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A review of results from the HBTX reversed field pinch*
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The series of experiments carried out in recent years on the HBTX reversed field pinch
[Plasma Phys. Controlled Fusion 30, 843 (1988)] have highlighted the importance of
minimizing the flux that penetrates the plasma-wall boundary. This flux penetration, whether
from equilibrium field errors, the presence of limiters, or plasma magnetic activity from

the growth of thin shell modes, leads to an increase in the loop voltage. The magnitude of
this increase can be understood in terms of magnetic helicity balance. Feedback

stabilization of the (m,n) = (1,2) thin shell mode has been successfully demonstrated,
though with little effect on global plasma properties. A new design is being developed for
HBTX aimed at minimizing the flux that can penetrate the' first wall.

I. INTRODUCTION

Throughout the 1980s experiments have been carried
out at Culham on the HBTX device!™ (major radius = 0.8
m, minor radius = 0.26 m) to study the physics of reversed
field pinch (RFP) plasmas. This device has gone through
a series of modifications, first with a thick, conducting shell
{wall time constant for vertical field penetration, 7, = 80
msec) in HBTX1A! and HBTX1B? and subsequently with
thin resistive shells in HBTX1C? (r,, = 0.5 and 5.5 msec).

In the thick shell experiments, the primary aim in
these modifications was to reduce the equilibrium field er-
rors with reductions in toroidal field ripple, reductions in
field errors at ports and shell gaps, and centering of the
plasma with a dc vertical field. The presence of fixed lim-
iters in HBTX1B was also identified as a source of field
errors and experiments were performed before and after
their removal. With each reduction in field error the con-
finement of the RFP plasma improved. This is discussed
further in Sec. I

In the thin shell experiments®* the aim was to study
the stability of RFP plasmas with a resistive wall and to
exploit the potential of feedback techniques afforded by the
short field penetration times of the shell. These experi-
ments are discussed in Sec. III.

As a final phase to the HBTX program, a new first wall
and smooth close-fitting shell design is being developed® to
optimize the confinement of RFP plasmas. The thinking
behind this approach is presented in Sec. IV.

il. EXPERIMENTS WITH A THICK SHELL

In Fig. 1, the measured loop voltage is plotted for a
variety of conditions in HBTX1A and HBTXI1B, which
were operated with thick shells. The parameter plotted on
the horizontal axis, the displacement, represents the max-
imum penetration of field errors into the RFP plasma be-
yond the vacuum vessel. It includes contributions not only
from field ripple and plasma displacements with vertical
magnetic fields (B,) of varying strength, but also from

*Paper 314, Bull. Am. Phys. Soc. 34, 1960 (1989).
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limiters and other obstructions inserted into the plasma
volume. Assuming toroidal symmetry, the displacement
can be linearly related either to an equivalent scrape-off
volume or to the total flux penetrating the plasma-wall
boundary. The data were collected at similar plasma cur-
rents (14, =200+ 50 kA) and have similar values of cen-
tral electron temperature (7, = 300 % 100 eV). The
Spitzer loop voltage, calculated using helicity balance,® is
12+5 V for all cases apart from the “rail limiter” data,
where it is ~25 V. The measured loop voltage is thus
observed to be greater than the Spitzer value in all cases. It
also appears to be linearly related to the magnitude of the
field error.

The poloidal beta (B,) is almost constant in these
data.? Hence the energy confinement time (7g) is inversely
related to the loop voltage (V) and to the magnitude of
the field error (rzx ol /V ).

Models”® based on the conservation of magnetic helic-
ity were developed to account for the additional, or “non-
Spitzer” component (AV) in the measured loop voltage
on HBTX. These models suggest that the observed loop
voltage can be represented in the form

Vo=AV,+1,0, (1

where . is the classical or Spitzer resistance. The en-
hanced helicity dissipation that contributes to AV, occurs
either in the edge plasma volume’ or at an electrostatic
boundary sheath® where the flux intercepts the first wall. In
the sheath model the non-Spitzer component of loop volt-
age follows directly from helicity balance and is given by

xB-ds

AV,= T @

wall

where y is the difference in potential between the point of

entry and exit of a field line at the plasma—wall boundary

and @ is the toroidal flux. The value of y, using plasma
sheath theory, can be related to the local value of T..

These models successfully predicted the fall in loop

voltage with the removal of fixed limiters from HBTX1B.?
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FIG. 1. The measured loop voltage plotted as a function of plasma dis-
placement resulting from field errors or limiter insertion for various op-
erating conditions of HBTX1A and HBTX1B.

For centered plasmas the value of AV, fell from ~20 V
before limiter removal to ~ 10 V after removal. The value
of 10V, after the removal of limiters, is believed to be made
up of contributions, partly from residual field errors at
ports and shell gaps, partly from the bellows structure of
the first wall, and partly from flux penetration by plasma
generated radial field fluctuations. This aspect is discussed
further in Sec. IV.

The helicity balance models combined with calcula-
tions of Spitzer resistivity provide a reasonable account of
the loop voltage for all RFP operating conditions of HBTX
with a thick conducting shell.

