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ABSTRACT

Plasma from hydrogen—occluded titanium sources is injected into
the PROTO-CLEO stellarator, This is an £ = 3 configuration which
has been used with helical windings having 7 or 13 field periods on
a torus of minor radius 9-10 cm and a major radius of 40 cm. Plasma
is trapped in fields of up to 5 kG. Measurements of density decay
rate indicate that contaimment times are 10-12 times in excess of the
Bohm containment time, Fluctuation levels measured at one point appear
too low to account for the observed loss rate. The scaling of contain-
ment times with magnetic field, collision frequency and rotational
transform is compared with the prediction of equilibrium theory. It
is found that although the scaling is approximately correct the value

of containment time is up to a factor of 5 too low.
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1. INTRODUCTION

Low B steady state toroidal plasma containment systems appear
promising as potential thermmonculear reactors'. For such reactors we
cannot envisage solid conductors buried in the plasma and so we are
led to systems in which the confining magnetic fields are produced
solely by currents in external conductors, as in the stellarator, or
by currents. flowing in the plasma itself as in the tokamak. The con-
ventional tokamak is a pulsed device since the plasma appears as the
secondary of a current transformer, and thus the stellarator configura-
tion has distanct advantages from the reactor point of view. Such a
configuration has, however, no simple symmetry and consequently it
cannot be proved analytically or by computation that closed magnetic
surfaces and particle drift surfaces exist to the accuracy required
for a fusion machine. But the experiments of Gibson® with the CLASP
apparatus have shown that p-particles, produced by the radioactive
decay of tritium gas and which are not in the loss cone, are contained
in an € = 3 toroidal stellarator for more than 10’ transits (i.e.
adequate for thermoruclear purposes). It remains to establish that
plasma can be confined in a stellarator for times adequate for a thermo-
nuclear reactor (note that ~ 100 Bohm times is sufficient). In this
connection it should be remembered that no stability or equilibrium
theory exists which takes full account of the field geometry in a
stellarator, but that results obtained in simpler geometries suggest
that adequate stability is possible in a high shear stellarator®. It
is therefore important, at this stage, to investigate by means of
small scale experiments the scaling laws that govern the confinemen
of plasma in medium and high shear stellarator geometry so that

adequate extrapolation to the reactor regime is feasible. The



purpose of this paper is to present the results of one such experiment
using the PROTO-CLEO stellarator. In this experiment the confinement
of a low B plasma injected into medium and high shear € = 3 stellara-
tor geometry has been studied as a function of configuration and

plasma parameters.
2. APPARATUS

A general view of the apparatus is shown in Fig.l and the main
parameters of the experiment given in Table 1. Details of the 7
field period £ = 3 helical winding construction are also seen in this
figure. The 1-2 cm diameter copper conductors which make up the wind-
ing are supported by 15 ceramic rings and are located with a positional
accuracy of * 0-025 cm which corresponds to random field perturbations
of * 0-75% of the toroidal field. The current feeds are made coaxial
to minimize the magnetic field perturbation introduced by the current
discontinuity. A 13 field period ¢ = 3 helical winding has also been
used. This is constructed from 2:-5 cm diameter aluminium alloy con-
ductors clamped rigidly to 30 alumina ceramic rings, with a posi-
tional accuracy maintained to * 0-02 cm in S, X 0-01 cm in Ry and
6' of arc in ¢ (for definition of R, and ¢ see Fig.5(a)). The
current feed to this winding al so has been designed to minimize the
perturbation introduced by the current discontinuity. It consists of
a coaxial line which bifurcates into a double parallel plate line of
minimum thickness. The resulting disturbance at the separatrix is
only 10 gauss i.e. 0-2% of the mean field.

The stainless steel vacuum tank is a toroid with a 40 cm square
cross section. An important feature of the design is that the helical
winding is placed inside the vacuum tank. This has several merits

compared with a split torus and an external helical winding:-



(1) It avoids the necessity for current and vacuum joints

between two halves of the torus.
(2) It provides excellent diagnostic access.

(3) By moving the vacuum wall away from the confinement

region it reduces the possibility of plasma recycling.

