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ABSTRACT
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L. INTRODUCTION

In a Q-machine gradients of plasma density and endplate temperature
produce electric fields transverse to the axial magnetic field(l). This
results in an EX B plasma drift. Radial density and temperature gra-
dients cause a plasma rotation which changes the frequency of azimuthally
propagating waves when observed in the laboratory frame of reference(z).
Additional instabilities of the Kelvin-Helmoltz type may be generated if
the rotation is strongly sheared(3). Azimuthal asymmetries of density and
temperature lead to radial drifts and enhanced cross-field plasma losses(4).
Consequently the plasma is not in complete thermodynamic equilibrium with
the endplates(S) and the density will be less than that calculated by the

well known theory for an equilibrium plasma(G).

In the STAMP experiment we are studying the magnetic shear stabiliza-
tion of drift waves (7). In looking for a correlation between the drift
waves and radial plasma losses we must minimize the additional losses due
to endplate asymmetries(a). A further complication stems from the charac-
teristic trefoil shaped magnetic surfaces produced by the stellarator-type
helical windings. In order to avoid complex EXx B drifts it is important
to match the plasma equipotentials to the magnetic surfaces. The simplest
practical way of achieving this is to ensure that the plate temperature is

uniform and that the density profile is trefoil shaped.

An expression for the azimuthal electric field Eg in terms of den-
sity n and plate temperature T is readily obtained(4'9) from Richardson's

equation:

i
__kT{;dn_ ef_k N\% 3 1 dr
Ee— er LT ag l:{nn+%n(A<2ﬂme>.) 2<l+£nT)]T de)L' ee. (1)

®sec™ deg™2), k is Boltzmann's

Here A is Richardson's constant (~100 A cm™
constant, e and m, are the electronic charge and mass. The quantity in
sguare brackets in equation (1) which will subsequently be denoted by C is
of the order of 25 and varies slowly with n and T . The electric field is
thus much more sensitive to asymmetries in T than in n and the density

dependence will be neglected.

The radial plasma flux per unit area jl =nv, = nEg/B where n is
the plasma density and B the magnetic field. The total radial loss J,
from a cylindrical plasma of length I and radius R is obtained by inte-
grating j¢ over the surface of the column:
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It is difficult to evaluate this integral exactly close to the edge of the
kT
eB
temperature and T, is the difference between opposite edges. In Fig.l

1
plasma but approximately Jl/n =L C T where T is the mean plate

Jl/n is plotted against T, (for T=2500 K, L=400cm and R=3.75cm).
Other important loss mechanisms for a Q -machine are plotted in Figs.2,

3 and 4.

1.1 Drift Waves (Fig.2)

The radial flux density due to density and potential oscillations of

the form H=IH cosmf and $==m1 cos (mb - 8) is given by:

Y IR § ~ dp\ _ m ’
A ™ nv, = o (n a8/ = 2an1cplsJ_n5.

Note that for an outwardly directed flux & is the phase angle by which n

leads 5: Approximating msiné ~1 and:
n e o n 2
T 1 . - kT 1)
n B gives Jl/n L(_eB> TT<—nO 5

T2 Collisional Diffusion (Fig.3)

2
JJ_/I'I = 2L DCOll. = 21TL ai/Ti

where a; is the ion Larmor radius and Ty is the ion collision time(10)

including collisions with the endplates(ll).

1.3 Endplate Recombination (Fig.4)

Ions striking the plates have a recombination probability:

e g [

where V; is the ionization potential and & is the work function. The
recombination is small (y ~10"%) for caesium and potassium, but relatively
high (y~0.5) for sodium and lithium. The recombination is further

reduced when the ions are trapped in the potential well between electron-

rich sheaths at the endplates(5'6). For a double-ended Q -machine the
total recombination flux is given by:
2 V:/kT
JR/n = Eﬁ-n ci ceet? i

where Ci and Ce are the ion and electron thermal velocities.