Nonclassical contributions by kinetic effects,”'® based
on the concept of momentum transport by long mean-free-
path (collisionless) electrons, may also be important. Hot
electrons (comparable to central electron temperatures)
have been observed in the HBTX edge plasma flowing in
the direction of the local magnetic field and a power flux
asymmetry in the electron-to-ion drift directions of ~ 3:1 is
observed in the plasma edge region.!!

Ions are heated more rapidly and to temperatures
higher than can be explained by equipartition with the
electrons. On HBTX, the ratio of ion-to-electron tempera-
ture increases with A¥,. To explain these effects a model
has been developed that attributes the power associated
with AV, I, to ion heating.!?

1. EXPERIMENTS WITH A THIN CONDUCTING
SHELL

A. Plasma stability

A thin (resistive) conducting shell was installed in
HBTXIC in order to investigate the stability and confine-
ment properties of RFP plasmas whose duration exceeds
the time constant of the shell. The shell (time constant
7, = 0.5 msec) was installed around the same bellows vac-
uum vessel as HBTX1B and at a similar distance from the
plasma surface (1.15 times the minor radius ). Magneto-
hydrodynamic (MHD) stability calculations'*"* pointed
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FIG. 2. Amplitude of the (m,n) = (1,2) external kink mode measured
outside the secondary shell for three values of (®): 1.6 (low), 1.9 (me-
dium), and 2.2 (high).

to the growth on the shell time scale of unstable (m =1)
modes that would mode lock to the wall. On-axis or inter-
nally resonant modes were predicted to dominate at low
values of the pinch parameter (®) and externally nonres-
onant modes [the (m,n) = (1,2), in particular] would
dominate at high @ (see below). All these features were
observed in the data of HBTX1C.? Typically, the normal-
ized growth rate of these modes was y7, = 0.3+0.1. They
tended to have similar growth rates, suggesting the possi-
bility of nonlinear coupling between the modes. The
plasma terminated in < 10 shell times (i.e., pulse lengths
were limited to <5 msec).

Large radial fields, up to 50 G, were observed outside
the windings system (at a radius of 1.6a). Subsequent anal-
ysis showed a strong correlation between the growth of the
(m,n) = (1,2) mode and plasma duration. These studies
prompted us to install a secondary shell of 0.5 mm of
copper (7,=S5.5 msec) at this position in order to sup-
press the growth of the (1,2) mode, in particular. Linear
MHD calculations show that since this shell is far from the
plasma surface it would preferentially suppress the growth
of long-wavelength, low-n modes. It was hoped that non-
linear coupling between the modes would suppress the
growth of all » modes. Experimentally, this was largely
borne out. Pulse lengths doubled to ~ 10 msec, the loop
voltage fell (see Sec. III C) and the growth rate of all
dominant m = 1 modes fell* by a factor of > 2.

Figure 2 illustrates the dependence on ® of the growth
in amplitude of the (m,n) = (1,2) external kink mode,'¢ as
detected by helical coils outside the secondary shell. As
predicted by linear MHD theory the growth rate of this
mode does indeed increase with ®, with termination oc-
curring when the amplitude is ~10 G at the secondary
shell (corresponding to ~50 G at the plasma surface).

B. Feedback stabilization

Feedback control of the plasma horizontal position
was implemented using semiconductor switches, gate turn-
off thyristors, to alter the way current is shared by the
parallel-connected field windings.!” With the switches ac-
tivated, the plasma is given a horizontal velocity in the
desired direction of 1 mm/msec. Implementation of this

B. Alper 1339
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FIG. '3. Schematic drawing illustrating how the (m,n) = (1,2) mode de-
tection signal is composed of the sum and difference of poloidal field coils
(4yy..-sDg).

system allowed control of the horizontal displacement of
the flux surface at the wall to within +1 mm, compared to
£ 3 mm for the best achieved passively.

This circuitry was adapted to drive currents in two
helically wound coils outside the secondary shell in order
to control the growth of the (m,n) = (1,2) external kink
mode.* The amplitude of this mode was detected by arrays
of pairs of pickup coils that measure the difference in po-
loidal field between opposite pairs of coils just outside the
vacuum vessel (see Fig. 3). The signal amplitude is derived
from the sum of signals from eight nearly equally spaced
toroidal locations. Two such signals labeled sine and co-
sine, 90° out of phase, are generated. When the sine/cosine
signals exceed a preset value (of ~ 18 G) current in one of
the helical coils of the correct phase and polarity is acti-
vated to suppress its growth. The strength of this signal is
~10 G at the pickup coils and ~7 G on axis. [As dis-
cussed in Sec. III A the (m,n) = (1,2) mode grows on
average to ~50 G at the pickup coils at termination.] Fig-
ure 4 shows the sine/cosine signals when the feedback is
activated. The bars and arrows show the time and polarity
of the feedback signals. The amplitude of this mode is

COSINE

Gauss

50

|
i

g

AHPLIT‘UDE

;
F
7

o o led

TIME {ms)

FIG. 4. Example of the effect of feedback on both phases of the
(m,n) = (1,2) mode. The bars and arrows depict, respectively, the time
when activated and the sign of the feedback signal.
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suppressed to <20 G throughout the discharge. However,
although the amplitude of this mode with feedback is on
average < 50% of its final value without feedback, no im-
provement in global plasma confinement was detected. A
more detailed study of the effect of this feedback on the
growth of all m = 1 modes is in progress. MHD consider-
ations suggest that a greater improvement in plasma sta-
bility would arise from the suppression of the growth of the
internal “dynamo” modes (n = — 5 to — 7). Although
from our experience this seems technically possible, it was
not practicable to implement on the existing HBTX1C
configuration.