The risk of recycling of plasma escaping from the confinement
region is further reduced by a titanium gettering film which is
evaporated on to all the accessible internal surfaces facing the
plasma. Backgrournd pumping of the tank is by a sputter-ion pump
and a liquid-nitrogen cooled titanium getter pump. With gettered
tank walls at room temperature the base pressure can attain 5 x 107°
Torr.

The toroidal field system consists of 30 single-turn, demountable
square coils carr&ing currents of up to 33 KA to produce a field of
5 kG at the magnetic axis. The maximum deviation of this magretic
field from that produced by an infinite line conductor is * 0.1%
calculated at the separatrix.

The toroidal field coils and the helical-windings are connected
in series so that their fields vary in unison. They are energised
by a capacitor bank made up of 500 V, 500 pF electrolytic capacitors
with a total capacitance of 3-25 F. It is sub-divided into 52 units

each switched by a thyristor® and clamped by a silicon diode.

A weak vertical magnetic field of up to 30 G sensibly uniform
over the whole configuration, can be applied using the Helmholtz

coils visible in Fig.l1.



3. MAGNETIC FIELD STRUCTURE

The structure of the magnetic fields produced by these systems
of conductors has been assessed computationally using the program
developed by Gibson5, which follows field lines by integrating the
field equations step by step using a predictor-corrector method. The
results of the computation for PROTO-CLEO with the 7 field period
helical winding are shown in Fig.2 which shows the magnetic surfaces
nested inside the helical winding (strictly the intersection of field
lines with radial planes at field period intervals). The last closed
surface shown, in the separatrix region, has a rotational transform of
~ 300 per field period and a radius to the apex of the trefoil of 5 cm
for the experimental parameters shown in the figure.

Fig.3 shows the result of adding a vertical field to the configura-
tion of Fig.2 in order to give the average magnetic well configiration
proposed by TaylorG!T. An oppositely directed vertical field produces
an antiwell: the surfaces for this configuration are shown in Fig.4.

Fig.5 shows the variation with distance from the major axis of
symmetry R of the rotational transform t¢ for both the 7 and 13
field period windings and of the volume/unit flux for the 7 field

period winding only; this is obtained by evaluating the normalised

quantity
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where the integral is evaluated along a field line. Fig.5(a) indicates

the coordinate system used in this evaluation. It is seen that in the
absence of vertical field the rotational tramnsform follows the rela-
tion 1 r* and that V' is substantially independent of radius.

For a vertical field of * 20 G the transform becomes less dependent



on radius, the small shear region extending over most of the closed
surfaces but bounded at the separatrix by a region of large shear.
When the vertical field is in the negative direction the displacement
of magﬁetic surfaces produces an average magnetic well of ~ 10% depth.
The broad predictions of the magnetic surface computations have
been experimentally confirmed using a low energy (70 eV) electron
beam. The separatrix obtained from the measurements is quite distinct
and agrees well over a range of values of helical current with that
computed. Thus the tolerances introduced in the manufacture of both
helical and toroidal windings (and also the presence of two current
feeds in the helical winding) have not introduced perturbations in
the magnetic fields serious enough to distort the electron trajectory
over 10 passes of the beam. The rotational transform, measured on 3
passes of the beam, also agrees with the computed value. It has not
been possible to follow the beam further than this because the radial
and axial spreading of the beam due to space charge causes a smearing
out of the trajectory along magnetic surfaces in the sheared magnetic

field.

4, PLASMA PRODUCTION

A low density hydrogen plasma is produced outside the separatrix
and injected across field lines to fill the region within the closed
surfaces. Basically two different types of injector have been used.
The first is the quasi-dc injector described by Ashbya, consisting
of a pair of disc shaped electrodes of hydrogen-occluded titanium.
An artificial line is dicharged between these electrodes, producing
a plasma stream which is accelerated across thé magnetic field as
well as spreading along the field lines. This gun has been shown,

with a pulse length of 50 psec, to produce 30 eV ions of total number



~ 6 x 10", The second injector is a conventional two electrode
button gun also with hydrogen-occluded titanium electrodes. Two
versions of this exist, injecting either along the magnetic field
or across it from a point just outside the separatrix. The main
details of the quasi-dc and button injectors are shown diagrammatically
in Fig.6,

