. This
is used to advantage by orientating the probe surfaces upstrean, Ibraﬁsverse
énd downstream to the plasma flow. As a first approximation, (see section
(5.4.2) the .differ.ehce hetween the upstream and transverse probe current will

be equal to the directed ion eunrrent, that ‘is,
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Ip (up) - Ip (trans) ~one VGAP e (6.11)

Results obtained at r=10cms with B, = 0.1T, Vyp = 8KV. are shown in

Fig.6.15. The effect of the net azimuthal drift can be clearly seen.

The electron density calculated from Bohm's formula with Té given hy the

swept probe measurements, is a factor of ~ 2 lower than thé-swept probe
n_ values, giving a peak density.of n, 5 x 10°° w3, This may be due
to differences in the probe construction. - If the lower density values
are used for consistancy, and substituted in{o equation (6.11), good agree-

ment is obtained between the flow velocity calculated from ER/BZ measure-

- ments, A comparison of the two methods is shown in section 6.6.

The directed probe also detects spoking in the disqharge. Normally
these occur in the acceleration period of the plasma (for Vip = 8KV,
BZ =z 0.1T) as indicated bf E&g probe measurements. Occasiomally (approxi-
mately 106 of the time at B, = 0.1T, Vp, = 8KV) spoking is seen through-
out the discharge timef Since the spokes have a higher density associated
with them than the rest of the plasma, this gﬁves rigse to large directed
probe signals, A typical oscillogram taken at Ar = 14 cms from the anode,
showing spoke formation in the discharge with Bz =0,1T7, VER = BEKV is
shown iﬁ Fig.6.16. Assuming that two spokes are formed, then the flow
velocity is approximation 5 >;103 ms™* at t=1ms after the E, start,

in good agreement with .E/B and directed probhe resulis at r=14cms .,

6.6 PLASMA FLOW VELOCITY

As mentioned, three independent methods were used to determine the
plasma flow velocity in Vortex II; electric and directed probes and stag-
nation pressure measurements. Spoke formation measurements also served as
a check on vy as previously described,

The justification for deriving Vo from electfic field measurements

can be seen from equation (2.19). The flow velocity is given hy,
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8B T e r "enB or T eB or ° B R S
z A Z z Z

where we have expanaed the pressure gradient term. For Bz = 0.,1T,

Voo=8KV , r=10cms , t= 1200 ps after the Ep start, we obtain the follow-

4
m, v
ing values for the constituents, f =~ 6.5 X 103, i 8 ~ 3.5 X 102 ’
z ed, r ‘
KT on 5 ko Ndr
enB, ar = 1,6 X 107, eb, = 0 (constant T assumeq), 5, e 35,

=
. This implies that Vg ® lﬁa is a good approximation.
: . B,

The time dependence of the plasma filow velocity withl B, = 0.1T
at r=10cms (corresponding to the maximum reproducible V;élocity measure~
ments) is given in Fig.6.17. I"eak flow veleocities occur atlwims after
the ER start. Velocity measurements calculated from directed Langmir
prohe measurcments using equation (6.11), show good agreement with the E/B
values. Radial flow velocities can be calculated from Fig.6.10 by divid-
ing by the appropriate DB, value. Velocity measurements obtained with
B, =01T, VER = 8KV and at r = 12cms are shown in Fig.6.18. Here the
velocity again peaks at ~1ms after the Ep start, where it approaches
the critical velocity for neon (vg c;ritz 1.4 X 10*ms™1). The flow velo-
city in this case is ~ X2 higher than peak velocity with B, =0.1T,
implying that vg = B, over the experimental range. Comparisons of re-
sults obtained on seﬁarate experimental runs (shown in Fig.‘.6.18 as shaded

and unshaded points) show that the discharge behaves reproducibly.

