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Isotope separation is an important field of scientific research. 

Hany ~lethods have ],een us~d to separate ",lements and isotopes. 

-main processes used at present are diffusion and centrifuging. 

The two 

In the 

second cntegory, rotating plnsmas mny be of importance due to the high 

rotational velocities which can be obteined. 

,This thesisclcscl'ibes an experimental study of isotopic enrichment in 

a rotating neon plasma. Some of the theoretical considerations are also 

presented and a new theory of isotopic separation in rotating plasmas is 

formulated. 

VORTEX 11, the rotating plasma device used in the research to stndy 

neon uu'i c:1imeut, \\1[\ s reuc signed from un cnrl i er experiment built at Culll£lm 

Laboratory • EssentiaUy the n,achi'ne consisted of two couxinl electrodes 

. ",~'hic:h formed nn <-llmular VnCUlUtl vessel. The illtcrelcctrodc space was filled 

with neon "t a pressure of 50mtorr and a radial current pulse of 8 KA peak 

Gnd 3.5ms durntion wns passed through the gas in nn nxinl mngnctic field 

of typically Bz "" 0.1 T • 

plasma. 

This produced a net azimuthal motion in the 

Electric probes, laser interferometry and a mechanical sampling valve 

were used to measure the sputial and time dependence of the plasma dynamics 

and the isotopic enrichment. f'ypical parameters found in the VOETE-X 11 

plasma "ere; electron density, ne = 1021 m- 3, plasma £10\1 velocity, 

Vs = 10'<m s-l, electron temperature, Te'; 4eV, stnble fIo" time, T
f 

= 

3Xl0- 3 s. 

The spa-Ual and temporal behaviour of the isotopic enrichment l;as 

detcrmined using D fas-c Dcting, clcctromngnctically driven gas valve with 
, -

a typical operating time of 400 jJ.S connected to a mnss spccirometcr. Results 

obtained showe(1 that enriclment of the heavy isotope, 22Ne , increased \1ith 

increasing radius, r, and flo" velOCity to a maximum value of 20"/0 at the 

outer electrode woll. 11'0 dimensional separation also occurred with 22Ne 

depletion occurring ot the inside plaslllo boundary, off the axis of the ver­

tical Inid plnne. 

Theory predicts only 4?~ enriclllll"nt and cloes not include two dimensional 

separation, effects. Some mechanisms, similar to the connter-current flO1' in 

COPvc!iiionnl centrifuges, Drc discussed ,~'hich m'ly c)..1)lnin the tlvo-dimcnsiollnl , 
separation anel the high elll'ichmeats obtained in VORTEX II. 

(vIi]_ ) 
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CHAP TEll I 

ISOTOPE SEPARATION k'm ROTATING PLASHll.S 

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 

present ana future world economy. Consequently, the separation of isotopes 

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

ment have, and arc still being, investigntcd. These include aerodynamic 

nozzle- processes, chemical exchange, laser separation, gas centrifuges, 

diffusion and electromagnetic methoos, as well as the plasma centrifuge, 

the subj ect of this work. 

1.1 AVAlh~BLE HETHODS 

Of these methods, the most important technique of separating 1so-

tapes to date has been the diffusion process. (Chemical exchange, and 

nozzle processes have had only limited success and will not be dealt with 

here. ) This is the only method at present, which enriches the uranium 

isotopes on a large commercial scale. Briefly the process operates by 

passing uranium hexafluoride (UF
6

) gas through a series of membranes using 

large compressors. The lightest isotope~ 235u, has a higher diffusion rate 

than 238U ana is therefore separated, since the· diffusion rate of a gas of 
.1. 

mass, H, is proportional to (H)-2. The main disadvantages with this 

method are that firstly, the separation per stage is low, therefore cas-

cades must be used; and secondly, the process requires a large power 

consumption. 

At present the most serious·contender to the diffusion process is 

the gas centrifuge. This essentially consists of a rotating cylinder 

which drives gas inside azimuthally by viscous shear. The theory of the 

centrifuge isbased 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, Hl and H
2

, the ratio of the pressure of 

is given by, 

.•. (1.1) 

where w is' the angular velocity of the rotor, and Cl,:, , defined by equa-

tion (1.1), is the separation factor of the simple process. Equation (1.1) 

shows that the separation factor of the simple centrifugal process depends 

011 the absolute mass difference, \-Jhereas for the diffusion process, we 
1 

noted that it is proportional to (H/H1)"-. 1'01' this basic reason, the 

centrifuge method 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 equation (1.1) it can be seen 

that the lower the temperature the more efficient the centrifuge process 

becomes. 

The figure of merit of a centrifuge is the separative power, Ou. 

From the theory of gas centrifuges (LONDON (1961)) it can be shown that the 

maximum separative power of a centrifuge with a small separation factor is 

given 

••• (1.2) 

where Z is the rotor length, p is the mass density, and D is the diffu-

sion coefficient of the gas. The maximum separative power is therefore 

proportional to the fourth power of the peripheral velocity, to the rotor 

length and to the inverse square of the temperature. Ideally 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. These limitations on 

the. maximum peripheral velOCity also mean that the separation factor per 

stage is low, so that cascades must be used to obtain.the required enrich-

ment, as ~ith the diffusion process. 

- 2 



The laser separation method is a new and potentially important 

method of isotope separation. The process operates by irradiating uranium 

or VF6 vapour ,dth a highly monochromatic, tunable, dye laser, and selec-

tively exciting the atoms (or molecules) of 235U• These can then be sepa-

rated from the 'remainder by selective photo ionization by another laser, and 

subsequent removal by an electric field, by laser deflection of atomic beams 

or by photochemical methods. Large separation factors have been achieved 

in the laboratory using these techniqnes (BASOV et al, (1974); BER"IIfAllDT 

(1974); LIU (1974); NElJEl'.J"ZA.HL (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 potential energy 

costs of laser separation with those of gaseous centrifuge separation, has 

recently 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 

mpthod, whereas ~ 200 KcV is required using conventionul centrifuges to ob-

tain the same enrichment. 

Electromagnetic methods such as the calu'tron 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 advantage of this method is that 

an isotope free from any impurities can be obtained. However, large scale 

isotope enrichment with this method is impossible due to space charge effects 

"hich limit the amount of ion current in the device. Calculations by 

~!ITH et al (1947) give the maximum amount of pure isotope, M, which can be 

collected by this method, to 'be 

(
A -A ) 

M '" 3.19 X 10-4 
T) 2A 1, VB 

1 
mgs/hr •.• (1.3) 

"here T) is 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 

- 0 -



the amount of material collected, even for very high voltages and fields. 

In the so-called 'radial magnetic separator' (SHITH et aI, 1947) and the 

'ionic centrifnge f (SLEPIAN, :lOGS), unsllcccRsful nttcmpts were mode to 

neutralise the ion stream and thereby to reduce the space charge effect. 

Both werc abandoned in favour of the caulutron. 

1.2 A BRIEF HISTORY OF THE PLASHA 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 

centri fuge. If similar scaling laws apply to the ,plasma centrifuge it is 

appropriate to ask whether plasma centri;fuging to much higher velocities 

by HH D processes in a stationary cylinder might not offer an attractive 

alternative to the mechanical· centrifuge. Other potential advantages of 

using such systems are that firstly, HHD driven rotation requires no mov­

ing parts and therefore there is no rotor wear, and secondly, the higher 

separations expected with plasma centrifuges compared with mechanical 

systems, may enable the number of stages in a cascade process to be reduced 

substantially, as pointed out by GEORGE and KAh~ (1972). One major disad_ 

vantage of the method, howev,er, 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. OK. 

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

across a magnetic field, Q, the resulting J XB 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 possible. In 1966 BO~~IER proposed a simple 

model of isotope and elemcnt separation in rotating plasma devices, and 

6utained some theoretical estimates which compared favourably wi th mechani-

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

- 4 -
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range of possible operating conditions· (LEl~T, (1970, 1972); NATHRATH 

et aI, (1971, 1975); GEORGE and KAh~, (1972); BONNEVIER, (1971). A 

number of experiments have also been performed which have clearly demon-

strated that element and isotope separation does occur in rotating plasmas. 

A summary of the results obtained in these experiments, together with the 

main experimental parameters is given in Table 1.1. A brief description 

of these experiments will now be given. 

TA:;LB 1.1 

:-t\I~ rxp:-:rm:t\"'T,\L r:,jt.\'IT;rrr:,; (JP P!)\S~~,\ CE\l1t1FUGES 

PoGtating Plasrr.a Filli.r.g l1agn{)tic Ili"cllaq~e Te:DI>cfO_ Flo .... Sepn:ration 

Device Operation Coo Pressure Piel.:! Curren~ ture Veloc;ity Factor 
(l:lton) (Tub) (Amp.) ('K) (ms-l) • 

>I P..;Itatiog PuheCl J XB ;JR, .0 0.6 * ... lO!> .... lOt> .... 60,0 
plafI:).1i rotatlo;, 411lS 
(ll"::n,,,vier, 1D10.) flowti.::a .. E!D2 40 0.' * .... le· .... lea 1.' 

S:.:::-;."::- :n P\<l&cd J X n 
(J(l~C$ l.: Si:::pson, rotat.io';' 0--:' nUl N 10' 1 •• 2.6>: 10. 3 4 X 103 $.2X1C1· f: 1",1 
1974, 191&) flo"'time • 

\'ort<lx II f'uh",d J )( n 
(CuirnH, 1974, I·(lt<l~io~ i7:IlZUI N ., 0..03_ 0..20. jJ.O>< 10. 3 &)C 10.4 10' l.l~ 
10i:;) n\l",ti:-.Q • , 
:::otat,;::;: .'l:c St.ei,)(ly "t,:lto 
(:j~l!<lr .l.: Si;:,on, 1.x.1! rotntion " 11 ~ 10 3 0.74. 100 .* ~Xl0'" ,. '.1 
lO'7~) 

, 
Gollo'lo! C .. t.!:.odo Steady state rata A * O.lS.5 'M > 10· 10' 1." 
\l i 'C~;I'r;;::q in ",.:Ial i,on pro,l"""d by AinIl.i! I!..u;:-:nc:tic :C .. ,ld OlliCl",Il<lt.b ""~ * O.M '" > 10' 10· , iJ. ie, 
(!l..>uchotcl", 191"6) £iB drift. m 

• n, data givell I 
.p. ossessE'ld troll! the critical velocity pbcnomenon (aea !taction 2.2) 

Although indirect evidence of mass separation· in rotating plasma had 

".v been reported (HAY et aI, (1965); ANGERTH et aI, (1962)), the 

, .. ' - .' +-. 
1.'....L';:;1~ qU.:.l.lI-CavlVe evidence of mass separation in rotating plasmas was 

obtained by BOm-.'EVIER (1971) in the FI device shown in Fig.!.1. The 

eA~eriment 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 

- 5 -



using a hydrogen! argon mixture and isotopic separation studied using a 

hydrogen/ deuterium mixture and natural neon which consists of 90.956 20Ne 

The plasma flow was sampled at different posi-

tions in the discharge by a mechanical valve and ar:alysed by a mass spec-

trometer. However, although lru'gc separutiolls -were reported (sce l'()ble 

1.1), the results were unsatisfactory for a number of reasons. Firstly, 

the gas mixture did not return to its equilibrium value at the end of the 

experiment; secondly, there was no time resolution during the 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. For these reasons experimental work began on the Vortex 11 

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

Evidence of separation of the 'neon isotopes has been obtained by 

JA}!ES and SIHPSON (1974) in the Supper III device 'shown in Fig.1. 2. 

Plasma is produced by discharging a capacitor bank between the concentric 

electrodes situated at the end of the vessel. The resulting radial cur-

rent produces a iX!! ionizing front which travels along the vessel, con-

verting the neutral gas into a rotating plasma. In these experiments gas 

was collected from the discharge using a fast acting valve and time resolved 

measurem9nts were obtained. The isotopic ratio was found to return 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 approximately the same time by the author with the 

Yortex 11 device. Time resolved measurements of the radial dependence 

of the separation factor were first obtained by the author with the Vortex 

11 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. 

- 6 -
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I I o 0·1 0·2 
Fjg.1.1 

S~hematic vie", of the F I rotating plasma device shm.Jing the 
d1.scharge chaII.Jbcr and poloidal mognetic field configuration 

Fig.1.2 

I 
O'2m 

The SUIJpcr II! rotating plasma showing th~ discharge 
ch..'lmbcr and the posi tior~ of the :sampling valve 

- 7 -
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HELLER and SIHON (1974) have recently obtained measurements of neon 

isotope separation using a steady state rotating plasma device. The dis-

charge cha.mber is shO\.,Jn in Fig.l.3. Samples were collected at the axial 

mid-plane and at the outer wall, and analysed with a quadrupole mass spec-

trometer. Separation factors comparable with the other experiments des_ 

cribed above were obtained. No experimental detail s of the spatial 

temperature, density and flow were given, and no theoretical comparisons 

made. 

Steady state isotopic separation measurements have also been made 

by BOEScnOIEN (1975), using the argon isotopes in a hollow cathode discharge 

experiment which is shown in Fig .1.4. The two most abundant isotopes have 

mass numbers 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 

"ere obtained using a hydrogen arc seeded "ith a small amount (less than 20)6) , 

of argon. _~gon (40) separation factors of 2.75 were obtained, much larger 

·than the pure argon case. The results were attributed to differences in 

the radial density distributions bet"een the 'pure' and 'seeded' case. This 

explanation is tentative however; other mechanisms such as the higher ther-

mal conductivity of hydrogen (therefore cooling the dischnrge), or faster 

plasma rotation (see section 2.2), may be responsible. Whatever the reason, 

this experiment has shown that gas seeding may have important applications 

in rotating plasma centrifuges. 

Research 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 ~orld-"ide scale in many branches of plasma phYSiCS, incor-

porating basic fusion research (BOYER et aI, (1958)), gas blanket stUdies 

of thermonuclear reactors (LEHNERT, (1970,19·75); HELSTEN, et aI, (1974a))'. 

energy storage devices (ANDERSON et sI. (1959)), injection systems (FORSEN 

- 8 -
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FiC;.1.3 
The continuously working rotatine; ... re device of HelIer et al. The arc is 
struck between the pin cathode and ring anode. l'h8 combination at an 
axial maGnetic fiela 'vii th the radial component of the current causes a 

rotation of the plasma due to the Lorcnh force' 

ANODE 

l'Ip;.1.4 
Schematic vic\-.' of the contilluously working rotatinG plasma 
used by BoeschotGn. The arc is struck beb.,.een the anode 

anc1 a ho110N cnthodc in Hn <"lxiul maGnetic field 

- 9 -
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t't aI, (1!lGG);, 1LU.I1'1.CK et aI, (1U6'1); S'l'IUNilAUS et aI, (1067)), und 

cosmical physics studies (LEI~T (1!l71); S!l~ (1973)). The details of 

these and many other experiments which can be found in the literature are 

too extensive to be given here. Largely as a result of the wealth of 

e1>1'erimental data available, however, the theory 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 bnsic dynamics. The problem of isotopic separ(ltion however is 

still in its early stoge and more theoreticol and e1>1'erimental work is 

required before th"ir efficiency con be accurately compared with other 

separation 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 II experiment - a device designed 

to study isotope separation in ro~ating plasmas. 

- 10 -
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CHAPTER II 

INTRODUCTION TO TEE THEORY OF ROTATING PLASHII.S 

It is "ell kno"n that "henever an electric current, i, is applied 

across a magnetic field, ;!?, the resulting Lorentz iX;!? force produces a 

net fluid motion in the plasma. Thi s Lorcntz force ha s been put to many 

uses in plasma physics research as mentioned in the preceding chapter. 

In particular, very high azimuthal veloci;ties can be obtained using special-

ly designcd cylindrical geomctries, and it may be possible that the result-

ing high centrifugal forces could be used to separate elements and isotopes 

efficiently. 

The first part of this chapter deals "ith the basic theory of rotat-

ing plasmas and the remaining sections "ith the main physical effects "hich 

are commonly observed in rotating plasma devices. The theoretical aspects 

of isotope separation arc discussed in Chapter Ill. A review of rotating 

plasmas has been recently published by LEl~"8UT (1971). 

2.1 BASIC ROTATING PIASHA THEORY 

For simplicity the analysis 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 equations. The 

plasma contains two types of ions of density Zk~ and Z n , and electrons 
q q 

of density ne' It is contained in the 'homopolar' type geometry sh01m in 

Fig.2.1. This is the simplest e~~erimental geometry for producing rotat-

ing plasmas and "as used by A.'JJJERSON et al (1058) to investigate the bnsic 

physics of these devices. It essentially consists of t"o coaxial elec-

trodes of radii r 1 and r 2' [[nd 8xinl length, h, immersed in a uniform axial 

magnetic field, Bz • Insulator surfaces are located at ± hi 2. Right-

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

are in the positive sense. 
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field ~hO\·.rn produces an azimuthal pl~~sm<1 flow 

_ 12 _ 



2.1.1 Basic Eguations 

We begin the theoretical treatment with the well known magneto-

hydrodynamic equations which are obtained by taking velocity moments of the 

Bol tzmann equation. The zero order moment determines the particle balance. 

For the kth species, neglecting ionization and loss processes, this is, 

OH
Ic et +::!.. ('18t) = 0 .• , (2.1) 

.'here ~ is the velocity of the kth species. 

1,here 

The first order moment gives the equation of motion, 

cp is the gravitational potential, 

~k is the second order stress tensor, and 

P. k 
i-> -J, 

j f k 

•.• (2.2) 

• .LI:( P. ( is the total momentum transferred to the kth species 
J,t-J,< 

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 equation, by suitable substitutions of the velocity moment. 