Electron cyclotron resonant heating (ECRH) facilities are avail-
able from a pulsed magnetron at a frequency of 9:45 GHz. This has
been used only for heating the previously injected plasma. Peak out-
put power is 2 kW and the pulse length is variable between 1 usec and

0-5 msec.
5. DIAGNOSTICS

The general arrangement of the machine and the disposition of
diagnostic ports are shown in Fig.7. Time resolved density and tempera-
ture measurements are made using a swept double Langmuir probe con-
sisting of two 0:75 mm diameter tungsten wires spaced by 7 mm and
sheéthed in thin glass (1 mm diameter) to within 7 mm of their ends.
The same probe can be used to measure electric fields and floating
potential in the plasma. For use as a density or temperature measure-
ment the applied bias is a 10 kHz continuous sine wave of amplitude
= 10 kTe/e, fed to the probe through a pulse transformer. The probe
current. signal is fed to the oscilloscope through a similar pulse
transformer in order to improve the common mode rejection ratio. The
envelope of this signal gives the saturation ion flux to the probe
and by expanding the oscilloscope time base a time resolved electron
temperature measurement can be obtained.

A direct measurement of plasma potential has been made by simul-

taneously comparing the characteristics of a hot probe9 consisting of



a tungsten filament 4 mm long and 0-025 mm diameter with those of an
identical cold probe. This provides a differential measurement which
accentuates the break in the hot probe characteristic at plasma poten-
tial. By the use of a sweeping technique similar to that for the double
probe, a continuous reading of plasma potential can be obtained.

Time resolved ion energy measurements have been made using a
milti-gridded analyser following the design of Eubank'®. The entrance
grid has dimensions of 1 cm X 1 cm and consists of a mesh with
perforations 0-3 mm diameter. Under normal working conditions, this
is comparable with a Debye length so that a reasonably uniform sheath
is expected to form over the apertire, thereby admitting equal current
of the two particle species to the analyser. Each subsequent grid con-
sists of straight, parallel segments of 0-025 mm diameter non-magnetic
Ferry wire with 0-25 mm spacing. The spacing between grids is 2 mm.
Each grid can be biassed so as to repel either ions or electrons and
can be swept with a saw toothed waveform to scan the energy distribu-
tion of the species in question.

Because of the rather large dimensions of the analyser, namely
1 cm cube, it has been used only to infer the energy of ions at the
plasma edge. An analyser of similar type but smaller dimensions has
been recently constructed. This allows measurements to be made inside
the separatrix without too great a plasma perturbation.

The average plasma density is measured with a 19 GHz version of
the microwave interferometer developed by Hotston and Seidl’'.

An estimate of the electron temperature can be made by measuring
the microwave noise emitted by the plasma. This is detected by an
open waveguide aerial which can be located either in the horizontal

or vertical plane (Fig.7). An x-band superheterodyne receiver with



a bandwidth of 3 MHz which is calibrated with a standard noise tube
detects the noise. Electromagnetic waves carrying the noise energy
must escape from the plasma and the noise will be characteristic of
the electron temperature if the waves emanate from a region which is
opaque to the frequency detected. The only resonance in the high
frequancy region is that occurring at a frequency between the electron
cyclotron frequency and the upper hybrid frequency, depending on the
angle of propagation with respect to the magnetic field. There is,
however, a cut off region which screens this resonance from the out-
side unless there is a magnetic field gradient which is strong enough
to overcome the effect of the density gradient. This occurs on the
inner surface of the torus, typically over an angle of * 700 to the
horizontal., In general the noise can reach the aerials both by direct

radiation and by reflection from internal metal surfaces of the tank.