6.7 PLASMA FLOW STAGNATTON PRESSURE MEASUREMENTS

As described in section 5.3.2, the fast valve sampling system can
be used to determine the amount of gas collected from the discharge, and

hence to calculate the equivalent pressure‘of the plasma flow if a valve

calibration against pressured is ohitained, Since the rotating plasma

stagnation pressure, P,

, is given approximately by (BONNEVIER (1966)),
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m.v§~

P ~n (kT + 12 ) ... (6.13)

these meaéﬁrements can be used as a circular check in T::fi::Te, Vg and
n=n,=n . In view of the fact that the valve sampling time is ~ 500 s ,
these measurementis will only give approximate values since both

n ﬁill vary over the sampling time. Taking as typical values (averaged
over 500 us) at r =10 cms; n, ~ 10%tn™%, T~ 4.67X 10 °K, Vg ® 6.6 X
10%ms™) for t = 1.1 % 0.25ms, after the ER. start with B_ = 0.1T

and VER = 8KV, then using equation (6.13) we §htain an equivalent sﬁagna-
tion pressure of -PS &~ 1,37 X 10° N/m® = 10.4 torr. The measured stagna-
tion pressure at this condition is ~ 15 torr. This is reasonable agreement
in view of the approximations wade. The stagnation pressure measﬁreﬁeﬁts

have been incorporated with the separation results, since they give an indi-

cation of the amount of particles that can be collected from the plasma flow

at different radii. This is of great importance in centrifuge performance.

6.8 SEPARATION RESULTS

The ratio of the ébundance of 22Ne to 2ONe was weasured in the
initial (pre-rotation) gaé (ro), and also at the end of’the discharge. The
fast valve arrangement was also used to measure the abundance ratio hoth-

spatialiy and temporally in the plasmalfIOW' (rp). From those results the

peréentage enrichmeht, E, defined by
‘ X ~T ’
E:(—P———‘l)xioo%,- _ ... (6.14)
To
was calculated as a function of time and poéition in the discharge,

Although the separafion of different elements was not the primary
aim of the experiment, a 50:50 mixfure of argon and molecular nitrogen
(i.e. 2'parts nitrogen atoms to 1 part argon atoms)-was initially uséd to
gtudy the percentage enrichment obtained with large mass differences
(A = 40, = 14} and to assess the feasibility of isotope

A’
argon nitrogen
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separation in the device. K Results obtained for E(t) are shown in Fig.
6.19. The main features of this preliminary experiment are;
(a)  Separations (E) are encouragingly high - the percentage
enyichment of Argon rises to ~120% at r = 18 cnms,

() The total number of nitrogen atoms is not conserved over
the radius. This can he derived from the stagnation pres-
sure measurement shown, Therefore there are relatively.
more Ar ions than N2' ions present in the machine mid-
plane position during the plasma rotation, than in the

initial gas.
After the initial success, all further separation experiments used

neon as the working gas.

6.8.1 Neon Isotope Separation

The variation in the measured E as a function of radins in the
machine vertical mid-plane, with B, =0.1T, VER = 8KV (corresponding to

1 at r =10 cms), is shown in Fig.6.20., The

a peak vg ™ 6.6 X 10°m s~
~valve mean open time was 1.lms after the Ip start, The percentage
enrichment of 22Nc ié ~ 15% near the outer wall with a corresponding sbog-
nafion preésure of ~5 torr, implying that separations occur rapidly in the
Vortex blasma. As with the Ar: N, separation, no corresponding depletion
is observed at the inner plasma boundary. If the separation process is
purely Ane-dimensional (i.e. takes place radially) then we must have from

section 3.3.3. r

2. .
I n (22) dr .
T
1
L, T, _ ... (6.14)
] n(20)ar.
r
1 :
‘ I 22, 205
wvhere n(22) and n(20) refer to the nuwmber densities of ““Ne and “"Ne.

This is clearly not the case in the present experiment.
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of the plasma,

Figure 6.21 shows the radial profiles of E at t = 2 £ 0.3ms
: o :
after the discharge start. 152 2“‘Ne enrichments are again evident at
the outer wall. Note that the peak stognation pressure has moved from

r=42 (¢t = 1.1ms) to r = 16cms due to the outward centrifugal expansion

Time resolved measui'en;ents of E(t) Ix;\ade near the plasma boundary
at r.-;18 cms are shown in Fig.6.22. These results indicate that E in-
creases as long as there is plasma rotation. The different symbols used
in this figure représen‘t separate experimental runs made to check reprodu-
cibility. Measurements taken at + = 6ms and 16 ms after the end of the
rotation, show that the isotopic abundénce ratio of %’e returns to its
pre-rotation equilibrium value, Stagnation pressure measurements peak at
~1ms after ER start in pgood agreement with the density and velocity

profiles obtained previously.

Measurements of E{t) at r = 12cms (near the inside boundary of
the high density plasma. volume) are shown in Fig.6.25. The results are
in good agreement with the previous ones, in that no appreciable depletion

of 22Ne is observed, implying that the separation process is two-dimen—

: oo :
sional. Indeed, Fig.6.23 shows an enrichment of ““Ne at this position.