Ro,,'ever, each new equation contains terms which can only be found from the 

next equation in the series, and hence, any finite number of equations 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-

eludes that if the mean free path, )", is short compared with the distance 

m'er which the pressure, p, velocity and other macroscopic quantities change 

significantly, then the pressure is 11 scalar quantity nnd we can put, 

... (2.3) 

In the case where a shearing velocity is present, transverse to Band 

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

- 13-



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

obtains, 

(7.1,) = 7PI - 7. (U7'£,) 
- =It.L - c.l - \ ~----.{ .L 

( 2.4) 

"here the second term is the sum of the off-diagonal elements of the stress 

tensor, and '1c is the coefficient of viscosity. The subscripts refer to 

the direction transverse to Q. Finally an equation of state is required 

for the pressure, Pk' in terms of the other plasma parameters. 

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

In the 

'" (2.5) 

"here kB 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 Particle Velocitv Components 

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

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

~~(~,.:V~,,~Zke(!2.+~xQ) -2Pk+2'('1c2~) + .Lk~,k 
, ,Jfo 

... (2.6) 
This equation can be considerably simplified if we no" assume azimuthal, 

and vertical symmetry with vk9 » vkr ' vkz and also that the initial B 
z .... 

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

lHth these assumptions the radia\ and azimuthal components of equa­

tion (2.6), in cylindrical coordinates become respectively, 

v 2 Op 
kG ( ) k (' ) ~~ --;- '" nkZke Eu + vkeBz - Tr'" + L fj k 

ji k r 

'" (2.7a) 

'" (2.Th) 

-14-
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These two equations are coupled by the momentum transfer term, Pk j , 

"hi ch can be written as (nOl\'NEVIER (Hl66)) 

ID. m. 
l< J ( ) 

(~ u) Y.u:-Lj 

" - a. .Il. n. (v-, _v.) 
-l<:J I<: J -,< -J 

••• (2.8) 

Here 0 is the Coulomb cross section, vkj is the relative velocity be­

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

particles k and j colliding, averaged over the appropriate velocity dis~ 

tribution. For ion-electron collisions, the interaction parameters, Okj' 

defined by equation (2.8) is given by (SPITZER, (1962)), by 

~e " Z~ e 2 
T) 

and for ion-ion collisions by 

m A. A A .A. 

(-l?)" Z2Z2 ~k q \2 
m k q +A ) 

e - q 

... (2.9 ) 

... (2.10) 

(TAl1nR, (1961); POST (1959); LON~~n and ROSENBLUTH (1956)), where 

and A are the respective mass numbers of the ions, and '11 is the 
q 

resistivity of an electron-proton plasma, given by, 

O-m • •.. (2.11) 

The non-dimensional parameter f.. denotes the ratio betl~een the effective 

cross-sections of distant and close collisions (HOLT and BASKELL, (1965)). 

Inspection of equations (2.9) and (2.10) show that due to the term 
1 . 

(m Im )2 ~ 43, collisions bet"een non-identical ions, in many cases, pro-pe. . 

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 following chapter. 
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2.1.3 The One-Fluid Eguations 

The equations formulated above, are useful "'hen analysing the 

d}~amics of individual particle species, and "'ill be used extensively in 

the next chapter "hen isotopic separation "'ill be considered. When the 

behaviour of the entire plasma is analyzed, ho"ever, it is mathematically 

easier to treat the different species, constituting the plasma, as a single 

fl uid. 

To obtain the one fluid model, ",e define expressions for the centre 

of mass fluid velocity, y, current density, ,i, charge density, 6, and the 

mass density, p, as follo",s: 

1 (~ 
y. = p L nmv +nmv) 

q q-q e e-e ••• (2.12a) 

••• (2.12b) 

6=~(\nZ -n) ... (2.12c) 
eo L q q c 

''\ \ 
P = ( i n m + n m ) • •• (2.12d) \w q q . e e 

"here 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, 

+ 'V. (py) = 0 ..• (2.13) 

Similarly for equation (2.2) "ith (2.4) "e obtain the momentum balance of 

the 'one fluid' plasma, 

(
cl' 

p Ot + ••• (2.14) 

",here quasi-neutrality has been assumed and the gravitational potential 

neglected, The momentum transfer terms have cancelled out as a consequence 

of Nel<ton's third la",. 

The, equation describing the current, ,i, in the plasma, knolVIl as the 

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

m o· 1 e IJ.. 1 . B . 
-2- -Ot- = El + y'X~ - -en- J.X_ - T)J. + -e-n- ,2Pe 
e ne e e 

.,. (2.15) 

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

tions used here, 

••• (2.168) 

2. ~ = 0 (2.16b) 

(2.16c) 

(2.16d) 

The second ~erm in (2.16d) represents the displacement current. This is of 

ir.:porta..'1~e in relativistic plasmas and. in plasmas in which high frequency 

electromagnetic waves are propagating. It can be n,eglected in the VORTEXplasma. 

2.1.4 The Balance of a Steady State notating; Plasma 

Using the same assumptions as those used in the derivation of equa-

tion (2.7(,,) and (b)) in section 2.1.2, the radial and azimuthal components 

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

v2 

e . B p- = J r 8 z 

o (1 0 \ 
= i-1Or -; Or (rVe)) 

1 
en 

e 
E+VeB-T)j z .J: r 

( 2.17a) 

••• (2.17b) 

••• (2.18a) 

(2.18b) 

Substitution of the value of je from equation (2.18a) into (2.17a) and 

solving for the azimuthal velocity, we obtain, 

••• (2.19) 

The correction terms to the E/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 (2.17a) and (2.16d) and neglecting the displacement term, 

. yields the radial balance, V2 B2 
eo' z) 

p -;- = Or (2\-l 
o 

(Jp 
+­or ••. (2.20) 

Thus the outward centrifugal expansion of 'the rotating plasma is balanced 

by both the magnetic pressure 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 ~ines and produce a radial, Br' . component. Ignoring inertia 

terms in the axial balance, we have, 

••• (2.21) 

implying that the jeBr force will tend to compress the plasma in the mid­

plane regions away from the neutral particle layers at the end insulators. 

This fact has been used to advantage by A~GEnTH et al (1962) and SR~~ (1974) 

to produce flow velocities in excess of the 'critical velocity' (see section 

2.2) • 

The azimuthal balance is seen immediately from equation (2.17b), 

which shows that the driving jrBz force is balanced by viscous drag. In 

general, this equation is difficult to solve as it requires detailed kno11-

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 SHKAROFSKY (1962,1963), give the general expression 

for the plasma viscosity to be, 

... (2.22a) 

where g, x and h are functions of the ion-ion collision frequency, Vii' 

the ion mass and the magnetic field. For lowly magnetised isothermal plas-

mas (Le. when UJT •• « 1, and T = constant), it is a good approximation to 
11 

regard the plasm" viscosity as a constant. DMGINSIITI (1058) finds 
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the viscosity in this case to be, 

\J. = 2.21 X 10-16 N s ;'_2 ... (2.22b) 

In the- other extreme, when the plasma is highly magnetised (W'fii » 1), the 

plasma viscosity transverse-to the magnetic field is given by (THO}[?SON, 

1962) 

... (2.22c) 

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, and by assuming no-

slip boundary conditions. The results are presented in Fig.2.2. 
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comparison can be made between the velocity profile with variable viscosity, 

for a high Bz field (lJ),. .. »1) using equation (2. 22c), and a Poiseuille 
11 

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

'the Poiseuille profile, represents a poor approximation in rotating plasmns 

.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 e~~erimental features of rotating plasmas (see 

section 2.3). 

Ihis completes our treatment of the basic dynamics of rotating 

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

are commonly observed in rotating plasma devices. 

2.2 THE VELOCITY LIMITATION 

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

between a plasma and a neutral gas increases to a value: 
1 

= (2:.~n\r vrcl = vcr it ) 
1 

( ? .,-) • • • _ .... J 

where CPn is the ionization potential of the neutral species, a 'strongly 

enhanced ionization process should arise, limiting the relative plasma 

velocity to thi~ value. The calculated values of the critical velocity 

of certain gases are given in Table 2.1. 

TABLE 2.1 

THE CRITICAL VELOCITY OF CERTAIN GASES 

Gas Ionized Mass Ionization Critical 

(1.67 X 10-27kgm) Potential iI? Velocity 
(V) (km s-1) 

H 1 13.6 I 51.0 , 
He 4 24.5 I 34.4 

N 14 14.6 14.2 

Ne I 20. :1 21.6 I HA 

A I 39.9 15.6 I 8.7 ! U 238 ~ 6.0 .-...J 2.2 
I I I 

! I 
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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 many experiments in different geometries have confirmed the validity 

of AlfvJn's original hy-pothesis (FAHLESON (1960); A.'JGEUTH et al (1068); 

DANIELSSON (1973)), however, the underlying physical mechanism responsible 

for it is still not completely understood (see the review by SElJDLL~ (1973)). 

In coaxial geometry; the critical velocity exhibits itself as a 

voltage limitation across the discharge which is independent of neutral 

filling pressure and plasma current, over a large experimental range, and 

about proportional to the magnetic field strength (FAHLESSON (1961); 

ANGEUTII et 81 (1962); L.E!INEaT (1071); i1ANIELSSON, (HJ70); SR\1;A, (I07.1)). 

A simple theory of this phenomenon can be easily derived using the one-fluid 

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

r 2 r
2 

r
2 

Opi 
2 

J J J ( 1 m.v S) 
VT = ~dr = veBzdr + \en or + TiJ.j r - ~r dr + Vs 

r 1 r1 r 1 e 
... (2.24) 

where a term, Vs' has been added to include the effects of possible voltage 

drops across the anode sheath (see section 2.5). The pressure gradient, 

resistive and centrifugnl terms contained in the second integral, are 

usually small compared with the em f produced 'by the polarising field, 

veBz' (LElINERT (1971)) and so, if the limiting velocity is present, the 

voltage will reach a saturation value given by 

2 e cp ,-ic 
VT' °t = (r2 - r 1)( n,- B 

cr~ \ mi I z V + s .•. (2.25) 

This voltage plateau, termed the 'burning Voltage' of the discharge, is a 

main feature of a number of rotating plasma eXperiments (see the review 

by LEllNERT (1971)). Both the critical velocity and the flat burning volt-

age profile have been o.bserved in the present exPeriment (see 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, some attempts have 

been made to avoid it. ~~GERTH et al (1962) and SR~ (1974) found that 

by using sufficiently large radial currents (p 104A) , the plasma became com­

.pletely ionized and speeds in excess of the critical velocity could be 

achieved. The success of these experiments was also attributed to the 

effective pinching of the plasma away from the end glass insulators by the 

associated jeBr 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 preyent plasma 

from coming into contact with the end insulators, have encountered a number 

of plasma instability problems (LEHNERT (1972,1973)). Recent experiments 

performed by HIMMEL and PIEL (1973), however, have indicated that a small 

admixture of gas with a higher cri.~ical velocity than that of the main gas, 

may increase the velocity of the slower ion species by collisions in ~he 

azimuthal 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 BOESCIIOTEN (1975), (see 

also sections 1.2 and 7.3). 

2.3 VISCOUS EFFECTS 

Viscous effects at the electrode and insulator surfaces have impor­

tant consequences in rotating plasmas, and lead to two dimensional effects 

in the radial current distribution (see section 7.2.1). This problem 

has been considered by Th\rmn et '11 (1\1G1) and by IaNCEL et ,,1 (1\163), und 

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 

'" (2.31) 

'where the v"iscosi ty has been assumed constant over the boundary layer region. 

The solution of this equation, subject to the no slip conditions that ve= 0 

at z = ± h/ 2 is given by 

cosh 

cosh 
( " -,,) . . . ... . .,) .... 

where the boundary layer ° is defined by 

.l. 
o _ 1.... (2.)2 

- B \ z cr 
( " --) . . . '"'.,,)..) 

The velocity profile given by equation (2.32) for various values of 

the parameter, h/o, is shown in Fig.2.3. The function jr is then found 

by substitution of equation (2.32) into (2.31). Baker now assumes that 

" 1/ j a:: va::Ea:: r and calculates the effective resistance of the boundary 
r 

layer region to be, 

V 
Reff = I = -

... (2.31) 

where the ratio h M = 20 is the Hartmann number of this type of channel flow 

and R is the electrical resistance of the plasma disc at zero magnetic 
o 

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 equatio"n of motion, 

equation (2.20b), becomes 

... (2.35) 

the solution of which is, 
IB (c~ " 

ve = _--!z'- --+C r-rhr) 
1nh\-1 r 2 

... (2.36) 

Where Cl and C
2 

are determined from the boundary conditions. This gives 
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a Poiseuille' flo" type profile, a typical flo" profile is shown in Fig.2.4. 

For the no-slip boundary condition shown (ve= 0 at r= r~,r2) the constants 

,from equation (2.36 are given by, 

The effective resistance may now be found in an analogous way as before, 

using the Generalised Ohm's Law. Baker obtaIns 
, L2\ 
\ 1 + 62) .•. (2.37) 

where L2 represents the area calculated by integrating the bracketed term 

in (2.36) and dividing by 2 tn(r/r1). 

The current flowing along the insulator boundary layer may only be 

neglected if the volume resistance given by equation (2.:37) is smaller than 

that given by equation (2.31), that is we must have, h» 212/6. Since 6 

is usually very short (~ 1 mm) unless B is very weak, this condition is 

virtually impossible to fulfil in practice. 

,This analysis can be summarised,as follows: the radial current is 

only axially uniform at the beginning of the plasma acceleration. wnen the 

steady state situation is reached, the high em f produced by the rotating 

plasma, forces the majority of the current to flow in the boundary layers 

at the insulator surfaces. A small radial current is, however, dra~n by 

the rotating plasma to offset viscous drag and loss processes. 

2.4 NEUTnA.L LAYEnS AND PARTIALLY IONIZED REGIONS 

w11en a fully ionized rotating plasma is created in a homopolar 

device, several mechanisms will lead to neutral and partially ionized 

regions forming at the electrodes and insulator surfaces. Neutral part i-

cles will free stream to the walls; ions and electrons will escape to the 
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insulators along the Bz field by ambipo1ar diffusion, and diffusion of 

charged particles "will also occur transverse to B. Due to their complex­z 
ity, these regions are not yet completely understood. However, they play 

an important role in the boundary conditions of the system, and can affect the 

total balance of the plasma. 

LEHNERT (1968, 1975) has analyzed the boundary region of rotating 

p1asmas in some detail, and his main findings can be seen by inspection of 

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

>­
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The particle 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 xb < x ,;x
p 

of 101' temperature, where the fluxes of ions and neutrals are equal and 

oppositely directed. Secondly, there is an ionization region :xp,; x < xr 

where the incoming neutra1s are ionized due to the increasing temperature, 

Te' The extent o~ the ionization region, Ln , has been calculated by 

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

'" (2.38) 
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where 1),b is the plasma density at the boundary (see Fig.2.5), Sn 

s = SlrL ,where~. is the ion-neutral collision frequency and S is the --n _ ,1n 

. net frequency at which charged particles are produced by ionization. 

Usually g « So in the 'cold' outer regions of the plasma. 

The dimension, Ln , is crucial in the formation of a fully ionized 

rotating plasma. 

meable' in that it effectively Screens itself from the surrounding neutral 

layer. If, However, Ln is comparable to (r2 - r 1)then the plasma boundary 

becomes diffuse and neutral particles can enter the rotating plasma and 

strongly affect the total balance. The Vortex plasma is characterised by 

sufficiently high ~ensities at the bouqdary, 1),b' such as to make it imper­

meable to neutrals (see section. 6.4.2). 

2.5 ANODE SIIEATH FOmlATION 

In highly ionized rotating pIa smas of axial symmetry, a problem 

arises in that the driving (jr) current is primarily carried by the ions. 

Physically this arises due to the fact that the electron Hall parameter 

weTei is always much larger than that 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. In 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 been observed in homopolar geometry, by 

~Q\ (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 large electric fields associated 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., 

- 26 -



CHAPTER III 

THE THEORY OF ISOTOPE SEPARATION IN ROTATING pLASHAS 

·The problem of isotope and element separation in rotating plasmas 

is, in general, 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 determina"tion 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 separation using rotating plasmas 

found in the literature, cover a number of possible operating conditions, 

ranging from the partially ionized to the fully ionized centrifuge. In 

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 ionized 

theory is briefly mentioned at the end of the chapter. 

:3 .1 THE THEORY OF BONNEVIER 

Although the diffusion of particles in multi component plasmas had 

been analyzed earlier by SPITZER (1952), LONGMIRE and ROS~~LDlJI (1956), 

POST (1959) and TAYLOR (1961), the first theory proposing the use of the 

high centrifugal forces of rotating plasmas to enrich elements and isotopes 

was presented hy nONNEVTEll (1!l6G). For different mass sp('cies to be contri-

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 forces. In the radial momentum balance, as "e shall see, the 

centrifugal term gives rise to a slightly higher azimuthal velocity for the 

heavier ions and the subsequent difference in velocity, generates 
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collisional 'friction between the two species. These frictional forces 

are azimuthal ana oppositely directed. The azimuthal forces across the 

.axial magnetic field, drive the particles rndinlly, outv.'ard for the hNlvier, 

and inwards for the lighter. Thus enrichment of the heavier ion species 

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

Bonnevier's theory is obtained from the single particle fluid equa-

tions given in Chapter 11. A model of a steady state, quasi-neutral, multi-

component plasma, rotating between two coaxial electrodes in an axial magne-

tic field, is considered. From equation (2.2) and (2.8), neglecting vis-

cous and gravitational terms, the steady state momentum. balance is given by, 

-L\~ a. n. n (".., _v ) •• (3.1) 
, -Kq K q -,< -q 

kj'l . 