6. PLASMA POTENTIAL AND FLUCTUATIONS

The potential of the injected plasma can be made either posi-
tive or negative to earth (and vacuum vessel). It should be noted
that the helical winding, which can be in contact with the plasma
during the filling phase, normally rises in potential above earth dur-
ing the pulse to a maximum of 50-100 V, the resistive drop across the
winding. If plasma is injected when the winding is at this potential,
the plasma potential rises rapidly to a value determined by the poten-
tial of the most positive part of the winding in contact with the
plasma and remains there during containment. If the winding is electri-
cally connected so that its potential goes negative with respect to
earth the plasma potential remains within 10 V or so of earth as
indicated in Fig.8(a). This shows the radial variation of plasma

potential for this condition; its main feature is to indicate that the
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radial electric field is ~ 1 V cm~! averaged over the plasma with the
centre negative with respect to the . edzge.

The decay of plasma density as measured by double probe and
microwave interferometer is shown in Fig.9. The two signals agree
in shape and show a smooth decay from an initial peak density of
~ 10'"" em™. The electron temperature decays slowly from an initial
value of 5 eV (with Ashby-type injector); after 5 msec it reaches
~ 2 eV. 7his rathar high rate of energy degradation could be due to
ionizing collisions between electrons and background nsutral gas, but
it is oonsidered more likely that the energy loss is by radiation
from heavy impurities present in the gun plasma. A 10% concentration
of carbon could account for the energv loss.

The radial density distribution determined from double probe
measurements is shown in Fig.8(b). The region of confined plasma
agrees well with that predicted from the computed magnetic surfaces.
Under the standard conditions of Table 1 the plasma has a sharp edge
at a radius r of 3.5 cm. Note that the maximum density gradient
occurs in the outer 2 cm, the region of high shear and large rotational
transform. The electiron temperature varies less rapidly with radius,
decreasing from 5 €V on the axis to ~ 2 eV at the edge of the plasma.

Fluctuations of electric field and density are seen: the fluctua-
tions in azimuthal (Ee) and axial (E¢) electric field are observed
(averaged over the probe spacing) in the frequency range 10-100 kiz;
no well defined frequencies are present. Tha radial variation of the
R.M.S. fluctuation level is shown in Fig.8(c). Eg varies from
~ 15 mV cm™! near the magnstic axis to a maximum value of ~ 100 mV cm™!
in the regio of steep density gradient at which E@ is about an order
of magnitude smaller. Density fluctuations occur in the same frequency

range (Fig.8{d)) and reach the R.M.S. level of ~ 2% of the central

o B =



density in the region of steep density gradient. These observations
are consistent with an instability occuring where there is a large
gradient in density and characterised by the wavelength KL <1 am
across the field, X; = IO}l_and potential fluctuations < 1/10 kTe/e.
The microwave noise was measured at frequencies in the range 8-0
to 10-0 GHz with a confining field of 3 kG. The detected noise signal
generally commences with a burst of radiation which corresponds to
equivalent black body temperatures of up to 9 eV (quasi-dc injector)
and which decays with a time constant of the order of 2 msec as shown
in Fig.10. 1In the case of the vertical aerial and a gun producing a
relatively low temperature plasma (1 eV) the height of the initial
burst of radiation is independent of the frequency being observed
except where reflections in the aerial feed system and vacuum windows
cause loss of signal. If the plasma is heated with an ECRH pulse a
further burst of radiation and characteristics similar to those of the
initial one appears. The initial burst decays to approximately 0-3 eV
and the noise output level stays constant until it is cut off sharply
at times of 6 to 12 msec depending upon the frequency of observation.
This cutoff occurs when the confining magnetic field has decayed suffi-

ciently that resonance and hence high emissivity is not possible.

7. DENSITY DECAY TIME AS A MEASUREMENT OF PARTICLE CONFINEMENT

In order to infer the particle containment time < from the
density decay time <tp it is important to establish that there is
no recycling of plasma due to the ionization of neutral gas. In the