To test the hypothesis that. E was a function of r and z in the
discharg'e, radial and time dependent scans were made at an off-axis posi-
tion of z + 7.5'cms from the machine midplane. Measurements of the
variation of E with radius are shown in Fig.6.24., Within _exper_imental
error, 22Ne enrichments are the éame ét r = 18 cms as the corresponding

z = 0 position. The stagnation pressure measurement is a factor of ~X2

‘down on the z=0 P, measurements, suggesting that the plasma is compres-

sed into the machine midplane by the asso'ciate_ad jgBy force (see section

2,2), The lower P_ measurement may also be due to a velocity decrease
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or to plasma loss to the end insulators by ambipolar diffusion. At the

£y .
inner plasma boundary, more - ~Ne depletion occurs than at z = 0, Time

resolved measurements taken at 2z = + 7.5 cms, r = 12 ems, shown in Fig.
6.25; confirm that a dépieted 22Ne region does occur at this position.

If we compare I'ig.6.25 with resulis obtained at the same radial position
but at the machine centre-midplane,-we see that instead of an enrichment of
gzNe\ #é now have a depleted region, supporting the view that 2-.D separatian :

is important in this device,

As a final check of the 2-P behaviour.of E in the discharge,.vertif
clelscans 6f E(z) were made at r = 14cms with‘ B, =0.1T7, VER = 8KV
(same operating conditions as ébove). The results of fwo écans ét differ.
ent times are shown iﬁ Fig.6.26, Both the 2-D separation effect, with the
heavier parficles being concentrated preferentially in thé ﬁachinejmidplane,
and the plasma compression, with.plasma losses to the wallé, can be‘clgariy
seen.,., Thus there is an axial as well as a radial separation effecf, demon-

strating the two~dimensional nature of the separation process.

6.9 OPTIMISATION

The figu;e of merit of a centrifuge, as mentioned in section 1.1,
depends on both the enrichment and the total throughput of enriched material
which can be achieved for a gi&en povwer input, " This is difficult to mea-
sure in the Vortex device owing to fhe strong spatial and time dependent

nature of the discharge.

It is possible to estimate the efficiency of different operating
conditions, however, by considering the mass flow and the associated enrich-
ment at a particular point in the discharge., The isotopic throughput of

22Ne, T,,, is given by LONDON (1060) as,

227 _ |
oo = Y(NF-N) - ... (6.15)

where | is the flux of enriched 22Ne isotope out ouf the device, N is
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the initial mole fraction of 22Ne defined by,

.22
N = "2'2—""_'}1_:"—— e (6.16)
Ne + “°Ne
and N¥ is the enriched mole fraction given by,
N oo Nel
aaNe+-+??Ne"'
The ratio of T, to the maximum power unput then gives a measure of the

22

relative separation efficiency of each operating condition,

T

22 ‘was found experimentally in the Vortex plasma at a radial dis-

tance of 0.18n1 from the inner elecﬁrode, Since the plasma.pafameters
(vgsne,s Ty and 1) did not vary appreciably over a digtance of 0.005m in
the discharge, the mass flow was taken as flowiné through a surface of 10~*m?
normal to the f}bw. The mass flow, V| = mnve Was obtained by measurements
with Langmuir probes (to determine n) and electric field probes (to deter-
mine vo). The results for various values of peak flow velocity are shown

in Table 6.2.

TABLE 6.2 L
OPTIMISATION OF SEPARATION PARAMETER TOR 22Ne AT Ar=18 cms
Vertical ' .
Magnetic Peak ?10W Electron Tan Ne Peak Normalised T
ﬁield velocity temperature n X 10°° loms/ s Power TEy—
‘1 x 10%m s+ | % 10* °K &n MW peak po
(Tesla)
0.05 0.35 3.8 1.08 10.7 3.08 1.0
0.10 0,70 4.8 1.15 40.1 ‘ 5.47 1.9
0.15 1.03 5.6 1.15 63.7 8.30 2.0
.20 1.30 6.5 1.16 98.1 - 110.09 2,5

From the table it can be scen that the percentage enrichment remains

virtually independent of the flow velocity at values greater than v_ = 6.6 X

g
10°m ™% in the device. This could be attributed 4o the additional plasma
heating which occurs at these high flow velocities. Other mechanisms which may
also explain this, although difficult to quantify, include turbulent mixing and

the dimensional effects in the plasma. The greatest efficiency occurs at the

highest flow velocity, chiefly as a result of the increased mass transport in

the device. ‘
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CHAPTER VII

"CONCLUSIONS

Two main conclusions éan be drawn from the experimental work under-
taken in this thesis. FPirstly, Bonnevier's preposal that rotating plasmas
can be used ag iéotope seperators has been confirmed experimentallﬁ; and
secondly, two dimensional enrichment can occur in roitating plasmas contained

in suitable homopolar geometries.