Vertical and azimuthal symmetry is now assumed with ve» vr ' In his paper, 

Bonnevier showed that the latter approximation is valid, provided thnt the 

axial magnetic field is ~ufficiently strong such that [)/ W
i 
« 1, where 0 is 

the plasma angular velocity. With these assumptions, the azimuthal compo-

nent of equation (3.1) becomes, 

••• (3.2) 

where the radial collision term has been neglected as a consequence of 

ve » vr ' Equation (3.2) implies that, provided thc separation of the ion 

species is sufficiently small,such that their respective pressure gradient 

terms are approximately equal, the heavier ion species has a sli'-;'ltly hi;:k,-

azimuthal velocity than the lighter species due to the centrifug.;.: 

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

different radial drifts for the electrons and the two ion species. 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, 
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Fig·3.1 
Schematic vi~w of the Bcpar~tion process. Collisional 
friction (Fk and Fq) .forces betw7en th.e ion species 
lead to oppositely 6J..rected. radJ..al tirJ..fts Vkr I VCjr 

1 
Z e B n z 

~ 

L '\:qnq(vkS-V qS)' 
kfq 

• •• (3.3) 

Expanding 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 kth species, neglecting electron inertia, 

Vkr = 

2 
m.v. e" 

,) J )) (- 4) Z .r . . .. .,). 
J 

It should be noted from the above equation that coefficients of the density 

gradients depend on the charge, whereas the centrifugal terms contain the 

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

means tlwt highly charged iwpuri ty ions will tend to concl'llLrate in 1 Dnd 
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cool, the denser regions of a hydrogen, fusion plasma. If, 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 temperature and densities in the rotating plasma can distribute 

themselves, in the steady state, in such a way that the radial particle fl1L~ 

due to ion-ion collisions, is zero. Neglecting the electron-ion collision 

term, Cl , as small compared with the ion-ion teTm in equation (3.4), (see -Ke _ 

section 2.1.2), the following is obtained, 

2 
m.v· e) J J 

Z.r 
J 

This equation can be simplified and solved if we now assume that 

... (3.5) 

Z. =Z.=l -k J 

and that, to a first approximation, v
k9

'" Vj e = VS' (This is a usual approxi-

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

equation (3.5) has the solution, 

.2l= 
r 
-2. ( 

(-\:-A.), 
exp 3 S .1 ) 

r ~< 
... (3.6) 

where e = 
A m v 2 
-1,: p e 

3kT represents the ratio-between the energy stored in mass 

motion ~nd in the thermal energy of the most abundent ion species; 

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

equation (1.1) in Chapter I. The equations are of the same form, although 

the fundamental separation process is different. 

Under the conditions of a strong magnetic field (w. 'r. » 1) "here 
1 1 

the present theory js valill, on initinl nxinl mngnctic fjcld will have a 

radial component induced due to the azimuthal current. In this situation 

there will also be 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, 
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: Ak~Aj) 

•• , (3.7) 

Thus, in quasi equilibrium, the dis-

tribution of ions transverse and 

parallel to the field, simply depend 

on the ratio of the two field compo-

nents, Band B • 
r z 

Heasurements 

made by BONNEVIER (1971) in the F 1 

device, which has a poloidal magnetic 

field (see Fig.1.1), have 8h01\'n e::\.-pcri-

mentally that separation does occur 

Fig.3. 2 
Schematic view of the separation process in 
a poloi6al magnetic field. The component of 
centrifugal force, F 1 along the field leads 

'along the field, in qualitative agree-

to 2-D separation 
ment with equation (3.7). 

;:S.2 THE THEORY OF McCLURE AND NATIffiATH 

The theory. proposed by McCLURE et al (1971, 1974) and NATHRtl.TH 

et al (1973, 1975), 'also applies to fully ionized rotating plasmas. The 

basic separation mechanism proposed (azimuthal ion-ion collisions) is the 

same as the Bonnevier model. The main differences between 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 Bonnevier.'s model the azimuthal velocity 

was treated as an average value; and secondly, the effect of the axial flo~ 

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 field 

and an axial magnetic 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 (2.14))-. Includ-

ing radial mass flow, viscous forces and assuming constant viscosity, ~, 
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I . 

this is, 

(1- CL) dVe 
r dr 

••• (3.8) 

mvr 
where '0: = 

II 
, 1 
J 0:-

Assuming infinite cylinders in the axial direction, we 

can put 
r r 

giving 'B C J =­r z r 

. now, has the general solution 

where 

A (CL+ 1) 
v8=~+Br 

C 
I'll 

for finite radial flux, and, 

A' C 
ve = ~ + Br + 211 r-tn r 

C is a constant. Equation (3.8) 

... (3.80) 

••• (3.9b) 

for zero radial flux. These solutions give Poisseuille type flo,; profiles 

of the type shown earlier in Fig.2.4, and have been used extensively in the 

literature of rotating plasmas, (LEHNEIlT, (1971); R!iliER et aI, (1958)). 

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

tion (3.9a) and (3.9b) with experimental flo,; measurements made by SCill\~~ 

(1970), on the hollow cathode high current arc described in section 1.4. 

Good agreement was found using equation (3.9b) (no axial floW) with the 

boundary conditions ve '" ° at r = 0, r = r (no slip conditions). 
o 

Ilow-

ever other experiments, for example the Ixion device (BOILR et al (1958)), 

Vortex I (SRl'IKA (1974)), steady state rotating plasmas (i';OESlill (1;71)), and 

the present experiment, indicate that in o-ther geometries, the Poisseuille flm' 

profile is a poor approximation to the experimental results. Difficulties 

also arise in the specification of the boundary conditions in coaxial sys-

terns, particularly at the inner electrode, due to the anode sheath. In 

general, the velocity profile can only be obtained from a self consistent 

analysis of the fluid equations 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 temperature has been 
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assumed, unique solutions of the separation factor and density distribution 

can be obtained. 

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

and j) is considered. Writing the momentum equation for each species 

(equation (3.4) and introducing the 

~ Vs 
and. (1 = r ' 

Zk e Bz 
quantities wk = ~ ,uke = vk9 - ve , 

'fkj=an 
kq q 

they obtain a system of three inter-related 

differential equations involving the densities and the particle fluxes, 

(
Uk8'2 rk = ~vkr' By neglecting quantities of the order vS) / [l ) and (-.- and 

,wk 

assuming that Zk" Zj " Z, the following is obtained 

dT) (~- mj ) v 2 eB (1 + g2) e z 
Z (TjI'k - rq) dr kT :;:-11 = kT ne S 

where ~{Z ( * * s" 13 c\. +Zq a .), 
e eJ qJ 

* a being the value of c. for Z" 1 • 

where 

For the density distribution the follo,dng is obtained, 

dN2 2mk v~ 2 e B Z2 
N2 = z (rk + rq) 

dr (Z + 1) i(ekT (Z + 1) !?k'ekT 

i(e = ~~1,--_~ 
(wene'fke ) 

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

* , 

... (3.10) 

(3.11) 

, 2 

C
mk-m. r Vs 

* r Jr a" 
eD ~ Z - kT J,"?, r -

1 -,:.z':.....,--,. JI r (r')e r 1 

eD i3 Z rS ] 
kT Ij.(r")dr " 

- kT'T1(rJ q 
~ r

1 

r 1 

(~- m.) r v 2 * eB i3 Z r 
8 a ' S r k 

(r') dr' (3.12) kT .1 J - r + kT ... 
r' 

e 
r

1 
r

1 

and for equation (3.11) for all g , by, 
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2 

• 

Fig.3.3 
The variation of (A) plasma flow velocity, vS; (B) density, 
N, nnd (C) separation fnctor, 11, with radius. (Calculated 
from equations (3.12) and (3.13), with Dz =lT, T=3.5XI04 

oK, ~M= 3AMU, Hk = 1 AHU). The experimental results of 

SGmVENN (1970) are shown for comparison 
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2 e B Z2 
N= N~ _ z 

(Z+1) l\ekT 
dr' 

(3.13) 

Hence unique solutions can be calculated for the separation factor. In 

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 

taj,en over ·the radius. Equations (3.12) and (3.13) are plotted in Fig. 

3.3 for various values of the parameter ~ (corresponding to the radial 

flow of material). It can be seen that any o,;tward for of material 

reduces both the separation factor and the density gradient. 

3.3 A ~~ APPROACH 

The theory of N;\TIIRATH et al presented above, depends on the assump-

tion that the Ve profile 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 pIa sma flow velocity. A different 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. 

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

containing singly ionized ions of type k and j with mj > ~ and "k» nj 

is considered rotating between two infinitely long coaxial electrodes of 

radii and in an axial magnetic field, B • 
z 
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of the development are given here, a more rigorous treatment is given in 

Appendix 1. 

3.3.1 The Densitv Profile 

From equation (3.2) we assume to a first approximation, that the 

flow velocity is related to the electric field by the following equation: 

ER 
ve '" - B ... (3.14) 

z 

This is normally a good approximation in rotating plasmas and is valid in 

the Vortex 11 plasma as shown in section 6.6. Substituting equation (3.14) 

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

ties, 

~ 
B z 

~ kT 1 dne v - - ------e6 - - B - eB n dr 
. z z e 

d'1, 1 ~~ 
d;" - r B2 J 

z 
. 2 

dn. 1 ERl 
-..J. --J dr - r B2 

z 

••• (3.15a) 

••• (3.15b) 

••• (3.15c) 

"here constant temperature has been assumed and the electron inertial term 

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

of the particle velocities; . for the kth species we have, 

dne ne d'lr ~ne ~) 
'\:e (dr + 'lr d;" - kT n2r 

. z 

(n. d'lr dn. n. 
a. I -.J. _ -..J. -L 
-l<j \'lr dr - dr - kT r 

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 

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

'lr vkr r = ~ (3.17a) 

n. v. r = A. (3.17b) 
J Jr J 

n v r = A ... (3.l7c) e er e 
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Substituting the electron radial velocity component (equation 

(AIAc) into equation (3.17c), "'e obtain the follo",ing equation for the 

electron density, 

kT I\:e r 
n (~~ + n.m.) • 

e K K J J 
••• (3.18) 

We now assume that n.« ~ throughout the plasma volume (valid 
J K 

for many isotopes)f giving n ID. »n m if m ~ ID.. .This also implies 
kIt jj j K 

that from quasi neutrality. With these assumptions, equation 

(3.18) may be written, 

A e 2 B2 dn2 
e z e 

kT N. r - dr -Ke 
••• (3.19) 

Equation (3.19) can only be solved if the E (r) 
r 

dependence is known. 

This can, in principle, be found from a self-consistent analysis of the 

fluid equations which would require extensive computation beyond the scope 

of this thesis. Rather we specify a fnnction for Ea to give an analy-

ti~al expression for the separation factor and the density profile. In 

particular, we use the vacuum electric field (i.e. assume no space charge) 

giving the electric field, 

••• (3.20) 

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

Substituting equation (3.20) into equation (3.19), we obtain 

a first order linear ?ifferential equation for the electron density, 

where 

This has the solution, 

dy Y 
-A=X---\.l dx x 

t t Y A U = e-t [e (r i ) 
y(r 1) + 

Y(r ) -'" 1 
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t(r ) 
t t r 1 \\ 
~ dt I e 

dt)J , 
t t J 

_00 
(3.22) 



where are the initial con~i tions at r = r l' 

The integrals contained in equation (3.22) are related to exponential inte-

grals and can be found from standard mathematical tables. Equation (3.22) 

therefore gives the radial electron distribution and also, due to the quasi-

neutrality condition, the radial distribution of the combined ('\: + n) ion 

species .. For finite t. (radial flux), the ra,dial flux decreases the density 

gradient. 

3.3.2' The Separation Factor 

To calculate the separation factor, 1'1, we next consider the ion 

continuity equations, together with the radial ion velocities. Combining 

equation (3.16) with equation (3.17a), we obtain, 

'\:8 rid,\: --::-z r kT \ n d 
e"B - e r 

z 

.5:L [ ( dnk 
+ 0 2 r kT n. d -

c"Il' 'J r z 

Since in our approximation n
l 
~ n , 

{ e 

reduce as a first approximation to, 

which is - Ae from equation (3.19). 

the first three terms in equation (3.23) 

Equation (3.23) can now be written, 

(3.24) 

For zero radial current,JR , it is easy to show from equation (3.17a;b,c) and 

equation (3.12b) that (A - A.) = A.', the radial flux of the heavier, less 
. e 'K J 

abundant ion species! .. Setting JR = 0 is. a reasonable approximation in 

the body of rotating plasmas, as shown in the discussion of viscous effects 

in section 2.3. 
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Dividing equation (3.24) through by n.2, setting A _ A =A. and 
. K e -~ J 

rearranging using (3.20), "e obtain an equation describing the radial depen-

dence of the separation factor, 

E )1' 2 A 2 B2 

~~=( (r~ 1) Ci:T~):~-2.j~.k~(:X) 
Z J 

••• ' (3.25) 

which has the solution, 
x 

Tl = Tl( ) exp (-. :'1.) (exp (-Y ) _. ~ r 1- exp (:'1.) dx ') 
1'1 . x '\ Xt) 11() u xy x 

. \r 1 r1 r 1 ••• (3.26) 

_ Aje2B~ (E(r1)r1'2mj-~) 
i3 - 2 kT Y = B) ( 2 kT 

C)<j Z 

where 

with x and y defined in equation 3.21; 

giving 

Equation (3.25) may be normalised by· setting, 

dX 

y 
y=--

Y(r ) 
1 

x = 2£. 
r

1 

where "e have used equations (2.10) and (2.11). Provided the separation 

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

••• (3.28) 

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

following: 

(
m._"J\/E(r ),2 1 S*f} 

= ) _C)I 1) - _ YX 
2 kT "Bz X2 (m, ~-( A A. ,+ 

1) \- -l.{ 1 )-n;;) \A_ +A. 
. -1, J 

with Y given from equation (3.21) as, 
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--- - --- - --,---~-------

1 
E( ) 2 A B2 T2 

:..<:!... (tn y) _ ( r) ')' "1.: X2 e z y X 
,tlX -\ llz 2k'l' -2G8ktni\Y(r1) 

'" (3.30n) 

E * 1'-. 
",' (R)) "1.: X2 _ 13 T2 

\ Bz 2kT YX 
... (3.30b) 

Equations (3.29b) and (3.30b) thus give unique solutions for the density and 

separation factor for a given radius and set of plasma parameters. These two 

coupled equations have been solved numerically using a standard Runge-Kutta 

routine available from the CuI ham Laboratory computer library (HODGE et al 

(1969); EDGLEY (1975». The solutions of equations (3.29b) and (3.30b) for 

different plasma parameters with the neon isotopes are shown in Figs.3.4 

aud 3.5. They have been calculated on the basis that the maximum value of 

the electric field (occurring at the in11er radius at r = r 1) is given by the 

critical electric field discussed in section 2.2. That is 

(
2 e 'I), ,J­

E(r1) = Ecrit = Bz "1.:) ... (3.31) 

The solutions show that the separation factor depends strongly on the 

temperature (as'do conventional centrifuges), but that the radial outflow, 

of material, specified by the parameter' 13*, defined by equations (2.29) 

and (2.30), has only a minor effect on the separation of the two ion species. 

This results from the fact that, although to a first approximation with no 

radial flux, the interaction parameter, a " has no effect on the separation 
-llJ 

factor; when there is a finite radial flux, the magnitude of the correction 

term (the second term on the right-hand side of equation (3. 29b» is small, 

since ~j is large, increasing 'vith mass. This implies that the first 

order approximation of Bonnevier, (equation (3.6»), should represent a good 

approximation for the separation factor, particularly for the heavy isotopes, 

if the velocity profile is known. The radial density gradient, however, is 

more dependent on the radial flux. 
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3.3.3 Boundarv Conditions 

~;o further conditions remain to be fulfilled before the separation 

fnctor 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 arllitrnry. These boundary conditions may be specified by 

evoking two conservation relations which nre; firstly, the total number of 

ions, N, is constant across the radius (since the problem considered is 

purely one-dimensional); and secondly, the ratio, flA' of the total number 

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

These c ondi tions enable the boundary conditions of the density and 

separation factor to be obtained for a given total number of particles and 

isotopic abundance, and are written, 

r 2 N J ('1 +n.) r dr '" 
"1 ' J 2 TIll 

r 2 

J n. r dr 
r 1 

J N. 
'" -.J..= flA r 2 Nk 

J "k r dr 
r

1 

For simplicity, these criteria will be applied to a rotating plasma with no 

radial fiux. The inclusion of radial flux is straightforward in principle, 

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

the .1 rFn profile leads to problems requiring computation, as will be shown. 

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

after some rearrangement, 

1 I 
= (nk + n . ) exp -2 ',! 

J r 1 2r 
1 

... (3.34) 

Similarly, equation (3.25) has the solution, 
2 

n· (n.\ y ( ri' 
fl = .:.:J. = \ -.J..) exp - 1 - .--=-4 

nk nk r 1 ri' r2/ 
• •• (3.35) 
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The density boundary condition, is given from equation (3.32) 

and equation (3.34) as, -1/2ri 
Ne ••• (3.36) 

The integral is given by 
r2 1/" 2 1/" 2 r - _r 1 r - ~r2 

j' r e dr = -4 2 r2 e - 2 r2 
c. 2 1 

/ 
2 • 

_1 2r 1 (1 \ (1)] 
e +E. -2)-E. -2 

12r
1 

l2r2 r
1 

where E.(x) represents the exponential integral defined by, 
1 

"" -t 
Ei (x) = S \ dt 

••• (3.37) 

x 
(~\ 

The calculation of the separation fa~tor boundary condition, \~)r1 is 

slightly more involved. From equations (3.32), (3.33), (3.34) and (3.35), 

,.;e obtain, 
r

2 
r 

2 

J 
r 

n
k 

r dr = J 
r r 

1 1 

1 ( r~) 
(nk + n.) r C},l' --2 1-"'2 dr 

J r 1 2r lr 

1 + (n.) "I ...J. cxp-
11. r r2 

K 1 1 

and using equation (3.36) we finally obtain r 

N 
(1 +T\A)311h 

••• (3.38) 

r
2 ,. 