presence of recycling the relation between them is

1_1
T'L_—TD+n0<O‘V>
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where ng; 1is the neutral density and <bv> is the ionization cross
section averaged over a Maxwellian distribution. <0€> for 5 eV
electrons is typically ~ 10~ om® sec™' so for contairment times
~ 10 msec there can be considerable error if n, exceeds 1019 e,
Some indications of the neutral background in the gun plasma
have been obtained by the use of ECRH. Plasma heating by microwave
radiation is effective when resonance occurs within the confined
injected plasma as is found from the evidence of power absoruved iin the
plasma and the increase of electron temperature. This occurs when
the toroidal field at the magnetic axis is the in the range 2-85-3:2
kG. The effect of an ECRH pulse on a typical decaying plasma is shown
in Fig.11. It normally prodices a pump out effect, the plasma after
the pulse contiruing to decay on a somewhat shorter time constant.
The heating produced is only minimal, a 5 €V electron temperature
increasing to 10 eV at the end of the pulse. Since ionization by
10 eV electrons proceeds approximately 10 times as rapidly as for
5 eV and there is no evidence of increase in plasma density with ECRH,
we suggest that the background gas density is low, certainly below
10'% em™. It should be noted that it is possible to produce injec-
tion conditions in which the density rises on ECRH i.e. recycling is
taking place. These conditions have been avoided in containment

experiments.

8. SCALING OF CONTAINMENT TIME WITH MAGNETIC FIELD,

ELECTRON TEMPERATURE AND DENSITY

Containmznt times up to about 5 msec have been measured. It is
found that < depends on the magnitude of the confining field B and
less strongly on the electron temperature. The dependence of T on

B for 7 and 13 field period windings is shown in Fig.12(a) and (b)
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respectively. The spread in experimental results is partly due to the
variation with electron temperature between 2-5 eV: in general the
higher temperature corresponds to the shorter containment times. The
wide scatter is also possibly due to any residual shot to shot varia-
tion of the neutral background density. Since the decay is only
approximately exponential, values of 7 and T, measured at the same
instant of time have been used to infer the Bohm containment time,
Tg = nr? eB/kIé. The value of Te used is that measured at 2-5 cm
radius. The containment time normalised to Tg 1is plotted as a func-—
tion of B in Fig.13. It is seen that /7y increases with B, the
highest value measured is ~10-12.

The containment time is also found to depend on the initial
density of the injected plasma. Increasing the trapped density over

an order of magnitude from 10'° - 10'!" em=3

increases <t by about a
factor 2.

9. SCALING OF CONTAINMENT TIME WITH ROTATIONAL

TRANSFORM AND SHEAR

It is experimentally difficult to vary rotational transform
unambiguously without varying shear. However, in the absence of a
limiter it is possible to separate the effects fairly satisfactorily
by varying the helical winding current at constant B. For the 7 field
period ¢ = 3 winding in which t a r® the mean geometric shear para-

meter my be defined

where 1, is the separatrix radius and ty is the transform at the
separatrix. Fig.14 shows the computed variation of 1, and r% with
helical winding current I, for this PROTO-CLEO winding. Also indi-

cated on the diagram is the observed value of T as a function of Ip.
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In the region 10-20 kA it is seen that the containment time is roughly
proportional to r% i.e., that the diffusion coefficient is constant.
Over this region, however, the shear is varying as rp and thus we
conclude that the containment time appears roughly independznt of
shear. In the range 0-10 KA rp, is constant and t, varies with

Iz. T appears roughly proportional to tg. This argument is
summarized in Fig.15 in which T is plotted as a function of toI'p;
the points used are obtained from measurements with both 7 and 13
field period windings. It should be noted that for a particular value
of the abscissa the 13 field period winding has approximately twice
the maximum shear parameter at the separatrix of the 7 field period

winding (for example at the value LOP% = 200 the ratio is 0:53:0-265).

10. SCALING OF CONTAINMENT TIME WITH COLLISION FREQUENCY

It has not been possible to explore a wide range of plasma
densities owing to the limited density range in which the titanium
plasma injectors will operate. At injected densities below 10'° cm™
the gun will not break down satisfactorily and above 5 x 10'! cm™
the accompanying evolved neutral gas causes recycling. However the
effect of collisions on containment time has been simulated by inject-
ing plasma into a background of helium gas. This was chosen for the
reason that 5 eV electrons will not produce appreciable ionization in
the helium and thus alter the containment time. The resulting value
of T plotted as a function of helium pressure is shown in Fig.16.
This shows that < decreases strongly as the collision frequency Vgp
is increased. At the higher pressures the electron temperature is
also greatly reduced (to %-1 eV). It is possible that this degrada-

tion of electron energy is due to inelastic collisions between electrons

and impurity atoms and thus at the higher background pressures tha
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measured containment time may be larger than the true value.