In this chapter, it will be shown that the simple process factor
given from the theories.presented.in Chapter IIT is not sufficient to ex-
plain the high separation factor obtained experimentally, this is attributed
to two-dimensional phenomena which have heen shoﬁn to‘odcur in the Vortex II
plasma, Various physical mecﬁanisms are proposed which may be responsible

for this effect. . Finally, the basic requirements of an envisaged continu-

ously working uranium plasma centrifuge will be briefly outlined.

7.1 COMPARISON OF EXPIERIMENTAL RESULTS WITH THEORY

The strong temporal and spatial dependence of the plasma parameters
in the Vortex II device, the experimental errors of typically 10% for Teo s
n, and ER’ and approximateiy 30% for m, make comparison with the steady

state separation theories given in Chapter III, difficult. However, the

expressions derived for the simple process factor and density distribution

given from equations 3,19 and 3.24 respectively as,

=2 2
Ez _ ERmk:y _ 'AeBz ¢ ' (7 1)
dr © KTB;r kTa v AR
2
a HBeom)n ke, -
dr kT Bgr - noa rkt :

should give the maximum value of 1 and n,

for any given Lp and T dis-
tribution in the absenbe of turbulent mixing (note that no Ep profile has
been assuned in eqrs.7.1 and 7.2). To test the validity of these '
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equations in describing the experimental results, a polynomial fit of the

experimental Ep profile was substituted into equations (7.1) and (7.2).

In view of the experimental errors involved, a straight line fit was found

adequate for Ep. Thus we put,

ER =—mI‘+C . s 08 (7-3)

with the slope, m = 7.0X10°Y for B, = 0.1T and m= 2.3 X 10*V for

~B,=0.2T . With the boundary. conditions of ER=:0 at the outer bbundary,

T=T,, ‘we thus obtain, : ‘
ER = m(rz‘“r)o ) * e e (7.4) -

In the Vortex II plasma, terms due to the outward radial drift are

small corrections to the centrifugal terms contained in equation (7.1) and

(7.2) (see the discussion in section 3.2.2). Substitution of equation
(7.4) into equation (7.1) and (7.2), ignoring the radial drift and using
né:y we obtain the following for the separation factor and the eleciron
density, 2 2 , .

)(}'-rz) *exp [0‘ l/\zrirz'"éi)j exp [U'(%' - 2r,r) | (7.5)

I %Ilk
2kTBz

- ﬂ(r ) ':r \)51’2 exp,r B<2r r --—)]exp[ (——- ~2r r)] (7.6)‘

'wi'bl;l. =

3
[

me

(m, ~m )
—-——'I—EE— ; where constant temperature has been assumed.’

with )
. o 2
2 kT Bz

it

These expressions are plotted in Fig.7.1 together with the equivalent experi-
mental results obtained 1ms after the start of the ER discharge with

Ven

throughout the plasma.

= 8KV, B = 0.1T and assuming a uniform temperature of T = 4eV

z

It is evident that the separation factor given by eguation (7.6)
is a factor of approﬁ:imatély 4 lower than the experimental results. The
continuity of particles is also not conserved across the radius as previously-

mentioned in section 3.3.3 and section 6.8.
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The predicted density profile is a poor fit to the experimental
results.  This is primarily due to the high‘density gradients which occur
near the éuter electrode wall (r = 0.35m), Theée are caused by the out-
ward plasma motion and the back diffusion of neutral particles from the
wall, an effect which has not been included in our simplified model. The
asgsumed temperature uniformity will also tend to make the theoretical den-
sity gradient smaller than fhe measured values. This is due to the féct
that the lower temperafures which occur naturally near the electrode walls

will tend to steepen the gradient for a given flow velocity.

