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Abstract
Drift surface geometry and the trapped particle fraction in the H-1NF heliac are

investigated, using cold ion orbits to trace out the surfaces. In the absence of electric
fields, the drift surfaces of the helically trapped orbits are unclosed, but when elec-
tric fields of thermal magnitude are present the helically trapped drift surfaces are
effectively closed. The drift surface geometries are used to suggest an ECH heating
configuration which may have improved heating efficiency.

A simple, quantitative method of classifying the geometrically different subclasses
of trapped orbit is presented. It is used to show the effect of radial electric fields on
the trapped particle populations.
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1 Drift orbits

The H-1NF Heliac [1] is a high rotational transform, low shear, low aspect ratio device,
which has multiple wells and saddles in the field strength on each flux surface, and a
rich collection of subclasses of trapped orbit.

We calculate drift orbits in H-1NF using the equations of motion due to Boozer [2],
in a background model magnetic field which was calculated by a vacuum run of the
VMEC equilibrium code [3]. To simplify the construction of the empirical orbit class
signature described below, we removed the toroidal field coil ripple (Bt{c/Bo ~ 1.5%
at the plasma edge, r — ap).

Figure 1 shows some drift orbits, plotted in a covering space in Boozer coordinates.
The grey (white) regions in the background are where the particles drift toward (away
from) the magnetic axis. The contours represent the magnetic field strength at r =
flp/2: the long diagonal extrema are field maxima close to the central ring conductor,
while the pairs of rounded, adjacent extrema are wells in B on the outboard side of
the device. The thick dashed line is a magnetic field line. Each of the orbits shown has
the same kinetic energy, /Q = 100 eV, and the average magnetic field is 1 tesla. The
four orbits shown are examples of the four main types of trapped orbit in the standard
configuration of H-1NF. The orbit labelled A is deeply trapped, and the B orbit is
helically trapped, bouncing between the ring conductor maxima. The orbits labelled
C and D are the closest analogues to the trapped particle orbits in tokamaks; they are
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Figure 1: The position of several bounce orbits in the H-1NF magnetic field.
Typical contours of \B\ are shown in the background. The grey regions are
where the radial drift is inward, and the dashed line is a magnetic field line.

almost closed in the radial direction because they sample regions with differing signs
of the radial drift.

We use each of these orbits to identify a trapping class, labelled A, B, etc, which
is denned by the part of the ripple in which they are trapped. This class is an in-
stantaneous quality, since particles with a drifting banana center commonly experience
collisionless transitions between trapping states. When the Bt{c component of the field
is ignored, we find that the class A orbits always have one maximum in the parallel
kinetic energy (one minimum in B) between bounce points. Similarly, the class B
(helically trapped) orbits have two maxima in K,\\ between each bounce point, and the
toroidally trapped orbits also have a characteristic number of maxima, N^ in /Cy .be-
tween bounce points. The correlation between the orbit class and the associated values
of N/cn is given in table 1.

Class
A
B
C
D
E

1
2
3
5
7

or
or
or

4
6
8

Table 1: Number of maxima in parallel kinetic energy per bounce section for the
orbit classes.
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Figure 2: Phase space scan at 4> = 0 and with zero electric field, for the H-1NF
standard configuration. In each plot, fi = BOfi/£ is constant, taking the values
ft = 1.05, 1.0, 0.95, and 0.9 (from left to right) in the top row, and fi = 0.85, 0.8,
0.75, and 0.70 in the bottom row.

2 Drift surfaces

In this paper, toroidal cross sections of drift surfaces are drawn by plotting the puncture
points of cold ion orbits where they cross through the planes of constant toroidal angle,

In Fig. 2 we plot drift surfaces in the cj> — 0 plane for several phase-space cross-
sections specified by a normalized magnetic moment, ft — nB0/S = 1.05, 1.0, 0.95, 0.9,
0.85, 0.8, 0.75 and 0.70, ranging from deeply trapped (fi = 1.05) to marginally trapped
(ft = 0.8) to passing (fi < 0.7). In each single graph, the total energy £ — fC\\ +/iB + eV
of each of the particle orbits is constant, and the potential, V, is zero. In the first five
of these plots, the blank regions are where the magnetic field is too strong for particles
with the given values of ft to exist. The orbits in the first three plots are helically
trapped (class B orbits), which begin at the top of the figure, and move in a downward
direction on the plots. The type-C toroidally trapped orbits first appear in the fourth
(ft = 0.9) plot, and tend to dominate in the fifth (ft = 0.85) plot. The concentric orbits
in the last four plots are passing orbits. Other types of toroidally trapped orbits (class
D, E, etc) appear between the passing and the type C orbits in the fi — 0.85 and ft = 0.8
cross sections. In this magnetic configuration, there are no closed superbananas in the
conventional sense, and confinement of helically trapped particles is very poor when
the electric field is small.