; 

S
2 _1/2r2 

_1/21'2 re dr 
r c dr = _r-'l'-_____ _ 

'Y/r2 _'Y/r2 
e 1 e 

•• (3.39) 
J 
r11 + 

The integral on the left-hand side has, to the author's knowledge, no known 

analytic solution. The equation may only be solved by specifying a value 

of (n/~)r and calculating the integral either by graphical or computer 
1 

methods and 'shooting' for the required T\ • A 
It should be noted from 

equati~n (3.39) that the separation factor boundary condition is independent 

of the plasma density. 
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:3.4 TIlE PARTIALLY IONIZED CENTRIFUGE 

In contrast to the fully ionized centrifuge theories presented 

above, LEHNERT (1970) has considered the theoretical aspects of mass separa­

tion in a partially ionized centrifuge consisting mainly of neutral gas. 

Under certain experimental conditions, he suggests that the neutrals can 

be accelerated by the volume force produced by 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 meclwnicnl rot.or. In Cl later paper 

(~~T (1973a)), the theory is extended and put on a more analytical basis • 

. 41so in this paper the possibility of controlling the veer) 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 could 

be used to replace the rotor in a partially ionized device. 
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CHAPTEH IV 

TIlE VOHTEX 11 ROTATING PLASMA. EXPERIMENT 

The Vortex 11 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, 

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

The experiment basically consists of a coaxial electrode system in 

an axial magnetic field. The annular vacuum vessel is filled with gas 

(usually neon), at a pressure of 50 mtorr, "hich is then pre_ionized by an 

oscillating radial current from a capacitor bank. A critically damped 

current pulse, of ~ 3.5ms duration from the main capacitor ban!c, then sets 

the resulting plasma into rotation. Various diagnostics, "hich are des-

cribed in the next chapter, are used to determine the flo" parameters and 

plasma composition. This chapter gives a detailed description of the con_ 

struction and po"er supplies of the machine. 

4.1 THE DI SCIIARGE CHAHBER 

The fundamental part of the apparatus is a coaxial, non-magnetic 

stainless steel electrode system of radii 0.15m,and 0.35, and height 0.3m. 

The set-up is shown in Fig.4.2. Pyrex glass sheets of thickness 0.02m are 

located at the top and bottom of the electrodes. '0' ring seals are used 
, 

throughout the machine so that the interelectrode space can be evacuated. 

Diagnostic ports are situated on the outer electrode and on the top glass 

insulator, enabling radial and vertical probe scans to be made in the dis-

charge. The addition of holes in the glass insulator proved a special 

problem in the Vortex machine. Holes drilled in glass give rise to micro-

cracks and subsequently "caken its mechanical properties. A 0.025 m glass 

fibre, sheet wus therefore positioned "bove the top glass' insulator to pre-

vent the possibility of implosion. 
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FIG . 4. 1 
G0neral view af the experimental area , showing the VOP.TrX 11 ratatinG 

pl a sma device , the laser and mass analysing system 
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The electrode system, mounted on aluminium alloy supports, is 

positioned bet"een four magnetic field coils.· The field coU configuration· 

consists of a Helmholtz pair with two additional coils to improve the vert i-

caI field uniformity. The optimum coil spacing waS calculated using a 

computer code at Culham giving a Bz field, uniform to within 7'10 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 energy 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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Details of Ca) the preheat discharge circuit, 
Cb) the magnetic field circuit, and 
Cc) the main radial current discharge circuit 
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4.2 VACU1N SYSTEHS M1J GAS SD'PPLY 

The experimental chamber is evacuated using a 6 inch oil diffusion 

pump with a liquid nitrogen cooled vapour trap. An oil sealed rotary pump 

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-

poses. A pirani gauge and an absolute McLeod gauge, are connected to the 

outer electrode to monitor the gas filling pressure. 

After evacuation to typically 1 X 10-6 torr, the diffusion pump 

baffle valve is semi closed to reduce the pumping speed, and gas (normally 

high purity neon) is leaked into the interelectrode volume using· a regula-

tOl" and El needle v[llve: The constant flow gas supply is adjusted to give 

nn operating pressure of 50 mtorr . 

4.3 }LUN ELECTRICAL CIRCllTS AND POWER SUPPLIES 

Electrical energy is supplied 

to the magnetic fields coils,. the pre_ 

heat and radial electric field dis-

charges hy three large capacitor banks 

which are charged over a three minute 

operating cycle. The circuits de_ 

tails are shown in Fig.4.3. 

4.3.1 Hagnetic Field 

The vertical magnetic field 

(Bz) circuit, consists of an under-

cri ticnlly damped series L C n circuit. 

The capacitor hank consists of forty 
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40 flF. 8RV capacitors in parallel. The Vortex magnetic field is produced 

by activating an ignitron which then discharges the stored electrical energy 

of the capacitor bank, through the field coils. Each of the four field 

coils is an 80 turn cGpper cable winding, mOunted on plywood formers and 

escapsulated in·epoxy resin. A clamp ignitron is triggered at the first 

current peak, 27 ms after the start ignitron. Thereafter the coil current 

decays by resistive dissipation with a time constant of 91 ms • This is 

much longer than the gas discharge time (typically 3.5ms) and therefore 

the field remains essentially constant over thi.s period. The maximum field 

obtainable with the circuit is 0.2T • 

4.3.2 Preheat 

The radial preheat discharge (PH) , consists of an undercritically 

damped L CR circuit. -The capacitor bank is a parallel combination of two 

20;iF, 23 RV capacitors which are normally charged to 10RV. The capacitor 

bank is connected to the electrodes by 16 coaxial cables, in parallel, which 

provide a low impedance circuit • 

. The oscillating current pulse (Ipeak = ·120 kA, f '" 50 kHz) produces 

both initial gas breakd01m (which occurs ~ 2 flS 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 reprodUCible afterglow 

plasma is produced before the main radial current is applied. 

4.3.3 Rodial Electric Field Discharge (Plasma Rotation) 

The circuit consists of a critically damped L CR series arrangement. 

The main capacitor bank is a parallel arrangement ·of forty 78;iF, 8RV capa-

citors giving a total stored energy of 97 KJ at maximum charging voltage. 

The inductance was manufactured using 27 turns of 11 RV cable wound on a 

0.23111 radius wooden former, and encapsulated in eposy resin. The coil is 

tapped along its length such that the inductance can be varied up to 220 mHo 
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The variable resistor consists of four 62 mG expanded metal resistors 

connected in series. 

The discharge circuit is activated 100 ~ after the end of the PH 

discharge, with a current risetime of 0.8ms, peak current I ""8 KA peak 

and total duration some 3.5 ms. 

4.4 OPERATIONAL SEQUEt\CE 

The eh~eriment operates on a semi-automatic basis with a three 

minute cycling time between plasma discharges. During this time the main 

capacitor banks are charged to a pre-set 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 automatically by voltage 

~en~.:;jng units. A mnstpr tri.gger pul'se is then sent to a lllUnbcr of standard 

2000 series time delay units connected in series. These delay units then 

trigger the respective circuits at the correct times. Other delay units 

are used to trigger diagnostic equipment during the plasma discharge. 

The experimental timing sequence, showing typical oscillogram wave-

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

4.5 SA.FETY SYST10IS 

The safety systems are designed to 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 emergency. These consist of door 

interlock switches, emergency stop switches in the HT areas, and an emer-

gency sto~ button on the control panel. The activation of any of these 

switches,· or interlocks, automatically causes the capacitor banks to be 

shorted and earthed. Audible warnings are also provided preceding an 

experimental discharge. 
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CHAP TER V 

/ VORTEX II DIAGNOSTICS 

The diagnostics used on the Vortex 11 device can brQadly be categQ-

rised as; General measurements, which include gas pressure, magnetic field, 

current and vQltage measurements, as well as subjective measurements such 

as visunl inspection of electrode and insulator ,,,ear; Plasma measurements, 

invQl ving spatial and tempQral determinatiQn Qf electrQn temperature, 'elec-

trQn density and plasma flQW velQcity; and finally, IsotQpic separatiQn 

measurements. 

Il'ith the exception of the fast valve sampling system, used to mea­

sure the isotopic enrichment (described in sectiQn 4.6), and the CO 2 laser 

interferometer, described in section 4.7, the experimental measurements have 

been made using a number Qf standard diagnostic techniques which are well 

do cumented in the literature (see IIVDDLESTONE and LEDNARD, (1965)). The 

following sections describe the theory, construction and use of these diag-
, 

nostics. 

5.1 DISCHARGE CURRENT AND VOLTAGE MEASUREHE:::lTS (IT ana VT) 

The interelectrode voltage, VT, 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<10 s; 106 s-l) and gave VT = 412 Vs ,where Vs' is the voltage appear-

ing on the oscilloscQpe. 

Total radial plasma current is measured using a calibrated RogQwskii 

coil which is positioned around the current input cable Qf the machine. A 

passive RC integrating circuit, shown in Fig.5.2, was used to display the 

current as a function of time Qn an oscilloscope. Similar Rogowskii coils 

and integratQrs were used for the PH and fast valve power circuits. In 
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all cases the Reintegrating time exceeded the total, observation time by 

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

5.2 ELECTRODE A'~ GLASS INSULATOR DAMAGE 

Some interesting information can be obtained in a ~omewhat subjec-

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

to the two glass insulators. 

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

faces. In these regions, extending some 1 cm from the ends, the surface 

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

of ohmic dissipation, and consequently high current densities in these 

regions. There YJi.lS nlso strong evidence of, current tracking damage to the 
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top and bottom 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 electrode and insulator wear 

(discussed more fully in section (2 .. 3)i8 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 is a 

common phenomenon in discharges of this geometry, as shown by BAKER et al 

(1961) and ~lCEL et al (1963). Damage also occurred on the upstream 

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

5.3 }L.\.G\'ETIC FIELD HFASlllEHEN'rS 

Sm", O.D. ?YREX TU8E 

Fir;.5.3 

'Et'O'XY RE"'5IN 

NYLO N RlRMER 

SO TU"'>! ,SS\>IG­
£NAMEl£l) eLl. WI~E' 

Constr~ction details of the magnetic field probe 

Heasurements of the vacuum interelectrode magnetic field were made 

using a multi turn search coil, which is shown schematically in Fig.5.3. It 

consists of an 80 turn enamelled copper winding on a 10 mm diameter former, 

. . 'f ~ 86 X 10-4 m2 • gl V111g [Ill Ilii. 0 I. The output signal from the search coil, 

Vp ' is given by the well-known equation 

v = 
p 

'nA~ 
dt .. , (5.1) 

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

ically to obtain the Bz field. 
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Spurious pickup was minimised by using twisted enamelled copper 

cOJUlection wires in the magnetic probe, and by screening them with brass 

tubing. Similar screening was' employed 'Wit~ the Lnngmuir and electric 

field probes, described in the following sections. 

5.4 IAl\CG}fUIR PROBES 

Floating double Langmuir probes of the type used on the TARANTULA I 

experiment (PALL et al (1969)) were used to determine the electron density 

and temperature in the PH and ER discharges. The probe design is 

sholvn in Fig.5.4. Essentially it consists of two planar, equal area, 

platinum electrodes of O.5mm diameter, enclosed in a ceramic insulator. 

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

TWISTED ENA}illLLED 
COPPER lITRE 

Fig.5.4 

O. 5mm O.D. PLATINUH 
lITRE 

MOULDED 
C.ERAMIC. TIP 

EPOXY REsm SEAL 

Construction details of the Langmuir probe 

Langmuir probes suffer from a number of disadvantages. Firstly, 

the physical presence of the probe in the plasma may affect the plasma; 

secondly, the probe may be dnnlDged or contaminated in intense discharges, 

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, W'f» 1), is very complex. Despite these disadvantages, however, 

Langmuir probes have been used extensively in plasma physics research. }fure­

over, the plasma disturbance (which will always be greater than the Debye 

length," ,due to electric field penetr".tion from the sheath into the plasma1 
,0, 

is confined to a. region of' the order of the probe dirr.erulion under rrJj.r»f' ciroum _ 

stances. The theory is also reducible to 'a relatively simple form if the probe 

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

to occur can be expressed by the'ordering, (~ (1964)), 

L < a e < I' ,,;; A . < a. , 
'D P el 1 

"here 1n is the Debye length, a the electron thermal e gyro radius, I' p 

the probe radius, A ei the electron-ion mean free path, and a. the ion 
1 

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

charges (see section 6.4). 

Langmuir probes have an advantage over other diagnostics in that 

they are relatively easy to use experimentally. They also remain one of 

the few diagnsotics which can give localised measurements in the plasma (at 

least in the case of small magnetic fields), since almost all other tech-

niques, such as interferometry or spectroscopy, give information averaged 

over a large plasma volume. 

Since the original theory published by LA.lIJGHUIU (1021), the theory 

of 'the electric probe in a plasma has been developed extensively, particu-

larly in the collisionless limit (BOIll1 (1949); BERNSTEIN andRABINOWITZ 

(1959); ALLJ:N et al (1957)). , Theoretical studies have also been carried 

out on the effects of a mognetic field on the probe sheath (ALLEN and 

}L.l..GISIRELLI (1959 ) ; SAhl!ARTIN (1970)), and also on the use of probes in 

plasmas which have a directed fIoli velocity (SHITH et al (1970); SEGAL 

et al (1073); VAllEY (1970); ALLEN and }lll.GISTnELLI (1% 2 ' )) .Al though 

in most cases these studies have resulted in :rather complicated, 
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numerical solutions, experimental evidence of the valiility of Bohm's analy-

tic' formula for a collisionless probe sheath (given in the next section) 

has been obtained by CRAIG (1972), using a similar Langmuir probe to that 

used in the present experiment. 

The experimental proceilure of determining the electron temperature 

and density from the probe measurements will no" be described. 

5.4.1 Heasurement Technigue 

!'P.OS",E_-'-"-_-I 
100.0. 
<.><e,I..E 

, Ion 

1,'2KU 

loon CASlE 

100..<1. 

Fig.5.5 
Langmuir probe de measurctr.ent circuit 

OSC.1LLOSC.O?E 

\ .... 
\' 

'1\;0 circuits have been used to determine the electron density and 

temperature. The. d,c. circuit, shown in Fig.5.5, maintains a constant 

potential difference between the probe tips throughout the discharge. By 

varying the voltage from shot-to-shot, the double probe characteristic is 

obtained from which the temperature can be calculat'ed, using the 'equivalent 

resistance' method (SCHOTT (1964)) in which the probe voltage interval be-

t",een the meeting of tangents dra"n in the probe characteristic, is equated 

to 4 X Te in eV. This method is shown schematically in Fig.5.6: For 

equal area probes, the electron temperature, Te , is related to the slope of 

the probe characteristic, at zero potential difference between the tips, 

by the expression, 
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Idealized double probe characteristic 

(eV) •.. (5.2) 

where is the ion saturation current. The electron density can 

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

1'1 
p(sat) ( mi '~2 

n = \2kTJ 
e O.4Ap e e 

expression 

• •. (5.3) 

The other cicuit used (Fig.5.7) sweeps the voltage betl,een the probe 

tips through a preset range, large enough to saturate the ion current to 

both tips alternatively. The advantage of this technique is that the com-

plete'probe characteristic is obtained in one shot. The method is valid 

provided the sweeping frequency, U), is much less than the ion plasma fre-

quency, wpi ' (CHIN (1964)). This is always the case in the Vortex plasma 

since W ~ 2 X 10°, whereas Wpi is typically ~ 1010 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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"'hen taking probe measurements, care was taken to ensure that mag-

netic field and flm' effects were reduced as much as possible, by aligning. 

the tips along the Bz field lines and parallel with the plasma flow 

(VAREY (1970); NOESKE (1974); SRl\'KA (1974)). In order to reduce the 

effect of impurities being present on the probe electrode su:r:faces, the 

probe tips were cleaned using a high current between the tips after every 

four shots, with a simple RC discharge circuit (RUMSBY (1974); S\ITFT and 

SCIDLffi (1970)). A further consideration was that the voltage drop across 

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

was much less than the inter-:tip probe voltage (typically ,:",10 V) • 

5 .. 4 .. 2 Directed Probe Heasurements 

As already mentioned in Chapter 11, the ions in the Vortex plasma 

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

compared with their thermal velocity. A common technique which utilises 

this net ion drift as a diagnostic to determine ne and v e ' 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. 

I'hen the tips arc orientated transverse to the ion flow, and normal 

to the Bz field, the ion'motion can be neglected, and the probe tips 001-

lect random thermal ions only, in an identical fashion to the Langmuir probe 

described in the previous section. When the probe tips are directed up-

stream, the saturated ion current changes from the thermal value to one 

which includes the effect of the directed ion flux. 

SAGALL"\" (1063) give this saturated current to be, 

I p(sat) 

Calculations by 

.•. (5.4) 

v flow 0 
Vth - ,Ip(sat)-? 

to a stationary probe in a Haxwellian gas (without. 
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Bohm's 0.4 correction). I t -:>A n eV
fl 

; this is 
sa pe. ow 

the current to a probe moving with a velocity, Ve, in a plasma where the 

random motion of the ions can be neglected (as also shown by VAREY (1970)). 