The separation results, however, are of primary interest in this
thesis. Some of the mechanisms which may be responsible for the high

separation factors obtained experimentally will now bhe discussed.

7.2 TWO-DIMENSI ONAL, SEPARATION MECHANISMS

Two basic mechanisms may‘lead to the high separation factors ob-
tained, The first is separation which can occur along magnetic field
lines which have a radial component. This was discussed in the case of
Bonnevier's theory in section 3.1, The magnitude of this effect can be
estimated from equation (3.7), if the relative value of the B, and B,
coﬁponents is known, The 'Br component is difficult to determine in a
quantitative fashion owing to the comple# behaviour of the discharge.
However, it is known that B, < B, in Vortex II since the plasma is weakiy-
magnetized (typically Wy Ty 0.2 at the highest B, fields)_and also
from the experimental radial plasma balance analyzed in section 6.4.2.

This analysis enables an upper estimate to be made of B.. Taking gf = 0,1
gives a'sepafation of approximéteiy 1%.along the field. This is too small

to account for the radial separation results shown in Fig.6.26, although

the enrichment is in the right sense,



The second basic type of mechanism which could produce large
separation factors, is that which sets up a poloidal flow pattern (in the
r-z plane) in the device, 1In a conventional centrifuge, the simple pro-
cegs factor can be increased by a large factor by the introduction of a
poloidal, counter-current flow. There are at least two wayé in whicﬁ a
counter—current flow can bhe produced in Vortex II. These are; firstly,

circulation induced by a By field, and secondly, thermal convection.

The discussion of these mechanisms is necessarily'subjective since
even an approXximate analysis of the enrichment process in a poloida1/
azimuthal flow field reguires resource to the two-dimensional plaswa fluid

equations which are outside the scope of this work.

7.2.1 Circulation Induced by a By Tield

A small but finite Bg field exists in the Vortex IT device due
to the radial plasma current. At the start of the main @ischarge, this
current will be initially uniform in the axial direction and will have a
1/r radial profile given by, .I _

j, = 2T?rh e (17)

Bg can now be found from equation (2.164d) by integration over Z, with

the boundary condition Bg(r,%) = 0. This gives,

4m, (1 “z\ ... (7.8)

which is shown in Fig.7.2 for a plasma current of IT = 8kA,

The BS profile given in equafion (7.8) is an over~simplification
to the real case in Vortex II, since, és the plasma accelerates the majority
of the radial current will flow in thin boundary layers at. the top and hottom
insulator surfaces due to the viscous effects described in section 2.3. This
modifies the initial Be profile since j,, is no longer axially uniform. A
hetter approximation to jr is Yo regard the radigl current as flowing in

thin current sheets around the plasma bhoundaries. The return current leads
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The radial and axial dependence of the calculated poleoidal

field produced in Vortex II for (a) an axially uniform

plasma current of Iy =8kA4, and (b} a boundary current of
Ip = 4kd (shown in Fig.7.3(b))
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(a) The probable current distribution in Vortex II when the

plasma is rotating,

(b) The equivalent current circuit



below the bottom glass insulator allows the current distribution to be given

by the profile shown in Fig.7.5. The DBy field can be calculated analytically
by- comparison with the simple ring solenoi@ calculat;on,-chéver, it.owas
computed using a standard Culhnm.Laboratory library routine (WILSON, 1975) .

The magnitude of the 3y field obiained is shown in Fig.7.2. It is evi-

dent that By is largest near the inner electrode, implying that the resuli-
ing jR><B§ force is strongest near the immer electrode., This will produce

2 net axial plasma motion which will be strongest at the inner plasma Eound—

ary, leading to circulation and a counter-current flow..

SR R R AR AR S TR AR SR TR AR RN A A M AN A AN,

Ta2e2 Thermal Convection

In a mechanical centri- = Zﬁ\ o :

fure, the counter-—current [low

-~ is produced by heating elements

2
near the axis of the device. -3
This produces a convection flow g ? SZTZFVG
. e ". . Q)
which is shown in Fig.7.4. Gas o | |0 3
) g =
moves in the positive axial Eg § - ?3
-] L ' &
direction at the smaller raditi, C

is cooled at the top, and re- : K::::::::3

AHHITHITH LTI T HTT T LTI AR TR LLR R LAY

. o - o , a5
turns along the outer radii. Pig.7.4

Schematic view of the plasma
counter-current flow produced
naturally in rotating plasma con- by thermal convection = ..