11. SCALING OF ION ENERGY WITH MAGNETIC FIELD

The temperature of the ions leaving the plasina al ong the mag-
netic field has been measured at the edge of the plasma by the multi-
gridded analyser probe. It is found that the energy of these ions is
a function of the time elapsed between injection and measurement.
This is indicated in Fig.17 which shows the results for a plasma
produced by the quasi-dc injector. It is also found that the ion
energy measured at a particaular time after injection varies with
confining field, as shown in Fig.18. The ion energy increases pro-
portionately with B over the range 1-5 kG, having a value of ~ 20 eV
at 3 kG. These measurements are made at the same injected density

as the scaling measurements of <t as a function of B.

12. THE EFFECTS OF VERTICAL FIELD

The effect of adding a weak vertical magnetic field to the
stellarator configuration is shown in Fig.19. The results show that
for a field in either direction the containment time is reduced with
respect to its value for B, = O. It should be noted in this respect
that the separatrix radius is less in the case of an average magretic
well since the vertical magnetic field has caused previously closed
surfaces to open. To allow for this the ordinate of Fig.18 has been

normalized to the value of separatrix radius in the absence of verti-

rgz=0\2
T -] .
(PBZ>

Fluctuation measurements for the well-antiwell cases show the same

cal field as

general behaviour as in Fig.8. The maximum values of diffusion flux

(defined as in Section 13) for the three cases well : zero By :
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antiwell are in the ratios 1: 8 :4, i.e. the configuration giving

minimum containment time also shows the minimum fluctuation level.

13. DISCUSSION OF RESULTS

Transverse injection of plasma into a stellarator from a small
injector placed outside the separatrix has been shown to be feasible.
Plasma is captured in the absence of any pre-ionization in the con-
finement region.

The plasma exhibits fluctuations of electric field and density
in the outer region where the maximum density gradient occurs. The
radial flux ' due to these fluctuations is'?:-

Eg - n
= B

Y

where (< 1) is the correlation coefficient.

Taking Eg =~ 0-10 V em™ and N = 0.02 n, from Fig.8 then
the calculated loss is about an order of magnitude too small (even
if ¥y = 1) to explain the observed loss rate. Thus it seems unlikely
that fluctuatidns are the main cause of plasma loss if this loss rate
is uniform around the torus.

The results of the vertical field experiment also suggest that
instability is not the dominant cause of plasma loss. Although the
antiwell configuration has strong shear near the separatrix it is
more or less shearless throughout the body of the plasma and the
reduction of containment time may be due to this. Similarly the
introduction of a 10% average well led to reduced containment compared
with the shear stabilized case. The well however, showed a reduced
fluctuation level as compared with the shear stabilized plasma.

Since apparently fluctuations do not seem to be dominant in

these plasmas it is attractive to consider classical diffusion as the
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loss mechanism. It is therefore important to compare the containment
measurements with the predictions of the theory of equilibrium in
toroidal traps. Under our conditions the collision rate is high
enough so that localized particle diffusion is not important. Instead
the loss of blocked particles is dominant as first discussed by Galeev

3

and Sagdeev'®, Stringer'® and Kovrizhnikh'® for ths intermadiate

collisional regime leading to a diffusion coefficient independent

3
D :11:_/2_&3 ET.@.ﬁ 1 +E (1)
L~ . R | eB T

where p, 1is the electron gyro radius.

of plasma density:-

In an € = 3 stellarator the value for D¢ given by (1) does
not allow for the variation of rwith r and the consequent radial
variation of D . Gibson and Mason'® have taken this into account in
their computation of detailed particle orbits in a real cylindrical
stellarator ignoring the ambipolar electric field, but assuming the
loss rate to be the slowest of the respective electron and ion rates.
In this calculation they pick the value of D¢ appropriate to the
value of density and ¢ for each value of radius. However the con-
tainment time predicted for the PROTO-CLEO configuration is in
reasonable agreement with the simpler relation of Eq.(1) if a mean
value of ¢ 1is used rather than the value at the separatrix and it
is assumed that = = (r/2-4)% DI1 i.e. that the density profile is
given by a Bessel function distribution.