In the experimental procedure, the probe was orientated upstream and t~ans-

verse to the plasma flow. The difference between the saturated ion currents 

was then equated to, 

I t -I =AneVe . ups· ream transverse p e •.. (5.5) 

This is a reasonable approximation to Sagalynfs formula in the Vortex plasma, 

and gave good <1grccmcnt "With the values of n 
e 

nnd V 
flow 

calculated 

pendently by other diagnostics (sec section 6.6 ). 
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inde-

T)1)ical oscillograms of the saturated ion current to the directed 

probe for vl)rious probe orientation r 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 MEASl.JRE}lENTS 

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 

E __ oV 
- os ... (5.6) 

by measuring the voltage difference, bV , between the coaxial electrodes, 
p 

the electric fi cId can be calculated from 
Av 

E '" --ll 
d 

(5.7) 

where d is the electrode separation. Clearly, as d is made small, equa-

'tion (5.6) gives a better appro-ximation to equation (5.5). However, the· 

:probe signal also reduces and a compromise value of d= 5nnn 'was used in 

the e::\.l?eriments .. The electric probe circuit was calibrnted against fre-

quellC'y and gave [\ signnl L'ntio of v./v s ~ 8. Wh ere V is the measurea 
• s 

(a) 

Cb) 

/ Icsn 0,1>, py<." Tve£ E7~:::C.I>J /£AA ... "'. INSUtmb ... , 
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Ca) Construction details of coa~ial electric probe 
(b) High impedance electric field meas~ring circuit 
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5.6 TIlE PLASW\ SMIPLING 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 between isotopes is very 

small; neon, for example, has an isotopic wavelength shift of only 

~ 6Xl0-2 cm- 1 (SNAVBLY (1971)). Isotopic mass analysis of the plasma 

ions must therefore entail the physical insertion of a sampling probe into 

the discharge. Although this undoubtedly affects the plaslilll, it is, the 

only method available which gives both spatial and time resolved ~easure-

ments of isotopic enrichment in the plasma. 

F.I.G~ I st valve 
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0 nJ \ 
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oscilloscopes 
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\: 
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-J 
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_ mass spectromcte r 

ion gauge 
control 

10 J- rotary pump 

Schematic view of plasma sampling system 

The complete eJ.'Perimental arrangement of the sampling system is 

shown in Fig.5.!1 (see olso Fig.4;1). Essentially it consists of a fast 

acting valve, moveable in the 'r' and 'z' plane of the discharge, con-

nected by a flexible tube to a fast scanning MS 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.been electro-

polished and ultrasonically cleaned; this procedure, together with the use 

of copper and gold vacuum seals, enables a base pressure of ~ 2X10-8 torr 

to be attained "ith a 2 inch diffusion pump and a liquid nitrogen vapour 

trap. 

The sampling system was tested under a number of different operat­

ing conditions and gave valve open times ranging from 300-980 \JS, fast 

enough to have reasonable time resolution during the plasma rotation 

(typicaily ~3.5ms) • Fast ion gauge measurements showed that enough par-

ticles are collected with a valve open time of ~ 500 \JS , to ensure accurate 

measurements with the mass spectrometer. 

the valve in more detail. 

The following sections describe 

5.6.1 

( a) 

The Fast-Acting Valve 

Construction details 

The mechanical valve, partly based on work by HILL and HONl'AGUE 

(1966), and BURGfifu~ (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 150 knife edge 

at one end and atta ched to an aluminium drive disk at the other end. The 

knife edge is held against a copper plug of cone semi-angle 800 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 pancake solenoids in S RB F sup-

ports are situated a short distance on either side of the flange.· A glass 

sheath 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 details of fast o"cting valve. 

A BeD 

Fig.5.12 
Construction details of fast acting valve 

KEY FOR FIG.5.12 

A Stninlecs Bteel tube 
O.D. = 5mm 1 LD. = 3mm I lenGth = 30mm 

B 4 BA screw-in copper sealing plug 

C 2 mm <lillmetcr Vl1] VI' inlet f;!pcrtur() 

D Stl\'inl(':;~ tolC'c:l t.ube 
O.D. ;: 3o~1TJ , l.D. :: 2mrn, lencth = 33mm 

E Stninl~5s steel tube 
O.D. = '"I. 95 mm ,S~IG = 22, lenGth = 35.56cms 

F Stainlf'~.s ~h'cl tube 
O.D. ::: 6.351l1!Tl, S\1G;: 22, lenGth::: 43. 18 ems 

G Sliding 0 rins;' sc0.1 and clump assembly 

R Stainl~ss steel flange 

I 3 X 6 r.~'r. scrc'<Je<l rods 

J S R B F .sol(-noid support 

K Sprinc lotll1cd 'break' contact 

1~ 31 turn Brnr.;.3 ]1nllCDke flolcnoia 
O.D. = 5.08 ems 1 I.D. ::: 2.~4 cms 
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M lIE aluminium alloy drive disc 
O.D. = 5.08 ems 1 0.51 ems thick 

N Stainless steel bello'<ls 

o Spring lon(.kd Im,ll~c' contact 

P Slhinlf'bl'l {,leel kni f(' ('dee flhnee 

Q Stainlc(1s btecl flanGe 

R 6 mm Butterfly nu ts 
S Stainless steel sprint: compressor 

T Compression spring 

U Stainless steel SUppOl't boss for 
aluminium drive disc 

V 3t turn br~ss panc~ke solenoid 
O.D. = 6.61 ems, LD. = 4.06 ems 

W Coaxial cable connection 
X . Sliding 0 rillg seal 

Y 0 rine: seal 

Z Pyrex glass tube. O.D. = 10.8 t:'m 
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Fig.5.13 
Circuit details of fast valve control circuit 

100 (l 

The open time of the valve is monitored using a type 9524 B, E M I 

photomultiplier tube, with a - 600V power supply to the dynodes. The 

photomultiplier detects a light signal when the valve opens in the plasma. 

'Hake' and 'break' spring loaded mechanical contacts were initially used, 

but were unsatisfactory due to excessive bounce during the valve operation. 

The photomultiplier, shielded against the machine Bz field by three concen­

tric mild steel tubes, is connected 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 photomultiplier signal is ob-

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

(b) O~eration 

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, 0, given by, 
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1. 
I 1 )2 

6 = \TTf OiJ. .•• (5.8) 

where i-L is the 'permeability, and 0 the conductivity of the flange. The 

induced current density, together with the magnetic field, B, produces a 

force, 
... (5.9) 

which moves the flange away from the solenoid and thus opens the valve at 

the end of the tube. At the end of the pulse the valve is closed by the 

compression spring. Firin~ the other so10Hoid to speed valve closure, 

produced only u marginal improvement in valve pe.r;l'ormullce, 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. lve then have for the valve motion, 

.•. (5.10) 

where F is the magnetic force on the flnngc, le is the spring constant, 

m is the effective mllss 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, 

(
TT iJ. \ (n Ru,!' 

F = 200) -d-) ... (5.11) 

where Rn is the drive disk radius, n is the number of solenoid turns, 

I is the solenoid current, d is the distance between solenoid and disc, 

and C is a constant ~p.fined by the equation. 

In valves of this type the drive disc displacement during the accel-

eration period, is small compared with the drive disci activating coil spac-

ing. The spacing d, can therefore be regarded as a constant, while the 

current pulse lasts, giving the force as, 
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F = ...£... I2 exp (_ 2t sin2wt) = F exp (_ 2t Sin2l.11t) .,. (5.12) 
d2 max 'T max 'T \ 

where the undercritically damped current relation· has been included with 
1 

T = 2L/R, and W = (1/L Cri Combining equations (5.9) to (5.11), and 

solving for the valve displacement, we get 

x = 
F 1" 

m;{X 

4m 

"here x is the initial precompression of the spring. o This equation is 

plotted .in Fig.5.14 for two values of the peak force, F =< 5X103N, 
max 

6 X 10 3N, and for three values of the spring precompression, x = 5 X 10-3 m , 
o 

The value of the spring 'k' used in the valve was 

found experimentally to be 3.2XI04 N/m, and the effective mass of the moving 

parts, 95 X 10- 3 kg, (drive disc and one third of the spring mass (BOOTH, 

(1973)). Opentimes,of the valve, observed for the same spring compres-

sions, nre also shown on the graph and suggest that F 
mQX 

is approximately 

This value compares favourably with the value of 7.5XI03 N 

calculated from equation (5.10), considering the fact that flux leakages 

between turns have not been taken into account. 

Typical oscillograms of the solenoid current and valve open time, 

obtained from the photomultiplier for the three spring precompressions, 

are shown in Fig.5.15. They show that there is a lag of approximately 

140 iJ.S before the valve opens. No,; the velocity .of longitudinal waves in 

this stainless steel tube is 5000 ms- 1 (KOLSKY (1953)), giving an expected 

delay of ~ 86 iJ.S before the valve should open. The di screpancy 0 f ~ 50 iJ.S 

could possibly be attributed to the fact that the photomultiplier does not 

register a signal until the valve is open some 0.01 mm, owing to the 

'bedding-in' dist.ance of the stainless steel knife edgel copper seal. 
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5.6.2 The Number of Gas Pnrticles Collected 

In the design of the gas analysing system, it is· an important con-

siderntion to ensure tlwt enough particles are collected to be nccurately 

analysed by the mass spectrometer. This is a function of the inlet pres-

sure for the valve, the valve dynamics, the volrune of the analysing chamber, 

and the statistical fluctuation of the number of particles analysed (see 

section 5.6.3). Heasurements 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 magnitude, therefore, the 

number of particles collected can be calculated from kinetic theory in the 

fol101,ing "ay. The number of particles, ~, impinging on a unit area per 

unit time is given by 

for neon at room temperature, this becomes, 

Z4 <P= 4.7XI0 Pt orr 

The total number of particles collected is then, 

valve closed 

N = §D J x dt 
valve open 

••• (5.14) 

'" (5.15) 

'" (5.16) 

"here D is the knife edge diameter, and x is given by equation (5.12). 

This expression has lJeen calculated for the three spring compressions 

(5,10,15 mm) with F = 6000N • max 
The results of this calculation are 

shown in Table 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 = () torr as 1.6 X 10~6, compared with the 

calculated value of 1.5 X 10~5, so the agreement is very good. 
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TABLE 5.1 

THE NUMBER OF NEON ATOMS COLLECTED AS A 

FUNCTION OF SPRING COm'llESSION 

Spring Precompression Valve Closing Time Number of Parti-
<mm) ( \-ls) cles Collected 

5 980 10.34 Pt X 10~4 
orr 

10 450 1.69 Pt X 10~4 
orr 

15 300 0.56 Pt X 10~4 
orr 

5.6.3 Stngnntion Pressure Hcnsnrements 

As well ns analysing the 

collected gas s[lmpl e, the fast 

valve system can be used to 

determine the amount of gas col-

lected (as de scri bed in the pre-

vious section) and hence to 

determine the equivalent pres-

sure of the plasma flow, if a 

valve calibration against pres-

sure is known. At the end of 

each experimental run therefore, 

the machine was filled to a cer-

tain pressure with neon and the 
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Fig.5. 16 
Calibration of mass spectrometer signal 

with machine fi~ling pressure 

6 

5 

3::: 
c 
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z 

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, Ps' is given approximately 

by BO~~C8VIER (1971) as 

A knowledge of 

P 
s 

( 

= n. \ kT. + 
1. \ 1 

... (5.17) 

therefore, enables a circular check to be made on T. 
1 
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n" ("" n ) 
1 e 

and This method "gave good agreement ~ith the other diag-

nostics used (see section 6.7). 

5.6.4 The Fast,Ion Gouge 

The gas analysing system is continuously pumped throughout the 

isotopic enrichment experiments in order to reduce impurity gases and to 

produce a suffici"ently lo~ pressure in the mass spectrometer. A fast ion 

gauge ~as therefore constructed to record the time at which the gas pulse 

from the valve reached the analysing chamber, since normal ionization gauges 

are limited in response time by their control circuitry. 

IOr~ 

'0",," 

100"" Al 
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r+-----.o-" 
I\ET" 

lA 
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FllAMEHfcOWTItCXo VIIIIT 

Fig.5. 17 
Control circuitry for fast ion gauge 
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Raw ~ata chowing the fast ion gauge response 

The gauge used is a conventional type 29 B 15 ionization gauge, and 

the control system is a version of the type constructed by AXON and REID 

(1968) • The complete system is shown in Fig.5.17. Typical operating con-

ditions of the ion gauge are: Filament current = 1.45A, filament voltage = 

4 V, filament emi ssion = 1 mA • An oscillogram trace of the gas flow in 

the system for a valve spring compression of 10 mm with !J torr inlet pres-

Sure is shown in Fig.5.18. A graphical integration of this trace gives 

the total number of particles collected to be '" 1.6 X 1016 (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'" 1.2 seconds after firing the valve, there is sufficient gas in 

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

important to operate the mass spectrometer when there is no residual Bz 
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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 Bz field is negligible at this· time. 

The Mass Spectrometer 

The mass spectrometer used is a conventional MS 10, 1800 ion deflec-

tion model with a modification by JEFFEnIES (1964) ~o facilitate fast scans 

through a preset mass range. The mass spectrometer is capable of scanning 

from 2AHU through to 100AMU in 10-1 s, making it ideal for monitoring 

the relative abundances of various gases in transient flow systems. In 

all experiments the mass spectrometer was operated under the following con-

ditions; electron beam (ionization) current = 50 \-lA, electron beam energy = 

70 eV, filament current = 3.3A, electron multiplier voltage = 3kV, sweep 

duration = 1 s • 

(aY . Calibration of the neon isotopes with pressure 

As will be seen in section 6.5.3, the stagnation pressure of the 

plasma varies throughout the discharge volume. A number of experiments 

were therefore performed to determine whether variations in pressure at the 

valve inlet produced any systematic errors in the determination of the reI a-

tive abundances of the neon isotopes. Fig.5.16, used previously to show 

that the mass spcctrom"t~r signal is 11 lincor function of vlllvc inlet pres­

sure, al so shm,s that the neon isotopic abundance ratio is independent of 

inlet pressure. The average value of 2~e/20Ne obtained, is 9.9io com-

pared with the known value of 9.65%. The discrepancy can possibly be 

attributed to oscilloscope electronics or to measuring errors. 

·(b) Statistical fluctuations of the number of 
collected gas particles 

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

that the device has a sensitivity of 10-5 Altorr at 50 \-lA electron beam 
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current. The nmount of time required to scan each mass peak "as also found 

From section 5.6.4, "e see that a minimum partial pres-
c: 20 <)') 

sure of ~ 10-0 torr for Ne and ~ 10-6 torr for ~'"Ne is obtained in the 

mass spectrometer for a valve inlet pressure of.~ 1 torr. In this the 

worst eA~erimental case (see the stagnation pressure measurements in section 

6.5.2), the number of ions collected in each mass peak is therefore, 

"0 5Xl0-3 X 6.3X108 = 3.15X108 ~ Ne N = 

2~e N = 3.15X 105 

The statistical fluctuation, /N, is therefore 0.06% for 20Ne and 0.18% 

for 2~e sho"ing that most experimental errors in the determination of 

isotopic enrichment arise due to measurement errors in the measurement of 

oscillogram traces or to oScllloscope electronics. 

5.7 INTERFEROHETRIC DETERHlNATION OF ELECTRON DI<NSITY 

An mentioned in section 5.4, Langmuir probes have a number of dis-

advantages which result in the fact that measurements made in complicated 

plasmas, such as in Vortex, may only be order of magnitude estimates. 

Absolute measurements of the accuracy of Langmuir probes in plasmas, have 

been made by IRISAWA and JOHN (1973) and by JONES (1974) in theta-pinch 

devices. In both experiments the probe measurements of Te and ne were 

compared with .those obtained by Thompson scattering of high powered CO 2 

laser beams from the plasma. Good agreement was found in both Cases for 

the value of Te. lluw('VCl', lU::iHWU fouud tlwL tho 1'1'oho lie mensllrcments 

were a factor of ~ 4 lower than those given by laser 'scattering, whereas 

Jones found good agreement. These experiments sho" the necessity of ob-

taining more absolute ne measurements than those given by probes. 

The relative ne value calculated from probes should, however, be' 

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

out the discharge volume. An absolute measurement of the electron density 
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1ms therefore made using a laser interferometer similar to the type used 

by ASlIDY et 01 (106'1). Although this method gives only the integrated 

liile of sight mensurement of ne' the relative ne 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 be ) 1. As we shall show 

in the next 'section, N is proportional to the wavelength, h, of the laser 

radiation, and to 'the integrated line-of-sight density, Sne dt • Normally, 

a helium-neon laser, with a wavelength of 0.63 ~, is used in plasmas which 

have a sufficiently large Sne dt to give N) 1. 

the condition for this to occur is given by: 

With 0.63 ~ radiation, 

.•. (5.18) 

A spl\cial proIJ1(~m onCOtlUlel'CcJ ,with nWUHUl'UIlIcutH ill tlw Vort.ex plusmu, \vllS 

that S ne dt (initially obtained from probe measurements) is typically 

~ 10
20 m-2 (sce section 6.'1.1). The system WOE £'!rse<;.uently 'modified by 

using a CO 2 laser with a wavelength of 10.6 ~ • The laser was constructed 

and used in an Ashby-Jephcott arrangement for the first time. This system 

gave enough fringes to allow accurate values of Sne dt to be determined. 

5.7.1 Theory of the Hethod 

Ashby et n1 hllve shown thntwhen the output buum from a,loser is 

reflected back in~o 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, bcp, is determined by the refractive index I-1p 

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

(1-1 _1). 
P 

(5.19) 

The laser intensity therefore, undergoes one cycle of modulation for each 

complete wavelength change in the optical path bet'lecn the partially reflec-

ting laser output mirror and the external mirror. The optical path length 
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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 "hich allo"s electron densi;ty measurements to be made. 