In low density plasmas when the ion mean free path is longer than the

column length, the ions acquire sufficient directed energy on entering the

(12)

plasma to penetrate the sheath at the opposite endplate In this case:

JR/n = 4nr® yci.
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Fig.l Radial particle losses due to temperature asym-
metries. Estimated for a plasma column of central den-
sity n, length 400 cm, diameter 7.5 cm, and axial mag-
netic field 1000 G. T, is the temperature difference
across opposite edges of the end plate. Mean plate
temperature is 2300 K.
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Fig.3 Radial particle losses due to collisional
diffusion, Estimated for a plasma of central
density n, length 400 cm, diameter 7.5 cm and
field 1000 G. Full lines indicate losses due to
electron-ion binary collisions and the broken
lines include the additional losses due to ion
collisions with the end-plates.
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Fig.2 Radial particle losses due to drift waves.
Estimated for a plasma column of central density
n, length 400 cm, diameter 7.5 cm, and axial mag-
netic field 1000 G. mn,/n, is the relative ampli-
tude of the drift waves.
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Fig.4 Recombination losses at the endplates. Estimates
for rhenium discs 7.5 cm in diameter at 2500 K. The full
lines denote the losses calculated for a plasma in thermo-
dynamic equilibrium with Tj = Te = Tplate. Broken lines
are for collisionless plasma where the directed energy of
ions gained from passing through the endplate sheaths is
not thermalized by collisions. The large dots indicate
the density at which the sheath potential is zero.



Comparing Figs.l -4, we can see two main effects due to temperature

asymmetries:

(i) J, losses due to temperature asymmetries will be comparable
to drift wave losses unless Tl is very small (i.e. <1 K).

(ii) The plasma density will also be substantially reduced unless
T, is sufficiently small to make the J, losses smaller than
the endplate recombination. This requires T, <50 K for Li,
15 K for Na and 0.4 K for K.

Several methods for symmetrizing the endplate temperature were con-
sidered. We found that using a carefully designed filament and a double
plate structure (9) we could produce a suitable radial temperature profile
and obtain an azimuthal uniformity of about 10 K for a three inch diameter
plate. 1In order to further improve the azimuthal temperature symmetry we
decided to adopt the method suggested by Guilino(4) and rotate the filament
behind the endplate. The alternative scheme of a rotating endplate and

stationary filament was considered, but was found to be more difficult

technically.

2. CALCULATION OF ROTATION SPEED

We will now estimate the improvement in temperature uniformity of a
single homogeneous plate heated by a rotating slightly asymmetric filament.
Radial temperature piofiles have been computed in a previous paper(g) for
several different filament shapes. Here we will assume that the tempera-
ture is radially uniform and that the filament may be represented by an

evenly distributed heat source S.

Neglecting thermal conductivity of the plate supports, the temperature

T at a radius r is given by the heat balance equation per unit plate

Aps g¢ = S -2agT" + Ka z + 3

area:
dr 2 i. i &
o == Q—g swow (3)
dr r 08

A 1is the plate thickness, p the density , s the specific heat, K the

thermal conductivity , a the emissivity, and o Stefans constant.

In the steady state the plate will attain a mean temperature :
1

A e
T, = "\SO/ZO'CL) .

If the source is then suddenly shut-off

dT
o 4
Aps ak - 2a0 TO '
5 3
i _ L EEQ = o = EELEEQ (4)
T, b T Aps

Now consider a stationary sinusoidal azimuthal asymmetry of the
source S = S, + S, cos @ sin (nmr/r,) producing a corresponding temperature

T = Ty, + T, cos § sin (rr/x,) where S,/S¢~T,/Tg €« 1. From equation (3):



a 1 2y -1
™, =8, EG.UTO+KA(]:—E+E—3)] . oo (5).

If the filament is now rotated at a constant angular frequency w,
the plate temperature variations will reach a new amplitude T’; €« Ty and

will lag behind the filament by a phase angle 5§ .

S =55 + 8, cos (8-wt) sin (mr/ry)

T Te '+ T: cos (6 -wt + 8) sin (mr/ry) .

Substituting in equation (3):

wbps TY sin(8 -wt+6) =5, cos (8 - wt)

3 Lk 1 =
-{BaogTg Ty + KA 2 + Z cos(p-wbt+6).
o

Collecting terms in sin(8 - wt) gives:

2
wlhps chosé: Esacr Tg T’{ + KA<%+:—2>:|sin6 i
o

i.e. i ﬂg -1
tan6=m7|}+i€1‘<—3+—3) 4p5~| . oo (6
r £5

Terms in cos(8 - wt) gives:

-
/T, = (1 + tan®6) * . cee (7)

The thermal time constant r, can be calculated from equation (4) or
measured experimentally. For a lcm thick disc of rhenium the calculated
value at Ty = 2000 K is about 60 secs which agrees with the value mea-

sured experimentally. The thermal conductivity term in the denominator of

2
-KL(AE+“—2>==10,
dps \ r rg

and thus the thermal time constant can be cancelled out of equation (6)

equation (6),

giving:
* 2 2 _;5
T} /T, = [l+f x] ~1/fx, sae (8)

where f is the rotation fregquency (i.e. revolutions sec_l) and
2

Dlaes]™ = 2

x=2rr[K<l+T/

for a three inch diameter rhenium plate .