The zero ET results are significant in H-1NF, because experiments show that the
electric field takes some time to become established, and within the first 3ms of a
discharge, it may be effectively zero [4]. Also, high energy particles are less effected
by the electric field, so the first four plots will closely represent the drift surfaces of
electrons which have been heated by Electron Cyclotron Heating (which excites the
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Figure 3: Toroidal cross sections of /;, = 0.9 drift surfaces in real coordinates,
for the standard configuration, at (left) <j> = TT/3, (middle) </> = TT/6, and (right)
d> = 0.

perpendicular velocity, vj_). An examination of figure 2 reveals that there may be two
distinct efficiency regimes for ECH heating in H-1NF. For example, by controlling the
field strength and the positioning of mirrors which direct the gyrotron radiation, the
ECH resonance layer could be positioned at point 1 or point 2 in figure 2. If it were at
point 1. then electron pumping (of the high-w^ electrons) would take place along the
type B drift surfaces, but, if it were at point 2, then electron losses would be diminished
by two processes: by "bouncing" against the magnetic hill (as in the fi = 0.95 cross
section) and by collisionless detrapping into the toroidally trapped state (as in the
fi — 0.9 cross section). We therefore predict improved ECH heating efficiency, when
the resonant layer is positioned at point 2.

Plotting the fi = 0.9 surfaces in real coordinates, at the 4> — 0, TT/6, 7T/3, and 5TT/6

planes (i.e. at four quarters of one field period) we arrive at Fig. 3.

3 Finite electric fields
To examine the impact of the radial electric field on the trapped particle population,
we present in figure 4 the fi = 0.9 drift surfaces, in the presence of 5 electric fields
specified by

V = V0{0.25-r2/a2
p), (1)

and Vo = — 1, -0.2, - 0 . 1 , 0, 0.1, 0.2, and 1. This potential profile was chosen so that, at
r = ap/2, it is possible to distinguish between the effect of the electric field on the drift
surface geometry (due to poloidal rotation) and the effect of electrostatic detrapping.

In the electron root (Vo > 0 so Er > 0), outward motion in the radial direction
will be curtailed by a transition to the passing state, and inward motion is prevented
by energy exclusion. In the ion root (Vo < 0 so Er < 0), the situation is reversed;
inward radial motion is limited by transitions to the passing state, and outward radial
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Figure 4: Electric field scan at <p — 0, for the jj, = 0.9 section of phase space,
in the H-1NF standard configuration. The kinetic energy is the same at ap/2 in
each plot. Black rings concentric with the plasma radius are passing orbits. All
others are trapped orbits.

motion is prevented by electrostatic confinement. This is consistent with the results of
Refs. [5, 6].

4 Orbit populations

In this section we use the value of A^ to study the trapped particle fractions due to
the various orbit classes. We study the distribution of orbits on a flux surface using
the assumption of an isotropic velocity distribution. For this purpose, 106 particle
orbits were initialised uniformly through (9, </>, v\\/v) space at half the plasma radius in
the standard configuration. The orbits were propagated both forward and backward
in time to their first bounce points and A^ was recorded for each. The resulting
populations, shown in figure 5, show that at T; = 100 eV and Vo = 0, approximately
60%, 5%, 15%, and 20% of orbits are in the passing, locally trapped (A), helically
trapped (B), and toroidally trapped (C and so on) classes respectively. Therefore the
total trapped particle fraction, at half the plasma radius and in the absence of electric
fields, is about 40% in the H-1NF standard configuration.

The N)c,. orbit classification method could be used to determine the collisionless
detrapping probabilities required [7] to analytically model transport due to collisionless
trapping and detrapping in the long mean free path regime. Als,o, while it is widely
known that E r improves the topology of helically trapped orbits, we have shown here
that it also reduces their numbers relative to the toroidally trapped orbits.

A more detailed treatment of drift orbits in H-1NF can be found in Ref. [8].

- 1 6 7 -



o.?o

o.co

o.?o r

•' 0.10

(B)

0.20T

- 4 - ? 0

Figure 5: Fractions of the total particle population occupied by the four main
classes of trapped orbit (A, B, C, and D) as a function of electric field. Four cases
are shown for each orbit class, corresponding to the temperatures leV (thickest
lines,) lOeV, lOOeV, and lOOOeV (thinnest lines.)
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