The refractive index of a highly ionized plasma for electromagnetic 

radiation of frequency u! 2TT is given by, 

I 

~ '" \1 ... (5.20) 

where 
2 1 

Ce: t 
o e 

In the Vortex is the electron plasma frequency. ~e= 

pIn sma , U)>> Wpe giving, to u good approximntion, 

. UL 2 
~""'1_i(~) . 

2 \ ill . (5.21) 

Since the number of fringes produced by a plasma of length Lp is, 

2L 
N = T (\-1- 1) ... (5.22) 

we get, combining equations (5.31), (5.33), and inserting the value of tqe 

electron plasma frequency, 

€: In 
o e 

rn d L 
J e p 

'" 9-;4 X 10-2 :1. rn dL 
J e p ... (5.23) 

The number of fringes therefore, gives the integra~ed line of sight measure­

ment, J ne d Lp' directly. 

5.7.2 Experimental Arrangement 

A diagram of the laser interferometer system is shown schcmaticnlly 

in Fig. 5 .19 • Essentially it consists of a C W CO 2 laser with an exter-

nal, 8~/o reflecting, germanilUTI mirror, M3, a totally reflecting mirror, 

M 4, and a Hullard CdHg T liquid nitrogen cooled infrared detector. e A 

diverging lens is positioned in. front of the detector to reduce the inci-

dent radiative power (typically ~ 1 W) in an acceptable level (~ 10 mW). 

The laser beam passes radially through the vertic~l midplane of the machine 

through two anti reflection coated germanium windows. The external mirror, 

H·I, ie used to n!low -tlte rlet,()ctor to 1)(, position,,'] somo l'Im Ulvoy from the 
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Schematic vie;, of the laser interferometer set-up 



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 1 m length and 20 nun diameter, on which are mounted two electrodes 

positioned 0.56 m apart. The cathode and the laser tube are water cooled. 

A gold plated concave mirror of radius of curvature 5 m and an SOO;0 reflect-

planar germanium mirror, are mounted at both ends of the tube on flexible 

rubber connections a distance 1.07 apart (~0.25m from the discharge, in 

order to prevent mirror surface damage). Mirror adjustment is made using 

two micrometer screws and a flexible support. The design considerations 

of the laser will now be briefly discussed. 

Calculations by KOliELNIK and L1 (1066) show that a concave/planar 

mirror arrangement of the type used here is stable if, 

o < (1 - ~) < 1 (5.24) 

where L is the mirror spacing, and R is the ra dius of curvature of the con-

cave mirror. The beam radius, r o' at the output mirror, defined as the 

distance at which the amplitude is l/e times that on the axis, and the 

beam divergences, B, are also given by, 

I' ,,( 1,.2", 1,(:.!Jt_I,))!t 
" -In 

, .. 

B A 
(5.26) 

G 2 - e 1 1 -3 iving ro = ."nun and = .48 X 0 radians for this particular laser 

cavity. 

The laser tube is evacuated by a rotary pump and gas 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 7Q5b N;::, 20% He, and 10% CO 2 , 

The two _additive gases (N~ and lIe) produce a far- greater operating effi-
~ 

ciency than that obtained using pure CO 2, as discussed by Df}L~IA (1973), 
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CW. CO2 Laser;.. Schematic 
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Fig·5.?O 
Schematic view of the CO2 laser 

KEY TO FIGURE 5.20 

A. Water Jacket 

B. Laser tube; 1 m long, 0.02m old 

C. Flexible steel bolt (4BA) 
D. Totally reflecting mirror, radius of 

curvature = 5m, old = 0.025m 

E. tn.' ring s(~nls 

F. Flexible bellows 

G. Water cooled cathode 

H. Aluminium support plate 

1. Perspex flange, old = 0.08m 

J. Partially reflecting germanium mirror (R ~ 80'/0) 

K. Micrometer for mirror alignment 

L. Aluminium support plate; 0.13mX ().10m. 
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Fig.5. 21 
Laser power supply schem'a tic 

The laser power supply is shown in Fig. 5.21. It gives a well smoothed 

supply of ~ 6mA at 4.8 kV to. the electrDdes, with a tube pressure Df 

8 tDrr. The laser efficiency was found to. be ~8~6 with these Dperating 

cDnditions giving a measured output pDwer of ~ 2.3W in the ,fundamental 

(TEH 00) mode. 

5.8 ERROR ANALYSIS 

All measurements, other than gas filling pressure, were made by 

recording oscillograms on pDlaroid film. The apprDpriate signal was then 

measured with a finely ruled scale. Systematic errors ~ere minimised by 

calibrating the various dia~nostics fiR shown previously. 

The main SDurce of ervor appeared as random shot-to-shop fluctuations 

in the plasma and, the sampling system. Consequently a number of measure-

ments were made at each condition; a minimum of four shots for the probe 

measurements and a minimum of ten shots for the laser interferometrY and 

mass analysis measurements. Each data point shown in this thesis is com-

prised of the calculated mean value, xo ' and the"error bars shown are ± one 

standard deViation, 6, defined by 
1)"( )?' 

/ 

~. x - "'0 -

0=. ll-l ... (5.27) 

The experimental results obtained with the diagnostics are presented in the 

next chapter. 
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CHAP TER VI 

EXPERIJ.1ENTAL RESuLTS 

The experimental programme undertaken on the Vortex 11 plasma, pro-

gressed through two main stages. The first part of the experimentation 

was concerned with the basic discharge characteristics and a detailed ana-

lysis of the plasma dynamics. This enabled the discharge conditions for 

maximum plasma density, flow velocity and stability, ;to be found. The 

optimum conditions were, V
ER 

= 8KV (i.e. maximum discharge energy) and 

Bz "' 0.1 T • In the second phase of the experimental programme, the pheno-

menon of isotopic separation was studied. As a complete parametric analysis 

of the dependence of isotopic enrichment on discharge conditions ,.-as con­

sidered outside the scope of this thesis, only two main operating conditions 

were studied in detail. These were V
ER 

= 8KV with Bz = 0.1 T and Bz = 

0.2 T • 

A description of the plasma dynamics and isotopic enr.ichment, using 

the neon isotopes, is presented in this chapter. In general, they are 

strongly dependent on time, the two space coordinates (r,z), and on the 

initial conditions Po' Bz and JR. 

6.1 PRDIEAT CHARACTERISTICS 

A typical oscillogram trace of the preheat current and voltage in 

.neon with a machine filling pressure of 50 mtorr, Bz = 0.1 T and Vph = 101.'V 

is Sh01Vll in Fig.G.!. A voltage of about 2.41.'V develops across the elec-

trodes after the preheat ignitron is fired, and breakdown occurs typically 

1. 4 \-IS later. Thereafter, the current and tube voltage decay to zero in 

an undercritically damped fashion after 120 \-IS , primarily due to the impe-

dance of the external discharge circuit. Tube voltage reVerses sign with 

the current implying that the azimuthal plasma velocity also changes sign 

with the oscillatory current pulse. This leads to turbulent mixing and a 
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Fig.6.1 
"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 Po = 10 - 200 mtorr. 

Measurements were 

made of the electron dcn-

~ 
sity, ne' and temperature, ~ 

Te , at the end of the PH ~S 
<3 

pulse, using d c and swept '" 

Langmuir probes. The cal-

culated values of nand 
e 

Te obtained by the two 

& 
o 

- - - -;;:=;:.1. 

2 4 

I 
I 
I 
I 2Te=4·Sev 
I 
I 

6 B 
. Prcbe Voltage (Volts) 

Fi~.6.2 

10 12 14 16 

methods agreed to within 
La~gmuir probe characteristic during the pre-heat afterglow 

"Oc! t:.. ,0. Fig.6.2 shows the probe characteristic obtained with the LangJllUir 

probe and d c circuit, 100 \JS after the end of the PH pulse in neon, 

with Bz = 0.1 T • Using ,the equivalent resistance method (see section 

5.4.~) this gives Te '" 2.25 cV with ne '" 1.6 X 10 20 m- 3• R.adial profiles 

of Te and ne taken at the same time with the swept Langmuir probe 
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Swept probe ·measurements of the radial profiles 
of Te and ne in the pre-heat afterglow 

(Fig.6.3) show good agreement with 

the d c pro be mea surements. For 

Bz = 0.1 T the swept method gives 

Te"" 2;8eV and ne"" 1.75Xl02 om- 3• 

Integration of the radial density 

traces, assuming vertical unifor-

mity, shows that the plasma density 

corresponds to 75b of the initial 

neutral gas ionized with Bz = 0.1 T, 

~!ost of 

the neutrals will have free streamed 

to the puter radii and to the end 

insulators, although some will still 

be present in the main plasma body. 

These neutrals may be responsible 

for the current spoking which occurs 

in the acceleration phase of the 

plasma, when the main Ea bank is applied (see section 6.3). The outward 

centrifuging of the neutral and plasma losses to the walls, contribute to 

the shape of the density profiles shown in Fig.6.3. The high values of Te 

and ne obtained at the outer electrode surface (r = 20 ems) are attributed 

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

Te and ne higher than they are at other azimuthal positions. 

These probe measurements indicate that a reproducible afterglo" 

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

therefore chosen as the starting time of the main radial (ER) discharge. 
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6.2 TImE CURllENT .AND VOLTAGE NEASL'TIEHENTS 

The current/voltage characteristics of the Vortex discharge, exhibit 

complex behaviour. The tube voltage is dependent on the magnetic field, 

. the machine filling pressure, the radial current and also on two-dimensional 

and time dependent phenomena in the discharge. The ra dial current is 

governed primarily by the e>:ternal circuit parameters and is only slightly 

affected by Po and Bz (increasing with Po and decreasing "ith Bz). 

A set of oscillograms obtained "i th Bz = 0.1 T , Po = 50 mtorr "ith 

varying levels of peak current, is sho"n in Fig.6.4. These may be inter-

preted in terms of the simple model for the interelectrode voltage, VT , 

discussed in section 2.2. For peak currents of 4KA and less (Figs.6,4 

(a) and (b)), "hich "e shall call the 10" current regime, the input po"er 

is insufficient to completely ionize the gas in the main plasma volume. 

There "ill,. therefore, be neutrals in the plasma volume and the critical 

velocity effect "ill be expected to occur. This will give rise to a vol-

tage limitation across the device. The voltage !imitation 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 inspection 

of Fig.6.1(b) shows that after the Eu bank is triggered at t= T1 , the 

voltage rises to the critical voltage (plasma acceleration phase), ane re-

mains reasonably constant from t-T - 2 to Thereafter the input 

power is insufficient to offset viscous drag and other plasma loss proces-

ses, an~ the voltage decays until at t. = T4 , the plasma balance breaks do,m 

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 (Jp > 4 KA) , the tube voltage exceeds the 

critical voltage by approximately a factor of 3, rising to a value of 800V 

during the ncceleration phase, ns shown in Figs.G.·1(c) and (0). At pe"k 
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tube voltages, large fluctuations appear. Radial electric field measure-

,ments (section 6.3) suggest that these voltage fluctuations are due to large 

amplitude oscillations in the electric field, which develop at radial posi-

tions of r';; 8 cms from the anode during the plasma flow. After reaching 

the peak voltage at t= T2 (Fig.6.4(c) and (d)), the average voltage remains 

constant for ~ 500 ~ until at t = T Q rapid vol tuge decrease occurs. 
3 

Plasma flow veloCity and midplane electric field measurements, show that 

this voltage decrease cannot be attributed solely to the decay of the vQl3~ 
" ~ 

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 Bz values. 

The effect of Bz on the peak tube voltage, VT , was also studied. 

Fig.6.5 shows the results of varying the magnetic field with constant penk 

E1t bank voltage (~8KA peak radial current). As sho,m, the tube voltage 

scales directly with Bz • According to equntion (2.25) the tube voltage 

should vary linearly with Bz if the anode shenth, is negligible, or the 

sheath scales directly with Bz • Inspection of Fig.6.5 shows that VT ,~ Bz 

for a machine filling pressure of 50 mtorr. 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 ems) 

the plasma flow velocity also increases linearly with Bz and only appr08-

ches the critical velOCity at the highest magnetic field of Dz = 0.2T • 

From equation (2.24) we would, therefore, expect that the tube voltage should 

scale as However, the measurable E1t profile only accounts for ~ 101b 

of the total interelectrode voltage, most of the iaterelectrode voltage being 

dropped in the region near the anode. In this region, ve must be indepen-

dent of Bz for VT to scale with Bz • A possible e'"'Planation, proposed 
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by A.l%ERTH et al (1962) and SRNKA (1971), 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. 

(hydrogen) from r= 0- 10 cms , then the voltage drop V(O-'- 10) = 0.1 Ecrit ~ 

1020 V for the peak voltage condition at Bz = 0.2 T, V ER = 8 h."V . The 

voltage drop for the r·adial distance lsr = 10- 20 ems at this condition, 

calculated from electric field measurements, gives V(10_20) = 130V giving 

a total tube voltage ofV
T 

= 1150V, compared with the observed tube vol-

tage of ~ 1475 V • 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 reach the peak voltage plateau) with filling pressure, are shown in Fig. 

6.6. The variation of the plasma acceleration time with Po 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 vol-

tage for Bz > 0.05T over the range Po = 50- 200 mtorr, is only ~ 10";6, in 

agreement with other rotating plasma o:periments (ANGEfl11! et a1 (.1()62); 

FAHLESON (1961». The small tube voltage for Po = 200mtorr, Bz = 0.05T 

is interpreted as 0 sillnll v e13z polurising field (i.e. v--
S 

small). Since 

the velocity scales directly w~th Bz with Po = 50mtorr, this pressure was 

used for the majority of the experimental work 

6.;;. ELECTRIC FIELD MEASUREHENTS 

Electric field measurements, using the coaxial probe and the cir-

cuit described in section 4.5, were made during the Eu discharge, prim-

arily to determine the plasma flow velocity and the azimuthal symmetry of 

the plasma. A ~JJlical oscillogram of the radial .e1ectric field at r = 12 cms 

in the machine vertical midplane with ilz'" 0.1 T and "EH"'Sh.1' is shown in 
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The main features of the oscillogram, common to others taken at 

1::.1' = 10 - 20 ems, are that firstly, two-dimensional effects are evident 

owing to the fact that the integrated Fn profile (over In 10 - 20 cms) is 

larger than VT at later times in the discharge; secondly, during the 

acceleration period, electric field fluctuations are evident indicating the 

presence of an MED instability. These ER fluctuations are followed by 

a stable flow of approximately 2 ms duration. Finally. high frequency 

(1lJ '" 2 X 106 Hz) fluctuations appear when the tube voltage reverses and the 

plasma extinguishes. 

Electric field and azimuthal current fluctuations have been observed 

in a number of rotating plasma experiments. These fluctuations 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 different azimuthal positions. They should there-

fore have a natural tendency to form spokes, particularly during the early 

stages of the discharge. 
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Another mechanism which may be responsible for spoke formation, is 

the so-called 'netrual drag instability' (SIHON (1963); HOlI (1963); 

LEHNERT (1971». The basic 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 lIith 

the Vortex experiment, the azimuthal electric field produced by the drag 

Vlill lead to a radial motion toward the machine axis, this is counteracted 

by the outVlard 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. 

Spoking has been observed in a number of rotating plasmas during the accel­

eration period (BARBER et al (1963,1972); RASHUSSEN et al (1960); LElIKEllI 

(11J71». If the input pOll er is sufficient to ionize the neutrals in the 

plasma body, the neutral drag instability will be expected to be locClliscd 

at the outer electrode and at the insulator surfaces at the end of the gas 

burn-out and acceleration period. There "ill always be neutrals present 

in these regions. In the Homopolar III expe~iments (BAKER et al (1961); 

KUNKEL et al (1963)), it Vias observed that the radial current was carried 

for the entire floVl period (~400~) by a group of 10~ 13 rotating current 

spokes. BERGSrnOM et al (1963) also found that if the po"er input 1ms 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 'burn-out' level, limited spoke formation to the accel-

eration period. It should also be mentioned that any deviation from solid 

body rotation (ve 0: r) .dll tend to deform and smear out the spokes when 

the floVl develops. 

Good agreement is found in the Vortex II plasma ld th the experimen-

tal results from the experiments described above. At lOll input currents 
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(IT S 4KA) spoking occurs in Vortex II. A typical oscillogram taken at 

l' = 12 ems with IT (peak) = 4KA and Bz = 0.1 T is shown in Fig.6.S. Velo­

ci ty calculations from the radial electric field give ~ 10 spokes at this 

condition. In view of the fact that the symmetric current feed and the 

preheat plasma should prevent preferential ER breakdowTI in the device, it 

is thought that the spoking is due to the lowly ionized state of the plasma. 

Langmuir probe and laser interferometer measurements, indicate that only 

about l~fo of the gas is ionized at this discharge condition. 

Spoke formation can be minimised using the maximum discharge energy. 

Fig.6.9 shows a typical oscillogram taken at r = 12 ems, with I ( )-T peak -

In this case electric field inhomogeneities are 

restricted to the acceleration period, and the extinguishing phase of the 

discharge, indicoting azimuthal uniformity (no spoking) for most of the , 

discharge time. The most favourable conditions for the suppression of 

current spoking in the region /::, r = 10 - 20. cms were found to be Bz G: 0.1 T 

with the maximum Ert bank voltage of VER = SKV • In view of the impor-

tance of having a stable flow for isotope separation, these discharge con-

ditions were chosen for the majority of the separation experiments. 

