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Tokamak and Ohmically heated stellarator plasmas have been compared in the CLEO
apparatus, using gas current in the range 10—25 kA at a toroidal field of 12.7 kG. It is
found that the vacuum poloidal field due to the helical winding has a considerable influ-
ence on the containment properties. In particular, for the same current the electron en-
ergy per unit length is a factor of 2 greater in the stellarator than in the tokamak.

CLEOQ! is a seven-field period, I =3 toroidal
stellarator with a major radius, R,, of 90 cm and
a minor radius, 7y, of 13 cm as defined by two
circular stainless-steel limiters, fixed inside
the 28-cm bore stainless-steel vacuum vessel.
The maximum available toroidal field B, is 20
kG, and the helical winding is designed to carry
current I, up to 120 kA-turns. 25% of the torus
inner surface is covered by an active film of ti-
tanium before, and if necessary during, the day’s
run. The base pressure is ~1072 Torr.

A tokamak configuration can be set up in this
apparatus by not energizing the helical winding,
with equilibrium provided by a vertical field. A
vertical field is also required for stellarator op-
eration, the typical values at 20-kA externally in-
duced ohmic heating current (/,) being 70 and 30
G for tokamak and stellarator, respectively. By
using Ohmically heated hydrogen plasma with 7,
in the range 5-26 kA, a comparison has been
made between stellarator and tokamak configura-
tions, most extensively at 17 kA. For the B, of
12.7 kG and I, of 61 kA-turns used in this compar-
ison, the separatrix lies outside the limiter. The
calculated value of rotational transform for the

stellarator vacuum magnetic surface which touches

the limiter is ¢=0.3. The same value of ¢+ at the
plasma edge would be produced in the tokamak
mode by an equivalent current I, of 21 kA.

We have chosen to compare the tokamak with
the Ohmically heated stellarator when the plasma
edge is determined by the limiter rather than by
the separatrix in order to ensure that limiter ef-
fects (e.g., recycling) and wall effects are as
similar as possible in the two configurations.

The diagnostics used in these experiments were
the following: (i) Current and loop voltage mea-
surements. (ii) Position coils. When the vertical
field is optimized to produce the longest-lasting
tokamak current, these show the current channel
to be centered to +1 em. (iii) A single-channel
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2-mm microwave interferometer for measure-
ment of 7, over a minor diameter. (iv) Photon
scattering with a 10-J ruby laser for measure-
ment of n,(7), T,r). (v) A neutral particle ana-
lyzer, using charge exchange, for measurement
of T;. (vi) A detector of the absolute intensity of
H, emission, to assess recycling and estimate
T,, the average particle containment time.

Figure 1 shows oscillograms of current, loop
voltage, and 7, for both tokamak and stellarator,
under conditions where the peak gas current ig is
20 kA in each case. The loop voltage is higher
for the stellarator. At peak gas current, the val-
ues are 4.0 and 6.5 V for tokamak and stellarator,
respectively. At peak current, the values of 7,
for tokamak and stellarator are roughly in the ra-
tio of 1:2.

Measurements of the central value of T,, T,(0),
and of 7, made at peak gas current are shown as
a function of /, in Fig. 2 for both tokamak and
stellarator over the range 10-26 kA. It is seen
that in both cases 7, increases linearly with cur-
rent. The behavior of T,(0) is rather different
for the stellarator. It appears to be essentially
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FIG. 1. Oscillograms of (a) loop volts, (b) gas cur-
rent, (c) mean electron density for (A) tokamak and
(B) stellarator at 12.7-kG toroidal field.
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FIG. 2. Central value of T, and mean density 7, as a
function of peak gas current for (a) tokamak modes and
(b) stellarator modes. Also shown is the conductivity
temperature 7.

independent of gas current over the range 10-20
KA. The conductivity temperature T ,;, evaluated
as a mean, exhibits the same behavior; it in-
creases with current up to 10 kA and then be-
comes independent of current.

Profiles of n(r) and T ,(») measured on a verti-
cal plane on one side of the geometric center have
been obtained at the peak gas current of 17 kA and
toroidal field of 12.7 kG only, for both stellarator
and tokamak. These are shown in Fig. 3.

If we infer from these the values of contained
electron energy per unit length, W, then they are
in the ratio of 2:1 for stellarator and tokamak.
This is due solely to the difference in profiles for
the two cases, since the central values are ap-
proximately the same in each case.

An approximate estimate of W(l,), obtained by
assuming that the profiles do not change with gas
current, shows that for both stellarator and toka-
mak W[ (I, +1,), where I, =0 for tokamak and
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FIG. 3. Radial profiles of n, and T, for stellarator
and tokamak modes at 12.7-kG B, and 17-kA I,

03¢

£ o
3
2 02+
ES 0
£
K
S =04
= o
[=4
=]
; x
S o1
> o Stellarator (I = 25kA)
s X x Tokamak (lg= 0)
]
X
X
L L . |
0 2 4 6 8

Ig (Ige Te )x10°% (A7)

FIG. 4. Electron energy per unit length W, as a func-
tion of I, ([, +1,) for stellarator and tokamak modes.

25 kA for stellarator (a value chosen empirically,
but close to the theoretical value of 21 kA). This
scaling is predicted on the basis of pseudoclassi-
cal diffusion and is illustrated in Fig. 4. The full
line corresponds to a value of poloidal 8 for the
tokamak [defined as in relation (3) below] of 0.4.
These results confirm and extend those of the
Uragan I and Wendelstein b stellarators.?'?

The dependence of ion temperature on gas cur-
rent shows an Artsimovich scaling T ; « [ (I, + 1)
XB,n, "3, Again there is agreement between
stellarator and tokamak if we write 7, =25 kA for
the stellarator (Fig. 5).