Thus as expected the plate temperature asymmetry is reduced as the
rotation frequency is increased. The improvement expected from egqguation
(8) is plotted in Fig.5. It can be seen from Fig.5 that a rotation speed
of 25 rpm should reduce the temperature asymmetry by about one order of

magnitude, whilst 250 rpm should give two orders improvement.



*
Ty
I,
=2
071
0
1 L J
~2 =|
10 10 I 10
f (revolutions s™')
Fig.5 Calculated improvement of endplate temperature asymmetry T* when the filament is

rotated at a constant speed f compared to the asymmetry Tl for a stationary filament.

3. DESIGN AND CONSTRUCTION OF THE SOURCE

The plasma sources for the STAMP experiment are designed to produce
a column of plasma 7.5 cm in diameter and variable in length between 40
and 400 cm . Plasma is produced by thermal ionization of alkali metal
vapour sprayed onto a rhenium plate which is maintained at a temperature
of 2000 - 2500 K. The plate is heated by electron bombardment from the
rotating filament placed lcm from the rear surface of the plate. The

filament design has been described in a previous report(g).

A cut-away drawing of a complete plasma source is shown in Fig.6.
To enable the plasma column length to be varied as previously stated, the
source is mounted on the end of a polished stainless steel tube, 2%" out-
side diameter, this tube enters the main vacuum vessel through a PTFE
chevron type sliding vacuum seal which is differentially pumped. The
overall length of the complete source is fifteen feet. Inside this polished
tube a torque shaft is mounted in good fitting dry bearings at either end

of the shaft and loose fitting bearings along the length of the shaft
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support the weight. The shaft whips slightly in the central region during
rotation. A rotating vacuum seal is also used at each end of the shaft
and the volume between these two seals is pumped to a pressure of about
107% torr. The shaft is driven by a belt and pulley drive, mounted at the
cold end at atmospheric pressure, whilst the filament at the hot end, oper-
ates in a high vacuum. The filament terminal blocks, the bearing and
rotating vacuum seal housing at the hot end are water cooled, past
experience having shown the importance of fixing temperature boundaries if

long term temperature drifts are to be avoided.

3.1 The Rotating Shaft

The shaft was designed to perform the following duties:

(a) Insulate the filament from earth for 3 kV d.c. working.
(b) Carry 150A d.c. filament heating current.

(c) Carry water for cooling filament terminal blocks.

(d) Provide surfaces for bearings and rotating vacuum seals.

(e) The shaft to be compatible with a high temperature and
vacuum environment at one end.

(£) The complete shaft to be vacuum tight.

The shaft consists of three coaxial tubes, each about 14 feet long.
The outer tube, on which the driving pulley is fitted, is at earth potential
and is made of 304 type stainless steel, 1% inches o.d. x .C60 inch wall
thickness. At each end of this tube, twelve inches of the outer surface is
polished to provide surfaces for bearings and rotating vacuum seals.
Inside of this tube and separated by a radial gap of %" is a %" nominal
bore copper tube, which carries 150 A heating current to the filament and
water for cooling the filament terminal blocks. A copper flange acts as a
terminal block, and is brazed to the hot end of this tube. A copper alloy
slip-ring and a rotating water seal are clamped to the cold end of the tube.
The %" radial gap separating these two outer tubes is filled with a silicone
rubber I CI Silcaset 10l. This rubber provides 5 kV =lectrical insulation,
makes a good vacuum seal and transmits driving torque between the two tubes.

The inner most tube of this coaxial shaft assembly is a %" o.d. copper

tube held concentric in the %" bore copper tube by PTFE spacers which do
not unduly impede the flow of cooling water. At the hot end of this tube

a solid flange made of molybdenum is vacuum brazed. This acts as the second
terminal block for the filament. Water channels machined in this flange
ensure good water cooling which is carried by this tube in addition to the

150 A filament heating current. A slip ring and rotating water seal are also



clamped to this tube at the cold end. To provide some electrical and
thermal insulation between the two current carrying tubes, a .005" thick
Kynar sleeve is heat shrunk on to this innermost tube. Thermal insulation
is necessary to prevent heat exchanger effects between the two tubes. The
two flanges forming the filament terminals are bolted together at the hot
end by molybdenum bolts which are insulated by boron nitride bushes. A
silicone rubber 'O' ring between the flanges acts as a water and vacuum
seal and provides electrical insulation between the filament terminals. A
small potential drop of 3 volts exists between these terminals during operat-
ing. Torgue is transmitted to the inner tube by bolting together the ter-
minal flanges as stated at the hot end, and at the cold end by bolting the
two slip rings together by PTFE insulated bolts.