A similar heating effect occurs

tained in homopolar geometry as shown by the experimental results presented
in Pigs!ﬁ.ls and 6,14, The resulting convection flow will be similar to

tkat of a counter-current mechanical centrifuge. "As previéusly mentioned,

an analysis of this effect necessitates the use of the two dimensional energy
equation. Towever, a general commeﬁt which can be made is that higher u&Tii
values will produce a larger temperature gradient, VT, ‘due to the reduced
thermal transport across the field, This will enhance the counter-current
process in a plasma centrifuge a2nd could well be ‘an important consideration

in future plasma centrifuge design.




P FUTURE 0F THE PLASMA CENTRITUGLE

The ultimate aim of any research in isotope separation is the
enrichment of uranium in an efficient manner. Experimentation on rotating

uranium plasmas with a view

to enrichment, is presently being carried out by

NATHRATH et al (1975). No separation results have yet been published.

Although the plasma centrifuge is at an early experimental and theo-
rétical stage, it seems likely that the high power requirements of a fully
ionized, steady state, rotating plasma (typically ~ 1MW in the Vortex_II
device) will mean that sufficient enrichment mist be obtained in a very few

stages for the device to be an economic proposition. With uranium as the

working gas, for example, a separation factor of 7 =5 1is required to

. - 235 258 : e
increase the ratio of U to U from 0.007 to 0.035 in one stage. This
would be adequate for present day atomic reactors. Such a high separation

fapﬁbr will be difficult to achieve in a rotating plasma due to the high

temperatures and the limiting velocity effect. This can be seen from the

sirple model developed in section 3.3.° The separafion factor is given from

equation (3.26) by
' 2

N="1(p.) exp {-—I—{Eﬁ-—-w 1)} "'(7'9).

Taking rmax=:r2.:§2r1 {since little advantage is gained by tak}ng r2'>2r1

l\)

~ as shown in Fig.3.4), setting M (r y=9 with N(r )::1 we ohtain the follow-
2 : 1 ' '

ing condition, P2
B(ry) (mj - )

s ST (7.10)

inb =

il

Taking T = 5X10°K, B, =1.0T as typical values ang inserting numerical

values in equation (7,10) we finally require
Bp = 2.45x10%Vm?
(r1) :
for a separation factor, m = 5. The critical electric field,
B)

Ecrit(Ecrit = Vcrit z
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for uranium, is, however,

. 3y =1
Ecr.it(U) = 2.2 X10 Vm' .
Thus the plasma must rotate at ten times the critical-velocity for a separa-
tion factor of 5 to he obtained. lTherefore the critical velocity must be
exceeded for the plasma centrifuge to challénge.the present methods des-
cribed in Chapter I. A possibility which yet remains to be investigated
thoroughly is the gas seeding technique @discussed in section 2.2, If hydro-
gen ig used as the seeding gas, for example, then

Eér_it(H) = 5.1x10*vmn™%

which is sufficient to give 1 > 5 in a uranium plasma centrifuge if the

uraﬁinm iong are limited to the hydrogen critical velocity,

Turther theoretical and experimental work is required on this new
separation method hefore the plasma éentrifnge could possibly present a
viable alternative to present day enrichment technologies, In particular
it is suggested that the theoretical aspects of two dimensional separation
be investigated together with the energy requirements of rotating plasmas,
The gas seeding'technique may offer a method of overcoming the critical

velocity effect and should be investigated experimentally, -
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APPENDIX Al

THEQRY OF ISOTOPIC SEPARATION IN ROTATING PLASMAS

A model of a quasi-neutral, azimuthally symmetric rotating plasmas
containing singly ionized ions of type k and j with m'j)’mk and nk»zﬁ
is considered. The plasma rotates between two infinitely long coaxial
electrodes of radii r, and r, in an axial magnetic field, B, . The

field is sufflclently strong such that w; T > giving vgRr v, and -
(P kq)e X (qu)r
The steady state momentum balance is given, in the absence of vis-

cous and gravitational terms,.by,
Vv = e (E+v XB) - Up Y n (v, -v )
i Mg k L g M g T~ Yy
kra ' (A1.1)