An overall value of the particle containment
time, 7,, was inferred from the absolute H,
emission. The total (time-resolved but space-
integrated) emission was measured in each of two
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FIG. 5, Ion temperature as a function of [, +I,)
><B“,n‘_,]‘/3 for stellarator and tokamak modes.
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FIG. 6. Energy containment time, Z.¢f, and Bg as a
function of gas current for stellarator and tokamak
modes.

narrow sectors, one at 6° and the other at 66°
major azimuthal angle from the nearest limiter.
Most of the emission came from the vicinity of
the limiters, the intensity in the tokamak case be-
ing at least twice that in the stellarator. Taking
an azimuthal distribution similar to that found for
the ST tokamak,* in conjunction with these data,
indicates an overall 7, in the range 4-8 ms for
the tokamak and 15-50 ms in the stellarator for
the 17-kA gas current condition.

Values of 7z , resistance anomaly (Z.f5), and
Be, deduced from the data are shown in Fig. 6.
These quantities are defined for our purposes in
the following way:

75, =(9.44X10"%° Ro/VL,) [ T, v, (1)
Zegr=(1LIV/Ro 1) [ 7T 272 ar, @)
Bo,=(2.1x10"%/1.3) [“vaT, ar, (3)

(the units are eV, cm, A, and V) where, for the
stellarator, the integral is taken over a circle
whose area is equal to that of the trefoil-shaped
limiting magnetic surface.

As before, we assume that the profiles do not
change with gas current and that Z.¢¢ is an aver-
age over the cross section. It will be seen that
Z¢s for the tokamak is generally ~2 which is rea-
sonable, taking into account the titanium gettering
and low power flux to the walls. The value for the
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FIG. 7. Total rotational transform as a function of
minor radius at the position of the measured tempera-
ture profile, for stellarator at 12.7-kG B, and 61-kA
-turns I;, with gas current as a parameter and for toka-
mak mode at 17-kA I;,.

stellarator is higher, particularly at low gas cur-
rents.

These results may be summarized as follows:
(i) The stellarator gives an energy confinement
time for electrons =1 ms at 20-kA gas current
and T,=350 eV. (ii) The behavior of the tokamak,
in that it gives B¢ ~0.4 and 7z~ 1 msec at [, ~ 20
kA and B ,~ 13 kG, is in line with other medium-
sized tokamaks, e.g., T3 and ST.5'® It agrees well
with the scaling laws proposed by Daughney’ and
Murakami, Callen, and Berry.® (iii) The con-
fined electron energy is greater in the stellarator
than in the tokamak at the same gas current. This
is a consequence of the different radial profiles.
(iv) The stellarator poloidal vacuum field takes
part in plasma containment, as is shown in Fig.
4, in which the contained electron energy varies
linearly as I,(I, +1,). (v) There is general agree-
ment, over the limited parameter range studied,
with pseudoclassical scaling for electron thermal
conductivity (Fig. 4) and neoclassical for ion ther-
mal conductivity (Fig. 5), although the value of T,
is about a factor of 2 lower than that given by the
well-known Artsimovich formula. This could be
associated with the relatively high density of neu-
trals, (1-5)x10% cm™3.° (vi) The profile of T ,(»)
may be used to infer a current density profile by
assuming that Z ¢ is constant over the cross sec-
tion. From this we have plotted Fig. 7 which
shows, for the stellarator, the total rotational
transform ¢, as a function of radius at different
plasma currents (again assuming the T, profile
to be independent of plasma current). It will be
seen that we have a total value of gegge™ 1.4 with-
out any signs of disruption.

A tokamak profile, based on the 17-kA results
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is also shown for comparison. The lack of shear
in the stellarator should be noted, in contrast to
the tokamak case.

The authors would like to thank Dr. R. J. Bick-
erton for his advice and encouragement during
this work.
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Two beams of waves of finite diameters intersecting within a magnetized plasma emit
a secondary beam of waves, provided a resonance condition is satisfied. The field of
the secondary beam and the total power emitted are determined for arbitary directions
and polarizations of the incident beams. This process could be used as a means of time-
and space-resolved diagnostics since it yields two relations between the density, the tem-
peratures, and the magnetic field. Explicit formulas are given for the case of two beams
in the ordinary mode producing a lower hybrid wave.

When two beams of radiation, with w; and K, j
=1, 2, intersect within a plasma, they generate
in the interaction volume a second-order polari-
zation which emits a new wave, provided that w,
=w,*w, and k, =k, +k, satisfy the dispersion re-
lation A(w,, k,)=0 of this wave. In this case,
power is transferred from the primary beams to
the new beam according to the Manley-Rowe' re-
lations

6P, +0P,=P,,

(assuming w,> w,>0). This process can in prin-
ciple be used as the basis of a new method of
plasma diagnostics. In order to implement this
method one of the incident beams should be fre-
quency-modulated over a range that covers the
resonance A(wg, K,)=0. The emerging beams
will then be amplitude-modulated, allowing syn-

chronous detection. Thus one determines w, and
K, which satisfy A =0, which establishes a first
relation between the density, the temperatures,
and the magnetic field within the small volume
defined by the intersection of the primary beams.
The theory also gives explicitly the power P, in
the form

P0=A{(M)P1P2/P*,
where M(p) is a resonance factor, taking its
maximum when the mismatch p vanishes. Thus
the measurement of the amplitude modulation
(that is, of 8P) of one of the emerging beams
yields a second relation among the plasma pa-
rameters.

The characteristic power P* gives a measure
of the minimum power required to observe this
process. Let (6P,/P,).;, be the smallest detect-
able modulation, then one must have

P 2&P*<&> .
z w, Pl min
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