Fig.7 'Hot end' of the rotating torque shaft showing the water
cooled filament blocks and coaxial tube assembly,

A view of the hot end of the shaft assembly is shown in Fig.7. Diffi-
culties experienced during the manufacture and subsequent operation of the
rotating shaft were mainly concerned with the insulation in the %" radial
gap between the stainless steel and copper tubes. Epoxy resins were
tried but were unsatisfactory from the wvacuum point of view, due to poor
adhesion to the metal surfaces and shrinkage during curing, which caused
vacuum leaks along the length of the shaft. Silicone rubber has proved more
satisfactory than the epoxy resins, although we have experienced a vacuum
leak along the shaft length with this material. The silicone rubber is
very viscous and takes about ninety minutes to be vacuum drawn the length

of the tubes even whilst being pumped under pressure from the opposite end.

s B =



The small amount of catalyst used with the silicone rubber, 0.1 to 0.3%,
to give a working life greater than the drawing time, must be carefully
mixed before use. Care must also be taken with cleaning and priming the

metal tubes, prior to filling with the rubber.

32 Shaft Bearings

As previously stated dry bearings are used in which to rotate the
shaft. At the hot end two split sleeve bearings are fitted, the one nearer
the hot plate and experiencing a high temperature is made of boron nitride
whilst the other is graphite filled PTFE. This same material is also
used for the bearing at the cold end of the shaft and is of similar design.
The weight of the shaft is supported along its length by loose fitting
PTFE supports spaced at eighteen inch intervals along the shaft length.
No measurement of the wear rate of the bearings has been carried out but

operation is still satisfactory after many hours running.

3.3 Rotating Vacuum Seals

A vacuum seal is fitted at each end of the rotating shaft and the
volume in between is pumped by a mechanical pump. The seals currently in
use are chevron type seals made of Viton 'A' rubber and speeds of up to
200 r pm (80 ft/min) have been achieved and continuously used. Speeds

greater than 200r pm have not been tried with this type of seal.

Using virgin PT FE chevrons for the seals, resulted in leaks at
speeds below.lOOx:pln(4O ft/min); and their use was discontinued. A face
type rotating vacuum seal, using a filled PTFE seal and a stainless
steel bellows, has been designed but not yet tested. This new seal should

produce far less hydrocarbon contamination than those in current use.

4. CONCLUSIONS

The hotplate temperature was measured by an optical pyrometer sensi-
tive to the wavelength range 0.5 to 1.2 microns (Land type NQO 9/500/20 AE).
The instrument was moﬁnted outside the vacuum vessel behind a glass window
and could be scanned across the hotplate by means of a 45° mirror attached
to a moving probe. When operated at its focal distance of 50 cm, the pyro-
meter had a resolution of 0.15cm. After amplification by 30dB to millivolt
level, the pyrometer output was displayed on a chart recorder. The readings
were corrected for plate emissivity and transmission losses in the optical
system and were converted to degrees using a black body source calibration
chart. The sensitivity of the pyrometer at plate temperatures of 2000 K
was of the order of 0.2 K, and the absolute accuracy was better than 100 K,

this being limited by the value taken for the emissivity of rhenium.
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Typical temperature profiles taken diametrically across the hotplate
are shown in Fig.8. A marked improvement in the temperature symmetry can
be seen when the filament is rotated. In Fig.9 the magnitude of the tempera-
ture asymmetry is plotted against the rotation speed, for measurements made
over a range of mean plate temperatures. These results confirm that the
temperature symmetry of a large diameter hotplate can be improved by some

two orders of magnitude when the filament is rotated at speeds of up to 200
revolutions per minute.
The effect of the improved temperature symmetry on the containment of

thermally generated plasmas will be discussed in more detail in a later

report, but preliminary results indicate a marked improvement in plasma

containment.
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Fig.8 Hotplate temperature profiles. Fig.9 Measured improvement of endplate temperature
T¥ when the filament is rotated at constant speed
f revolution per second compared to the asymmetry
T, for a stationary filament.
+ Mean plate temperature Tg = 1850 K
A Mean plate temperature Tg = 2000 K
0 Mean plate temperature Tg = 2170 K
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