Radial scans of the electric field wit~ VER = Sh'V and B =O.lT, z 

0.2T are shown in Fig.6.10. The critical electric field, E .. , calcu-
crlt . 

lated from equation (2.25) is also sholm. The critical field is not 

exceeded at distances of /::'r = 10 - 20 cms, although the value is approached 

at maximum Bz • Probe measurements were not possible at distances of less 

than 6 cms from the anode, as these measurements invariably resulted in the 

destruction of the probe. The mechanism responsible for this may be the 

formation of thin II8rtnwnn layers all the probe surface (ullulogou::=; to the 

end insulator damnge discussed in section 5.2) 1\Ii tll the result that large 

currents will destroy the probe (see section 2.4). From /::, r = 6 - 10 cms , 
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the region is catagorised with unreproducible large amplitude electric field 

fl uctuations. Reproducible measurements were only obtained from !:or = 10-20 

ems. It is interesting to note that this region corresponds to the position 

where detectable electron densities (ne> 10'9 m- 3) can be measured with the 

Langmuir probe (section 6.4.2). 

6.4 ELECTRON DENSITY AND TEHPEIlATURE HEASUREHENTS" 

Density antI ternperutuI'o measurements '"ere initially made using the 

swept Langmuir probe described in section 5.4. This method gave well-

defined ion saturation currents, ,d tll zero probe clU-rent cOITesponding to 

zero probe voltage, as shown in Fig.5.S. The spatial and temporal behaviour 

of T and n in the Fe discharge was determined, and an absolute cali-e e II 

bration Was made of the probe ne measurements ,dth the C02 interferometer 

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

measurements (assuming [lziDJUthal symmetry) agreed with the absolute inter-
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I 

I 

I 

I 

ferometer to within" factor of two. All. ne mensurements shown in this 

section are the corrected values. An absolute calibration ~as not made 

for Te; however, indirect evidence provided by directed Langmuir probe and 

plasma stagnation pressure measurements, sho;;ed good agreement ;;ith the 

s;;ept measurement of Te' 

6.4.1 Temporal Variations 

Time resolved 

measurements of Te 

and n in the machine 
e 

centre mi d plane (z = 

0, r=10 crus) as a 

function of ~ bank 

voltage, ;;ith Bz = 
0.1 T, are give~ in 

Fig.6.1L The clcc-

I 2 
Time after ER Start (ms) 

Fir;.6.11 

= gl<v 
tl<V 
4KV 

3 

Tirn~ resolved mtasurerr.~nts of Tc and ne in the c('r.tre 
nri,(\-r1.oI1C' f(Jr V;1r.10Ilr,; b:J':X volt'lCe!':". 

4 

tron temperature remains reasonably constant throughout the discharge time 

at ~ 3 eV and this is independent of the En bank voltage for the range 

considered. Electron density peaks at ~ 1 rus after the Ea bank is 

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

bank voltage. For V ER = 8 KV , the peak density is a factor of X 8 larger 

than the PH density value, indicnting that ;;all neutrals are recycled in 

the discharge. For VER = 4KV, the peak ne sho;;s only a marginal in-

crease over the PH density (only ~ 10)6 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 ;;ill hilve llaxwellian 

velocity distributions, although the ions will have a displaced Ua"",ellian 

due to their azimuthal drift, which is comparable to their mean thermal 
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velocity (see Table 6.1). The time to reach a Haxwellian velocity distri-

bution from an initial arbitrary one, can be estimated from the "self-

collisional' time, t c ' of the interacting pnrticles. This has been calcu-

luted by SPITZEll (1962) to be, 

t 
c = 

3 
11.4 X 106 A TZ 

n Z4 ill f\ 
sec. • •. (6.2) 

where A is the mass number. Taking T '" 3.5 X 10 4 oK, ne = 1021 m- 3 , 

Z=l, A = 20.2, A = 1/1836 Dnd ill f\ = 10 as typical values in the neon e 

discharge, we obtain a self-collision time of tc '" 2 X 10-~o secs for the 

electrons and tc '" 3 X 10-8 secs for the neon ions. Thus both t~~e5 of 

particles will rapidly randomised into Haswellians • Equipartition of 

. energy (Ti = Te) is also rapidly established in the ~ discharge. Ion-

electron collisions arc rC5po118';ble for the production of cnergy isotropy. 

The 1/ e time for energy equipnrtition is given by (SPITZl-ll (HJ62)) us 

5.87Xl0
6

A,A (iT. T,* 
t 1 e 1 e '" 

eq = n z2 ill f\ ~ + A) sec (6.3) 

giving 

e 1 

t '" 3.3 iJS for t,he typical values used above. 
eq 

Thus 

the duration of the discharge. 

1'2 

Laser interferometer measurements of S 
1'1 

n dr as a function ot 
e 

over 

time are shown in Fig.6.12. These results were obtained with the maximucr 

bank voltage of VEll = 8KY • The integrated density profiles ob,tained with 

the Langmuir probe (uncorrected values) are also shown. Although good 

agreement is found with the general shape of the density time dependence 

(see Fig.6.11), the probe measurements obtained with Bz = O.2T are approxi-

mately a factor of X 2 too low. Better agreement is found at the lower 

magnitic field value of Dz = 0.1 T • With I) machine filling pressure, 

p = 50mtorr, the integrated line of sight neutral density across one 
o 

radius is given by, 
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S2 nn dr = 3.52 X 1020 m- 2 • 
r

1 

(6.1) 

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

ionized with Bz = 0.2 T • 
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6.4.2 Radial Variations 

Heasurements made of the radial variations of Te and ne in 

the Ea discharge, show a number of features. Due to the centrifugal 

acceleration acting on the ions during the plasma flow, the ions diffuse 

preferentially to the outer electrode ,raIls where large density gradients 

form. Ion drainage from the smaller radial positions .leaves a diffuse 

region (n < 1019 m- 3) at distances of 
e 

r "8 ems from the ano de • This 

low density region grows spatially with time until peak flow velocities 

occur (typically ~ 1 ms after the Ea start) • Therea fter the pIa srna 

decelerates and the pressure gradient 'reduces with a corresponding back 

diffusion of particles to smaller radii. 

Figure 6.13 sho,,'s the radial profile of Te and at different 

times, for VER = 8KV and Bz = O.lT. The maximum density oCCUrs at 

~ 800 IlS after the start of the Fn current pulee in good agreement wi th 

the integrated ,density interferometric measurements and the time resolved 

Langmuir probe measurements. Radial profiles takenwi th. V
ER 

= 8 KV and 

B = 0.2T, shown in Fig.6.14, clearly show the large density gradient. 
z 

Other important features sho,;n are that firstly, very high densities 

(~4.5XI021m-3), occur at the outer radial positions, and secondly, the 

cooling effect of the electrode surface can be clearly seen. 

The plasma balance may be analysed from equation (2.20) _ rewriting 

we have: 

m 
v2 
e 

n r 
an 

+ 2kT Or +211k 
aT 
er ... (6.5) 

The first term on the right-hand side represents the magnetic field gradient. 

The magnetic field term is expected to be small, since wi Tii ~ 0.1 

typically in the discharge (see Table 6.1). Referring to Fig.6.l3, the 

magnitude of the individual terms may be calculated to check the validity 

of the equation. At r=10cms t"'800 IlS after 'the Ea start, for example, 
• 

we obtain: 
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mn nnd 
r 

T '" 3 eV , 

kT ~ '" 9.1 X 103 Nm- 3 with -1 ve ""6.5ms, 

The agreement is good 

and justifies the view that magnetic fi eld gradients lllllst be small in the 

device. The outward centrifugal force is balanced at radial distances of 

r < 14 ems by the plasma pressure gradient in Fig.6.13 and for r" 16 cms' 

in Fig.6.14. For larger radial distances, the radial balance is maintained 

by a high density neutral gradient which forms on the outer electrode. The 

magnitude of the neutral density Can be estimated by the pressure balance 

at the ou~er wall; since is negligible at r '= 20 cms, 'We have, 

n k T = 2n kT w w e ... (6.6) 

'Where nand T are the respective neutral density and temperature. w w 

Assuming T. "" T "" 2 X 10" oK with n "" 4 X 1020 m- 3 near the outer elec-
1 e 

trode 'Wall with T '= 300 OK, 'We get n "" 5 X 1022 mi 3• w w For B = 0.1 T 
z 

only 4~/o of the gas is analysed, giving the total number of neutrals present 

as If we now assume that the neutrals are confined to a region 

of Or = 5nnn from the wall, then the maximuin possible 

n 
'W 

n 
w 

is given by 

•.. (6.7) 

In view,of the approximations made (T = T = 300 OK) this is, at best only 
n w 

an orde~ of magnitude 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 insulator surfaces. 

The extent of the partially ionized boundary layer, L
n

, can be 

estimated from Lehnert' s formula (see section 2.5), which is, 

L 
n 

I kTb '.1 

I '. = \m S g/ 
n 

where S is given by von ENGEL and STEENBECK (1032) 3S, 
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I 

I 

-'-
s = 820ak (~y 

n me '" (6.9) 

kT 
with X= (_e). 

eCPi 
The constant a is dependent upon the type of gas used. 

For neon, a = 5·.6. Taking T'" 3.5 X 10 4 OK as a typical temperature 

near the outer wall, gives S '" 4 X 10-16 m3 8- 1• The effective momentum 

transfer frequency from ion-neutral collisions, S , is defined as, 
n 

s = (Cf. w. ) n 1n 1.n (6.10) 

where is the momentum transfer cross section, and w. ln 
is the rela-

tive velocity of the ions and neutrals. 1'he value of Cfin for neon has 

been found experimentally by GILBODY and HASTID (1956) to be Cfin (neon) = 

Since cr. is a slowly varying function with r, 
In 

this value can be used for T. = 3 cV, without a large error in the calcu­
I 

lation. Taking win to be the mean thermal ion velocity (i.e. we assune 

the neutrals are at rest) we obtain s = 5 n L '" 1 cm n 

for a plasma boundary density of 1\ = 10
21 -3 m. This is probably a lover 

limit to IJ ,::dllCO T i::; likely t.u he ~::5 ~V ill the boulldary l'(·giou. n e 

Since for B «O.lT, 
z V = 8 KV we have ER 

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 PROnE }!EASUIlDIENTS 

Directed Langmuir probe measurements were made in the Eu dis_ 

charge as a circular check on T ,n 
e e and ve ' obtained with the laser 

and electric probes. We have seen in section 6.4.1, that the ions have a 

displaced Maxwellian distribution doe to their net azimuthal drift. This 

is used to advantage by orientating the probe surfaces upstream, transverse , 

and downstream to the plasma flow. As a first approximation, (see section 

(5.4.2) the differ:;'ce between the upstream and transverse probe current ,;ill 

be equal to the directed ion current, that is, 
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Results obtained at r= 10 cms with Bz = 0.1 T, Vrn = SKY. 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 "ith T given by the 
e 

swept probe mea surements, is a factor of ~2 lower than the swept probe 

n values, giving a peak density of n '" 5 X 1020 -3 This may be due m • e e 

to differences in the probe construction. If the lower density values 

are used for consistancy, and substituted into equation (6.11), good agree-

En! ment is obtained between the flo" velocity ealculated from Bz measure-

ments. A comparison of the t"o methods is shown in section 6.6. 

The directed probe also· detects spoking in ihe discharge. ~ormally 

these occur in the acceleration period of the plasm" (ror Vm = SlIT, 

B
z 

2: 0.1 T) as indicated by Eu probe measurements. Occasionally (approxi_ 

mately 10?h of the time at Bz = 0.1 T, V
ER 

= 8 KY) spoking is seen through-

out the discharge time. Since the spokes have a higher density associated 

with them than the rest of the plasma, this gives rise to large directed 

probe signals. A typical oscillogram taken at t:T = 14 cms from the anode, 

sho"ing spoke formation in the discharge with B
z 

= 0.1 T , Vrn = Sh."V is 

shown in Fig.6.16. Assuming that two spokes are formed, then the flow 
• 

velocity is approximation 5 X 10 3 ms-~ at t= Ims after the ~ start, 

in good agreement with E/B and directed probe results at r= 14cms • 

6.6 PLASMA FLOW vlOLOC1TY 

As mentioned, three independent methods were used to determine the 

plasma flow velocity in Vortex 11; electric and directed probes and stag-

nation pressure measurements. Spoke formation measurements also served as 

a check on ve as previously described. 

The justification for deriving ve from electric field measurements 

can be seen from equation (2.19). The flow velocity is given by, 
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r 
kT on 

enB or 
z 

k 
+ -eR 

z 
... (6.12) 

where we have expanded the pressure gradient term. For B "O.lT, z 

VEll" 8 KIT "r= 10 cms, t= 1200 \-ls after the 

ing values for the constituents, ~ B'" 6.5 
z 

En start, "e obtain the follo,,­
m. y2 

X 10 3 , B'2 ",3.5Xl02 , 
e z r 

kT 
e nBz 

oT 
Or '" 0 (constant T assumed), 

k 
35. 

This implies that is a good approximation. 

The time dependence of the plasma flow velocity with Bz = 0.1 T 

at r = 10 cms (corresponding to the maximum reproducible velocity measure-

ments) is given in Fig.6.17. Peak flow velocities occur at ~ 1 ms after 

the ~ start. Velocity measurements calculated from directed Langmuir 

probe meDs~rcments using cquution (6.11), show good ngrecment with the E/U 

values. Radial flow velocities can be calculated from Fig.6.10 by divid-

ing by the appropriate Dz vDlue. Velocity measurements obtained with 

Bz = 0.1 T , V ER = 8 KIT and at r = 12 cms are shown in Fig. 6.18. Here the 

velocity again peaks at ~ ,1 ms after the ER start, where it approaches 

the critical velocity for neon (ve "t" 1.4 X 10"'m s-l). The flow velo-
crI 

city in this Case is ~ X 2 higher than peak velaci ty with Bz = 0.1 T , 

implying that ve ~ Bz over the experimental range. Comparisons of re-

suIts obtained on separate experimental runs (shown in Fig.6.18 as shaded 

and unshaded points) show that the discharge behaves reproducibly. 

6.7 PLASMA FLOW STAGNATION PRESSURE MFAS~~S 

As described in section 5.::5.2, 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 flo" if a valve 

calibration against pressured is obtained. Since the rotating plasma 

stagnation pressure, Ps' is given approximately by (DO~1fEVIER (1966)), 
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(6.13) 

these measurements can be used as a circular check in T", T _ '" T , ve and 
1 e 

n::;n.:=n. 
1 e 

In view of the fact that the valve sampling time is ~ 500 \-IS , 

these measurements will only give approximate values since both 

n will vury over the sampling time. Takiug as typical vrilucs (uverngcu 

over 500 \-IS) at r '" 10 ems; T "" 4.6 x 10 OK, 

103m s-1 for t = 1.1 ± 0.25ms • after the En start with B = 0.1 T z 

and V
ER

" Sh.Y , then using equation (6.13) we obtain an equivalent stagna-

tion pressure of P '" 1.37 X 10 3 N/m2 = 10.4 torr. s 
The measured stagnn-

tion pressure at this condition is ~15 torr. This is reasonable agreement 

in view of the approximations made. The stagnation pressure measurements 

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

cntion of the amount of particles that can be collected from the pl"~m" flow 

nt different radii. This is of grent importuIlce in centrifuge performnncc. 

6.S SEPARATION RESULTS 

The ratio of the abundance of 2~e to 20Ne ';as measured in the 

initial (pre-rotation) gas (r ), and also at the end of the discharge. The 
o 

fast valve arrangement was also used to measure the abundance ratio both 

spatially and temporally in the plasma flow (r ). 
p 

From those results the 

percentnge enrichment, E, defined by 

·r - r , 
E = (p 0) X 100",h , 

\ ro 

was calculated as a function of time and position in the discharg;e. 

(6.14) 

AI though the separation of different elements was not the primury 

aim of the experiment, a 50:50 mixture of argon and molecular nitrogen 

(i.e. 2 parts nitrogen atoms to 1 part organ atoms) was initially used to 

stUdy the percentage enrichment obtained with large mass differences 

(A .. = 40, 
argon A 't = 14) und to assess the feasibility of isotope n1 rogen 
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separation in the device. _ Results obtained for E(t) are shown in Fig. 

6.19. The main features of this preliminary experiment are; 

(a) Separations (E) are encQuragingly high - the percentage 

enrichment of Argon rises to ~ 120'}6 at r = 18 ems. 

(b) The total number of nitrogen atoms is not conserved over 

the radius. This can be 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 ftmction of radius in the 

machine vertical mid-plane, with Bz = 0.1 T, V
ER 

= 8KY (corresponding to 

a peak ve '" 6.6 X 10 3 m s-l at r = 10 ems), is shown in Fig.6.20. The 

valve mean 'open time ,;as 1.1 ms after tile En sttu-t. Tile percentnge 

"" enrichment of '"''""Ne is rv 15~b near the uutO!' wull with a corrcs1-wuding Htnp;-

nation pressure of ~ 5 torr, implying that separations occur rapi dly in the 

Vortex plasma. As with the Ar: N2 separation, no corresponding depletion 

is observed at the inner plasma boundary. If the separation process is 

purely one-dimensional (i. e. takes pIa cc radially) then we must have from 

section 3.3.3. 

r
2 

= ro 

S n (20) dr 
1'1 

where n(22) and n ( 20) 22,'e refer to the number denSities of ~ 

This is clearly not the case in the present experiment. 
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Figure 6.?1 shows the radial profiles of E at t = 2 ± 0.3 ms 

after the discharge start. 2" 155:; '"'Ne cnrici1lllents are again evident at 

the outer woll. Note that the peak stagnotion pressure has moved from 

r = ,12 (t = 1.1ms) to r = 16 cms due to the outward centrifugal expansion 

of the plasma. 