C. Loop voltage studies

In thin shell operation, a typical value of the loop volt-
age to sustain a constant current was ~65 V, of which
~15 V can be accounted for classically. This implies a
non-Spitzer contribution A¥,, of about 50 V. After instal-
lation of the secondary shell, the corresponding values
were ~50 V applied, of which ~ 10 V is classical, which
implies a value of ~40 V for AV, It is nontrivial to test
whether the helicity balance models can account for these
values of AV, Considering Eq. (2), to calculate the mag-
nitude of AV, requires sufficient information to carry out
the flux integral over the whole first wall. With equilibrium
field errors or obstacles in the plasma volume this is
straightforward. To carry out the corresponding integral
when the flux penetration is from unstable magnetic modes
requires either complete coverage of the first wall with
radial-field search coils or a complete analysis of the
growth of modes for all m,n values. As an approximation
to the latter, discharges, both before and after installation
of the secondary shell, were selected that had clear m =1
dominant mode activity. Using these m = 1 mode ampli-
tudes, the integral in Eq. (2) was performed'® at one in-
stant during the current flat top. Values of AV, obtained
were 49 V for thin shell only operation and 32 V for sec-
ondary shell operation—in broad agreement with the val-
ues quoted above.

An analysis of the time dependence of AV, during a
discharge was carried out for a set of discharges during
operation with the secondary shell. The value of this non-
Spitzer component was found to rise from 35 V at 2.5 msec
into the discharge to 50 V at 4.5 msec, i.e., a growth rate of
~7.5 V/msec. (In thick shell operation the data were con-
sistent with a constant value of A Vw’) This growth in A Vq,
is expected from the growth of thin shell modes through
the discharge and the consequent increase of flux penetrat-
ing the first wall with time. It may also provide the reason
for early termination of discharges as the applied loop volt-
age rapidly becomes inadequate to sustain the current and
maintain reversal.

IV. ADVANCED FIRST WALL DESIGN

A new assembly structure’ is being developed for
HBTX with the primary aim of minimizing the value of
AV, To do this, the intention is to have a smooth con-
ducting shell as close to the plasma surface as possible. By

B. Alper 1340
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FIG. 5. Ratio of perpendicular to parallel fluctuating edge magnetic fields
versus frequency for various wall structures. (a) Bellows and thick shell
(HBTX1B), (b) Bellows and thin shell (HBTX1C), (c¢) 2 mm copper
shell, 2 mm gap, 3 mm smooth graphite, and (d) 2 mm copper shell only.

doing this, not only will flux penetration from equilibrium
field errors and thin shell modes be suppressed but also
from the higher frequency fluctuating radial fields gener-
ated by plasma activity. Figure 5 illustrates the dependence
of the ratio of perpendicular to parallel fluctuating mag-
netic fields on frequency. The calculations are performed
for various wall configurations taking a wavelength of 0.5
m (corresponding to n~ 10 in HBTX). In the figure, (a)
represents the thick shell configuration (HBTXI1B), (b)
represents the thin shell configuration (HBTXI1C), (c)
represents a smooth copper shell (2 mm thick) separated
from the plasma by 2 mm vacuum and 3 mm of graphite,
and (d) represents the smooth copper shell at the plasma
surface. Although option (d) is obviously the best at sup-
pressing the radial field fluctuations, (c) is the practical
solution for reasons of gap protection and impurity con-
trol. Option (c) provides ~sixfold reduction in the fluc-
tuating radial field over the frequencies dominant in
HBTX (i.e., 1-20 kHz). It is estimated, that this will re-
duce the value of AV, by ~5 V, to be compared with the
minimum value achieved on an HBTX1B of ~10 V.

V. SUMMARY

The experiments on HBTX have highlighted the im-
portance of minimizing the flux that can penetrate the
plasma wall boundary. The loop voltage is found to in-
crease proportionally with this flux that can arise from
equilibrium field errors, from limiters in the plasma and
from plasma activity. Helicity balance models provide a
framework to understand this phenomenon.

Operation with a resistive shell leads to the growth of
magnetic modes that generate a time-dependent flux pen-
etration of the wall. This leads to an increasing loop volt-
age required to sustain the discharge and to early termina-

1341 Phys. Fluids B, Vol. 2, No. 6, June 1990

tion. Feedback stabilization of plasma position and of the
(m,n) = (1,2) thin shell mode have been successfully dem-
onstrated.

A new first wall design is being developed for HBTX
that will reduce sixfold the flux that penetrates the first
wall from fluctuating magnetic fields and consequently
minimize the loop voltage needed to sustain the RFP dis-
charges.
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