Fig.12 includes a broken line derived from Gibson and Mason's
work using the PROTO-CLEDO parameters shown but assuming Te =T; = 5 MeV.
It is seen that the observed scaling with B, (namely T « B"' where

15 < n £ 2) is in approximate agreement with that predicted (namely

o e



n = 2) but that the observed diffusion rate is nearly the ion rate
rather than the electron rate.

If, however, the variation of T; with B observed in Fig.18
is folded into Eq.(1) and a mean value used for ¢ the predicted
containment time is shown by the solid line. This is in improved
agreement with the experimental results from which it differs by a
factor of 5.

The significance of T(Lo) shown in Fig.15 lies in the fact that
for a particular value of the rotational transform the 13 field period
winding has about twice the shear of the 7 field period winding, but
nevertheless the results lie on the same curve for both windings.

Thus it appears that over the range of measurement (namely © > 0-06)
shear appears not to play an important part in containment. It is
predicted from Eq.(1) that there should be a linear relation between
Tt and LF%. However, experimentally there is a fall off at high
values of rf, possibly due to the uses of computed values for the
abscissa. These may be larger than the actual values due to non-
close of magnetic surfaces. Alternatively thc 13 field period winding
may suffer from an effect noted by Stringer'? namely that particles
resonant with the helical field variations have a diffusion coeffi-
cient which actually increases with .

The experiment using background helium may be compared with
weakly ionized cause studied by Kovrizhnikh'®. In this case the

diffusion coefficient is given approximately by:
i 2
o) 47t
D 5= Ven PELI +L—2] v L)

when vep » Vej and for high collision rate such that the electron-

ion mean free path len « 2mR/t. The theoretical containment times
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obtained from Eq.(1) and (2) (again assuming a Bessel function distri-
bution of density) are shown as the broken solid lines in Fig.16. Here
again the scaling of the experimental results is approximately correct
but the absolute values are an order of magnitude too low. Note that
the ion inertial effects corsidered by Stringer'’ lead to a consider-
ably enhanced diffusion for the resistive regime, although the inclu-
sion of these effects for the intermediate collisional regime did not
produce diffusion coefficients sensibly different from those of Galeev
and Sagdeev.

14, CONCLUSIONS

1. It is possible to inject a low P injected plasina into a toroidal
stellarator

2. The plasma shows confinement times up to ~ 10-12 times the Bohm
value. This is in qualitative agreement with other work reported

18,19,20 The confinement

on plasmas injected into a stellarator
time does not have a Bohm like scaling.

3 Fiuctuations do not appear to explain the plasma loss.

4., There appears to be adequate shear for stability. Experiments
with a mean magnetic well do not show increased containment
times.

5. The scaling of confinement time with B, v and ¢ 1is consistent
with losses by classical diffusion, although the magnitude of <
does not agree with simple theory for symmetric toroidal sys tenms
to better than a factor of 5-10. The confinement time appears
also to depend weakly on T, more strongly on T; and agreement

with theory is improved if the observed variation of T; with

B is taken into account.
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TABLE 1

Parameters of Proto-Cleo £ =3 Stellarator Experiment

Major radius R, (true toroid)

Helical winding mean radius

Separatrix radius (to apex of trefoil) rp

Number of field periods on torus

Maximum confining field B@

Current at maximum field: Helical winding Iy,
Toroidal winding I

Computed rotational transform at separatrix

Mean shear length Lg = 21R/u

Maximum shear parameter 6 = rp/Lg min

Useful time duration of fields

o]

0

40 cm
9 cm
S5 cm

3 kG
15 kA
20 KA
1- 24w

130 cm
0-26

~ 10 msec

40 cm
10 cm
5 cm
13

5 kG
67 kA
33 kA
2- 17
76 cm
0-52

~ 10 msec
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Distance from mojor axis {(metres)