Time resolved measurements of E(t) made 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 s}~bols used 

in this figure represent separate experimental runs made to check reprodu-

cibility. Measurements taken at t = 6ms and 16ms after the end of the 
.,., 

rotation, show that the isotopic abundance ratio of '""""'Ne returns to its 

pre-rotation equilibrium value. Stagnation pressure measurements peak at 

~1 m" after ~ start in good agreement with the density and velocity 

profiles obtained previously. 

Measurements of E(t) at I' = 12 ems (near the inside boundary of 

the high density plasma volume) are ShO'vll in Fig.6.23. The results are 

in good agreement with the previous ones, in that no appreciable depletion 

of 2~e is observed, implying that the separation process is two-dimen-

"., 
sional. Indeed, Fig.6.23 shows an enrichment of ~~Ne at this position. 

To test the hypothesis that E was a function of rand z in the 

discharge, radial and time dependent scans were mnde at an off-axis posi-

tion of z + 7.5'cms from the machine midplane. Heasurements of the 

variation of E with radius are shown in Fig.6.24. Wi thin e":perimental 

error, 2~e enrichments are the same at I' = 18 cms as the correspoIiding 

z = 0 position. The stagnation pressure measurement is a factor of ~ X 2 

dOlm on the z= 0 Ps measurements, suggesting that the plasma is compres­

sed into the machine midplane by the associated jeEr force (see section 

2.2). 'The lower Ps measurement may also be due to a velocity decrease 
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or to plasma loss to ~he end insulators by ambipolar diffusion. At the 

"" ~""e inner plasma boundary, more' ~ depletion occurs than at z = O. Time 

resolved measurements taken at z = + 7.'5 ems, r = 12 ems, shown in Fig. 

6.25, confirm that a depl'eted 22:Ne region does occur at this position. 

If we compare Fig.6.25 with results obtained at the same radial position 

but at the machine centre midplane, we see that instead of an enricbment of 

"" -"Ne we now have a depleted regiou, supporting the vie~ that 2-D separation 

is important in this device. 

As a fin"l check of the 2-D behaviour of E in the discharge, verti-

cle scans of E(z) were made at r = 14 ems with Bz = 0.1'[' , V
ER 

= SKY 

(same operating conditions as above). The results of two scans at differ-

ent times are shown in Fig.6.26, Both the 2-D separation effect, with the 

hea,~er particles being concentrated preferentially in the machine midplane, 

and the plasma compression, with plasma losses to ,the walls, can be clearly 

seen.. Thus there is an axial as well as a radial separation effect, demon_ 

strating the t,;o-dimensional nature of the separation process. 

6.9 OPTHlISATION 

The figure of merit of a centrifuge, as merltioned in section 1.1, 

depends on both the enrichment and the total throughput of enriched material 

which can be achieved for a given power input. This is difficult to mea-

sure in the Vortex device o"ing to the strong spatial and time dependent 

nature of the discharge. 

It is possible to estimate the efficiency of different operating 

conditions, hOl,ever, by considering the mass flow and the associated enrich-

ment at a particular point in the discharge. The isotopic throughput of 

22" T "e, 22' is given by LO~:;)ON (1D60) ns, 

T22 = Iji(N* - N) •.. (6.15) 

where ~ is the flux of enriched 22Ne isotope out ouI the device, N is 
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the ini i;ial mole fraction of 22Ne defined by, 

and N* is the enriched mole fraction given by, 

* 
22Ne i-

N =--~--
22N + aON - . e +, e 

.•. (6.16) 

The ratio of T22 to the maximum power unput then gives a measure of the 

relativ~ separation efficiency of each operating condition. 

T22 was found experimentally in the Vortex plasma at a radial dis-

tance of O.lSm from the inner electrode. Since the plasma parameters 

(ve, ne' Te and Tl) did not vary appreciably over a distance of 0.005m in 

the discharge, the mass flow was taken as flowing through a surface of lo-4 m2 

normal to the flow. The mnss flow, 1jI:= mn ve was obtained by measurements 

with Langmuir probes (to determine n) and electric field probes (to deter-

1'ho results for various values of peak flow velocity are shown 

in Table 6.2. 

TABLE 6.2 

OP'fIMISATION 01' SEPARATION PAIlAHETETI 1'011 22Nc AT (;, r = lS cms 

Vertical Peak flow Electron Ne Peak Hagneti 9 T22 Normalised velocitv temperature Tl -9 / Pm,er Field X 104 m ;-1 X 104 OK X 10 kgms s MW peak power 
(Tesla) 

0.05 0.35 3.S LOS 10.7 3.0S 1.0 

0.10 0.70 1.8 1.15 40.1 5.47 1.9 

0.15 1.03 5.6 1.15 63.7 S.30 2.0 

0.20 1.30 6.5 1.16 98.1 10.09 2.5 

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

virtually independent of the flow velocity at values greater than ve ~ 6.6 X 

This could be attributed to the additional plasma 

,. 

heating which occurs at these high fIo" 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 can be drawn from the experimental work under-

taken in this thesis. Pirstly, Bonnevier's proposal that rotating plasmas 

can be used as isotope seperators has been confirmed experimentally; and 

secondly, two dimensional enrichment can occur in rotating 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 III is not sufficient to ex-

plain the high separation factor obtained experimentally, -this is attrlbuted 

to two-dimensional phenomena which have 1,een shown to occur in the Vortex 11 

plasma. Various physical mechanisms are proposed which may be responsible 

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

ously working uranium plasma centrifuge will be briefly outlined. 

7.1 COHPARlSON OF EXPEnIH1NT:AL RESULTS WITH THEORY 

The strong temporal and spatial dependence of the plasma parameters 

in the Vortex 11 device, the experimental errors of typically l~/o for Te , 

ne and ~, and approximately 3~/o for 11, make comparison with the steady 

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

expressions derived for the simple process factor and density distribution 

given from eC[\l8. tions 3. 19 

dy ~mk y 

Ci'r = kTB~ r -

and 3.24 respectively 
A B2 e 

e z 

kT B2r 
z 

kTIX r 

n IX rlCr 

as, 

••• (7.1) 

•• (7.2) 

should give the maximum value of 11 and ne for any given En and T dis­

tribution in the absence of turbulent mixing (note that no En profile hAs 

been assumed in eqns.7.1 ana 7.2). To test the validity of these 
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equations in describing the experimental results, a polynomial fit of the 

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

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

adequate for ER' Thus we put, 

ER =-mr + C ••• (7.3) 

with the slope, m = 7.0X1Q3 V for Bz = O.1T and m= 2.3 X 104V for 

With the boundary conditions of ~= 0 at the outer boundary, 

r = l' 2' we thus obtain, 

••• (7.4), 

In the Vortex 11 r:lasma, terms due to the outwar,d 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 

n2 = y we obtain the following for the separation factor and the electron 
e 

density, 

(7.15) 

, 2 

exp [~( 2 r ~r 2 - r2~)]exp [~(r22 -2 r2r)] (7.6) 

where constant temperature has been assumed.' 

'These expressions are plotted in Fig.7.1 together with the equivalent experi-

mental results obtained 1ms after the start of the ~ discharge with 

Vrn = 8KY, Bz = O.1'r and assuming a uniform temperature of T = 4eV 

throughout the plasma. 

It is evident that the separation factor given by equation (7.6) 

is a factor of approximately 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 outer electrode wall (r = 0.35m). These 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 

assumed temperature uniformity will also tend to make the theoretical den-

sity gradient smaller than the measured values. This is due to the fact 

that the lower temperatures 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 be discussed. 

7.2 Tll'O-DIHENSIONAL SEPARATION HECHANISMS 

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 Br and B 
z 

cO!!1ponents is known. The' Br component is difficult to determine in a 

quantitative fashion owing to the complex behaviour of the discharge. 

Ho,,'ever, it is known that Br« Bz in Vortex 11 since the plasma is weakly 

magnetized (typically wiTii ~ 0.2 at the highest Bz fields) and also 

from the e~~erimental radial plasma balance anal)~ed in section 6.4.2. 

Br 
This analysis enables an upper estimate to be made of Br' Taking El ~ 0.1 

z 
gives a separation of approximately 170 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. 
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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. In a conventional centrifuge, the simple pro-

cess factor can be increased by a large factor by the introduction of a 

poloidal, counter-current flow. There are at least two ways in which a 

counter-current flow can be produced in Vortex 11. These are; firstly, 

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

The discussion of these mechanisms is necessarily subjective since 

even an approximate analysis of the enrichment process in a poloidall 

azimuthal flow field requires resource to the two-dimensional plasma fluid 

equations which are outside the scope of this work. 

7.2.1 Circulation Induced by a Be Field 

A small but finite .De field exists in the Vortex 11 device due 

to the radial plasma current. At the start of the main discharge, this 

current will be initially uniform in the axial direction and will have a 

l/r radial profile given by, 

211rh ••• (7.7) 

Be can now be found from equation (2.16d) by integration over Z, with 

the boundary condition Be(r,~) = O. This gives, 

••• (7.8) 

which is shown in Fig.7.2 for a plasma current of 

The Be profile given in equation (7.8) is an over-simplification 

to the real case in Vortex 11, since, as the plasma accelerates the majority 

of the radial current will flow in thin boundary layers at the top and bottom 

insulat~r surfaces due to the viscous effects described in section 2.3. This 

modifies the initial Be profile since jr is no longer axially uniform. A 

better approximation to jr is to regard the radial current as flowing in 

thin current sheets around the plasma boundaries. The return current leads 
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below the bottom glass .insulator allows the current distribution to be given 

b:-- the profile shown in Fig. 7 .3. The De field can be calculated analytically 

by - comparison ',vi th the simple ring soleooid calculation. -However ,. it, was 

cot:lputed using a standard Cullwm Laboratory library routine (WILSON, 1(75). 

The magnitude of the Be field obtained is shown in Fig.7.2. It is evi-

dent that Ba is largest near the inner electrode, implying that the result-

This will produce ing jR x:a~ 
" " 

force is strongest near the inner electrode. 

arret axial plasco motion "hich will be strongest at the inner plasma bound-

2ry, leading to circulation and a counter-current flow •. 

Therm"l Conrcction 

In a mechanical centri-

fU6:e, the cowlt.cr-currcnt .flow 

is produced by heating elements 

near tl1C 'lxis of t.he device. 

This produces a convection flow 

.hieh is show"ll in Fig. 7.4. Gas 

moves in the positive axial 

direction at the smaller radii, 

is cooled at the top, and re-

turns "long the outer rad:i,.i. 

A similar heating effect occurs 

n3iurnlly in ro~ating plasma con-
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"Cl 
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C 
d 
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...c 
8 , Cl 
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Fig;. 7.4 
Schematic view of +,l1e plasma 
counter-current flow produced 

by thermal convection 

tai"ed i" homopolar geometry [\S 8ho"n by the experimental results presented 

in ri~s.5.13 cnd 6.14. The resulting convection flow will be similar to 

thot of a counter-current mechanical centrifuge. 'As previously mentioned, 

an analysis of this effect necessitates the use of the two dimensional energy 

equation. R01,ever, a general comment which can be made is that higher W, 'f"" 
1 11 

values will produce a larger temperature gradient, liT, due to the reduced 

ther",,,l transport across the field. This will enhance the counter-current 

process in a plasma centrifuge and could well be "an important consider.ation 

in future plaEma centrifuge design. 
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7. 3 'l':m FUTUllli 0[<' TilE PUS}!'\' CB.1',nnre'lJGB 

The ultimnte 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 

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

Although the plasma centrifuge is at an ea~ly experimental and theo­

retical stage, it seems likely that the high power requirements of a fully 

ionized, steady state, rotating plasma (typically~ l~nv in the Vortex 11 

device) will mean that sufficient enrichment must 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 Ti = 5 is required to 

increase the ratio of U235 to U238 from 0.007 to 0.035 in one stage. This 

would be adeqUAte for present day atomic reactors. Such a high separation 

factor 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 

simple model developed in section 3.3." The separation factor is given from 

equation (3.26) by 

Taking r =r =2r max 2 1 

ing c0ndition, 

, 1 1)} 
(r2 - r2 

1 

... (7.9) 

(since little advantage is gained by taking r
2 

> 2r1 

~tn 5 = 
" 

(m,j - ~) 
2 kT 

we obtain the follow-

... (7.10) 

Taking T = 5 X lOoK, Bz = 1.0 T as typical values an!:! inserting numerical 

values in equation (7.10) we finally require 

ER ., 2.43X10 4 Vm- 1 

(rl) 

for a separation factor, Ti" 5. The critical electric field, 

E ,teE 't = V 't B ) er1 erl. erl Z 
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, , 

for urnnium, is, however, 

E"t = 2.2 X 103 Vm- 1 • 
cn (u) 

Thus the plasma must rotate at ten times the critical velocity for a separa-

tion factor of 5 to be obtained. Therefore the critical velocity must be 

exceeded for the plasma centrifuge to challenge the present methods des-

cribed in Chapter 1. A possibility which yet remains to be investigated 

thoroughly is the gas seeding technique discussed in section 2.2. If hydro:-

gen is used as the seeding gas, for example, then 

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

uranium ions are limited to the hydrogen critical velocity. 

Further theoretical and experimental work is required on this new 

separation method before the plasma centrifuge 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 A.l 

THEORY OF ISOTOPIC SEPARATION IN ROTATlliG PLASHAS 

A model of a quasi-neutral, azimuthally symmetric rotating plasmas 

containing singly ionized ions of type k and j with mj > ~ and ~»nj 

is considered. The plasma rotates between two infinitely long coaxial 

electrodes of radii and in nn axial magnetic field, 

field is sufficiently strong such that giving ve» v r 

The 

and 

The steady state momentum balance is given, in the absence of vis-

cous and gravitational terms, by, 

(ALl) 

The azimuthal velocity components of each particle species is given from 

equation (Al.1) by 

=-
dn. 
---.J. 
dr 

2 

v~eJ 

2 
v· e' ...J..£ ' 

r J 

.'here the electron inertial term has been neglected. 

••• (AI. 2a) 

••. (Ai.2b) 

••• (Ai. 2c) 

Equations (Al.:::,,) and A1.'-'b) may be written in terms of the electric 

field component if, 
dn. 

E > kT Il: 
R en

k 
dr 

which is valid in the Vortex plasma and in many other rotating plasmas. l'Te 

now have for the azimuthal velocity components, 
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Ell m 
1 dnk ~..., 

k. ~T vk9 = Il + e13
z 
~ dr" - B2r J nk z z 

En ~C{T t dr. ~ 
v· O = -> - --.J. __ J 
J. llz ellz .m

j 
n. dr - B2r 

J z 

.~ kT 1 dne v e6 = - B - €:3 ne dr z z 

The radial velocity components are given by, 

v. 
Jr 

v er 

= 

= 

kT 
e 2132 

z 

kT 
-~ 

z 

kT 
,,2B2 

z 

kT 

en 
'\oe dr

e 

(~ 
'\0 t--j 'n. 

J 

e 2132 '\oe 
z 

(C~ 

n dn. m.n E2 
+ ....£. --.J. _ ...J..J: r\ 

B2r} n. dr kT 
J z 

dn. d~ ~ E2 

(mj -~») --.J._-_- R 
dr dr kTr B2 z 

n.) dn d~ dn. + -1. __ e + __ + --.J. _ 
ne dr dr dr 

••• (Al.3a) 

••• (A1.3b) 

••• (A1.3c) 

••• (A1.4a) 

••• (Al.4b) 

••• (A1.4c) 

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

ionization and loss terms are written, 

n v
k 

r = ~ (A1. 5a) k r 

n,v. r = A. (Al. 5b) 
J Jr J 

n v r = A (Al.5c) e er e 

where the constants, ~, Aj and Ae are related to the radial pIa sma current 

by, 

J R =!. (~ +A.-A ). 
r -I<: J el (A1.6) 

Equations (A1.3) to (A1.6)· form the basis of our theoretical model. 

The density distribution is obtained from equation (A1.4c) with equation 

(A1.5c), this gives, 
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r----------- - ----- -------- ------------------ -

I 

I 
I 

dn2 E2 

= dr
e 

- kT~r ne (~,\:+njmj) ••• (Al.7) 

"here "e have assumed quasi-neutrality (n "" n. + n. ). 
e J I<: 

Since in our approximatio-n the heavier ion species numher density 

nj « ~ (valid for neon) and since '\: ~ mj , equation (Ai.7) may be "ritten 

to a good approximation, 

... (Ai.B) 

An expression for the radial c'jepemlence of Eu is required hefore equation 

(A1.8) can be solved. \ve choose the zero space charge condition giving, 

(A1.9) 

Substitution of equation Al.9) into equation (Ai.8) and solving, "e obtain 

the fol101,ing for the radial dependence of the electron density 

(Al.l0) 

-where 

and 

The separation factor is calculated by considering the radial ion 

velocities and ion continuity. Substituting equation (Al.4a) into equa-

tion (A1.on) using n ~ n 
k e 

"e obtain, 

The right-hand-side is given from equation 0-1.6) by 

_ (A _A) = (\E)' J :"'A. 
e -K e r J 
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e k 

••• (A1.11) 

• •• (A1.12) 



lIe now, ~ssUIDe that J R is small in the body of the rotating plasma. 

Substituting equation (Ai.9) and (Al.12) (with JR=O) into equation 

(Al.ll) we obtoin for the separation factor 

(Ai .13) 

where A. e 2 B2 
Q_ ,1 z 
I" - 2 a. . kT and 

-KJ 

_ (~(r1)rl')2 (mj_~)" 
Y - B 2kT z 
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