The azimuthal velocity components of each particle species is given from

equation (A1.1) by

2
! m dn V.
ER Sk TKT 1 k k@]
S S G (A1.2a)
k8 ‘B eBZ Ly dr
B Pmer o1 %y Yien
ie =7 E, * o3, T @~ r (A1.20)
Bt s B
E dn
R kT 1 e : ;
Vep == B, ~ e, . ar - (A1.20)

where the electron inertial term has been neglected,

Lquations (A1.2a) and Al.2b) may be writien in terms of the electric
field component if,

a
pos X Tk

R enk dr

vhich is valid in the Vortex plasma and in many other rotating plasmas. Ve

nov have for the azimuthal velocity components,
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v = - T +'-; '-;-— m— T aa e s AllSa
kO B, " eB e O Or Bér ( )
2
D m. dr, ER
i1 kT 1 -
V-e*"ﬁ“"*?;f;}* 5oL “a“]"_z"" : e.. (A1.31)
dn ) '
ER kT 1 e
Ve§ "B "3 1 dr ' ' e (Al.fj’g)
Z Z e .

The radial velocity components are given by,

ar (P B S e M

V, = -
kr 252 CIke \d dr kT 2
. e“Bj r o, B | |
d dn n. E2 ' '
kT i s e IO W )
- : - - T - m. eee (Al.4a
e%82 ki \m @ " @ T il p2 (m = my) (A1.42)
) 2
. . KT dne .112 dnj mJ.ne Er \
jr. "~ —. QEBZZ Cge\ar * nj dr =~ kT Bgr}

2
KT _ ,nk dn_l dnk o, ER. )
- - - - (m, - ce. (Al.4b
252 %j \m, @r "~ ar 6T, p2 (m; - my ) ( )

(&)

z J
2
- N kT (/fﬁg _J_) dne I]k dn:’ ER ( oo ))
er = 62]32 e \\ng +ne ar ¥ Tar dr KT B% Kk T3
(A1.4c)

The steady state continuity equations for each species in the absence of

ionization and loss terms are writiten,

nkvkrr = A.k : e '(A1.5a) ‘
n.v. r = A, : ' ees (A1.8b) ‘
J Jr J .
nv_ r = A , cos (A1.5c)

. e er e :

. where the constants, Ak . Aj and Ae “are related to the radiai plasma current
by,
*u—e-( A A ) (A1.6)
UR =7 A-k + j—“ ef{ ‘o -
Pquations (A1.3) to (A1.6) form the basis of our theoretical model,
The density distribution is obtained from equation (Al.4c) with equation

(A1.5¢), this gives,
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A e28%2  an® £2
@ Z & R

- o N = - kTBgr ée (nkmk+njmj) cre _(Al.’()

where we have assumed quasi-;neutrality (ne = n{j +nk) .

Since in our'approximatidn the heavier ion species numbher density
o «m (valid for neon) and since m "~ W equation (A1.7) may be written
to a good approximation,
2 pl 2 2
Aee Bz dne ER

2
- - - n A1.8)
Kloer o wplr ice (

An expression for the radial dependence of ER is required before equation

(41.8) can he solved. We choose the zero space charge condition giving,

I‘i '
Ep = B - ... (A1,9)

R
(r1)
Substitution of equation A1.9) into equation (A1.8) and solving, we obtain

the following for the radial dependence of the electron density

’ £ (I‘ ) 1
' o s T t 5
n =n_ . e_t/‘d '\(e (rl) I %—- - -—{_J—'dt))
i ‘ 1
(41.10)
h o
e ) .
SO Solk. - S and A w2,
S KT Bé 2kT ¢,

The separation factor is calculated by considering the radial ion
velocities and ion contimuity. Substituting equation (A1.4a} into equa-

tion (Al.3a) using n, ~n, we obtain,

B L2 | |

e Fppppz £ (o) 2 _

o T kTng o= nk e nknj(mj-mk)] = - LAe-MAk) .o (Alfll)
zZ Z ] .

The right-hand-gide is given from eguation @&1.6) by

- (A -4 = (5 J —Aj S (Al-.1'2)
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We now assume that JR is small in the body of the rotating plasma.
Substituting equation (A1.9) and (A1.12) (with JR=:0) into equation

(A1.11) we obtain for the separation factor

2

P )
n_ ) ra -Y‘. / Y B o 1 .Y\\ \
—-'-1-= = e —-—-\ ex (---— l e —-dr2
T T R R e oy =z

where 22 ER T )
A.e B 1\2 . -
_ i = _(2xy) .
B = 265 KT and v = ( 5. ) ( IET )
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