(CLM- P 243)

(a) Coordinate system. (b) and (¢) The variation of rotational transform ¢ and V' across the
horizontal plane of symmetry for the configuration of Figs.2, 3 and 4. In addition Fig.5(b) shows

rotational transform for the 13 field period winding.
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Quasi D-C injector

:W Anode( loaded titanium)
Trigger ——
///” Y
) Z /A;/J/y/% Cathode (loaded titanium)

Loaded titanium anode

Loaded titanium

3 1 | 1
Ceramic
0 | 2cm
Button gun
Fig.6 (CLM- P 243)
Diagram of the two principal plasma injectors used in the
experiments.

Vacuum envelope Plasma

3 injector

£-Windings

Langmuir
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Interferometer getter

ECRH

Input or noise

receiver aerial

Fig.7 ' (CLM- P 243)

Schematic view of the PROTO-CLEO stellarator showing diag-
nostic positions.
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Fig.8 (CLM- P 243)

Radial profiles of plasma parameters measured under the standard
conditions of Table 1 for the 7 field period helical winding. (a)
Plasma potential determined by hot probe; (b) nV; and Te deter-
mined by double probe; (c) R.M.S. fluctuations of azimuthal
electric field Eg; (d) R.M.S. density fluctuations as a fraction of
the maximum density. (a) and (b) measured 1 msec after injection,
(c) and (d) measured 2 msec after injection.

n=10"cm™®

Fig.9 (CLM-P243)
Oscillograms of density decay. Upper trace : microwave inter-
ferometer phase change. Lower trace : flux to a modulated double
probe at 2:5 cm radius. The bar represents a density of 10''em™
corresponding to a 16 eV ion temperature. Time axis : 1 msec per
division.



n=5x10cm™

Fig.10 (CLM- P 243)
Oscillograms of microwave noise emitted from plasma. Upper
trace: Density decay from microwave interferometer with density
scale shown. Lower trace: OQutput of superhet receiver. Local
oscillator frequency 8:54 GHz. The scale on the left indicates
the value of Te assuming black body radiation. Time axis: 1 msec
per division.
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Fig.11 (CLM-P 243)

Time variation of density when 2 kW ECRH pulse applied to injec-
ted plasma for 1 msec, compared with ‘normal decay’.
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Confinement time 7 as a function of confining field B. (a) for 7 field period and (b) for 13 field

period helical windings. The helical winding current I
experimental points are compared with the computed results of Gibson an

is adjusted so that By/1 5 is constant. The
Mason'’, assuming

T =Te =35 eV. Plasma density =~ 3 x 10 cni” and also with Eq.(1) taking the observed ion

temperature.
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Fig.13 (CLM-P243)
Confinement time normalized to Bohm
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sults of Fig.12.
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Confinement time 7 for 7 field period helical wind-
ing as a function of helical current I, at constant
B. Also shown are the rotational transforms at
the separatrix ¢, and the (separatrix radius rp)*

as a function of I, . Plasma density = 3x10*%m™
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Confinement timeras a function of ¢ 7, from the results of Fig.14,
together with similar results for the13 field period helical winding.
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Fig.16 (CLM- P 243)

Confinement time r as a function of helium pressure compared with
the intermediate collision theory of Galeev and Sagdeev'® and the
weakly ionized case of Kovrizhnikh'®.
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Fig.17 (CLM-P 243)
Ion temperature measured along the magnetic

field as a function of time after injection.
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Ton temperature as a function of confining field

Analyser radius 3-5cm. Plasma density for constant B /I
~10"cm™. By 3 kG. jection. Analyser radius
density 10 cm™.
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Fig.19 (CLM- P 243)
Confinement time as a function of vertical field B,. By, 3 kG,
Ik’;- 15kA, plasma density ~ 5%10" cm™. The ordinate is norma-
_ g, =0 "2
lized as r _IE_J to allow for the variation in plasma
z

radius with B,

3.5 cm.

measured 1 msec after in-

Plasma












