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ABSTRACT. Orbits are considered in conventional stellarators (i.e. with helical coils) using Boozer ctesrdiha
Advanced Toroidal Facility (ATF) in Oak Ridge, Tessee, will be used as an examplgttmly the effects of its configurational
flexibility on orbit topology. Itis shown that the symplectic integration technique yields superior results for single particle orbits.
These orbits will be compared with predictions usinglthmvariant.J* conservation allows examination and understanding
of the global stellarator topology, both with and without radial electric fields.

1. INTRODUCTION

The inherently three dimensional nature of stellarators
causes a wideariety of orbits to occur in these devices.
Knowledge of single particle confinement igjueed to

2. SINGLE PARTICLE ORBITS

The advantages of using Boozer co-ordinates [4—6] are
well known. Knowledge of thEourier spectrum oBj, and
other surface quantities (the rotational transfafnthe

assess confinement and alpha heating. However, in conventoroidal current within a flux surfadethe poloidal current

tional stellarators such #ése Advanced oroidal Facility
(ATF) torsatron, radial electric fields can have a dramatic
effect on orbits with energies on the order of the radial
potential. The effect of electric fields is larger in stellarators
than in tokamaks because tpeloidal drift of hdically
trapped particles is much slower, thus allowingEheB
drift time to have an effect. Convelgghe ‘banana width’
in a stellarator (the bowe in the helical well) imuch
smaller than in a tokamak lacse the distance between the
bounces is only ~TRy/N, whereR; is the major radius of
the device anill is the number of field periods.

The situation can be somewhat different for stellarators

outside a flux surfacg) suffice to specify completely the
orbit topology within the last closed flux surfadeCFS).
We will alsouse Boozer'squations of motion [4, 6].

In this paper, the Boozer co-ordinates are calculated
using the output of the VMEC free boundaguilibrium
code [7]. Three real ATF equilibrium configurations were
used to test the effect of the flexibility of the ATF vertical
field coil set [8]. The cases acalledstandard oblateand
prolateto reflect the variation of the poloidal crossigm
from the normal (standard) case. The parameters and coil
currents for these cases are more fadlgcibed in Table I.

One of our goals will be to see how changing the shape of

that are not based upon helical coils, such as the Heliasthe plasma affectsrbit topology.

devices invented at the aM-Planck-Institut fur Plas-
maphysikin Garching [1]. In prindg, theorbits in a Helias
can achieve an effective helical symmetry (become quasi-
helical). In this circumstance, theRlvariation in the mag-
netic field due tdoroidal effets becomes very small. As a
result, the orbit deviation from a flux surface is restyand
most of the effects discussed in this paper do not apply.
Itis the aim of this paper to show that by usimgration
of the second adiabatic invariadt, introduced by Cary,
Hedrick and Tolliver [2], we can quickly and easily deter-
mine the topology of all orbits in conventional stellarators
for a given magnetic configuration. Sbhow that’* yields
the correct answer, we will start by examining simglei-
cle orbits and theirelation taJ* = const.contours. Then we
will follow in the spirit of the tokamak topology study by
Rome and Pen[@] in an attempt to give an overview of all
possible orbits given only theguilibrium configuration.

TABLE I. ATF EQUILIBRIUM REFERENCE CASES

Parameter Standard Oblate Prolate
Helical-coill
current (kA) -823.9 -826.7 -828.8
Outer trim/
helicalcurrent -8.90x 1072 -4.4x1072 -1.2x107%
ratio
Inner trim/
helicalcurrent 1.26x 107% 2.36x 107% 5.33x 10 2
ratio
Mid trim/
helicalcurrent —-4.06x107* -1.33x107Y 1.33x107!
ratio
Y(r/a=1) -0.215 -0.215 0.211
Bt (T) 0.942 0.945 0.947
+ (r/7a=1) 0.99 0.96 0.97
beta (%) 0.481 0.386 0.421
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FIG. 1. The sameollisionless orbit inATF was inégrated by two different methods, fourth order Runge—Kutta giedt)Cary’s second
order symplectic method (righfhe time step in the Runge—Kutta method was hailvtidhe number of evalations of the righhand
side of the equations was greater than that of the symplectic method. The Runge—Iguttimirgleows a monotonic reduction in the
particle’s energy, which is caused by a reductiowyix that causes the orbit to become trapped. On the bred, with the symplectic
integrator, the energy varies periadily along the orbit, but there is no long-term degradation. The magnitude of tloslipehange

in the energy is proportional to the time step.

The numerical techniques used dobit integration de- method actually uses a smaller time step and more function
serve some discussion. In recent years, the technique ofevaluations, the resultirscorrect. Smaller time steps, vari-
symplectic integratiohas beenntroduced to plasma phys-  able time steps, and subtraction of the error in each step
ics by Cary [9], whose secord-order symplectic integrator could all be used to improve the short term accuracy of
we will use. The basis for Symplectic integration is to find conventional methods. But over lotigpe-ales, the sym-

a way such that tHeamiltonian equations of motionattime  plectic method will always yield a better result.

t + &t are a canonical tnaformation of the equations at time The symplectic method does have some drawbacks. It
t. The integrator is the generating function of this transfor- must use a fixed time step since it relies upon the error in
mation. As aresult, all of the Poincaré invariants are exactly the method to cancel itself periodically. Changingtitne
conserved (to machine accuracy). step makes the methadn-symplectic. In addition, it is an

When comparing orbits integrated using symplectic in- implicit method, so it requires a fast method for inverting
tegration with orbits integrated using other techegye.g., the rhs. Cary also has developddurth order symplectic
Runge—Kutta, ODE, Wirisch-Stoer), thesymplectic method for the guiding centre equations but, in general, it
method will always be more accurate over the long term seems to give worse results than the much simpler second
because all of the other methods have monotonic changerder method.
in the energy of collisionless orbitsigure 1 Bows a
comparison of the sanoebit integrated using the symplec-
tic method and the fourth order Runge—Kautta (R¥€thod
with the time step halvadhtil the number of right hand side In Boozer co-ordinas, thetoroidal canonical angular
(rhs) evaluations are about the same. Although the RK momentum is

3. THEJ* ADIABATIC INVARIANT
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FIG. 2.J* (thick) and Bmin (thin) contours for the case corre-
sponding to Fig. 3. The grid points markedxbgre in a region

whereBmin > Biip and is therefore inaessible to these orbits.
The edge ohisregion is théBmin contour that corresponds to the
orbitsshown in Fig. 3Most of thel* contours intersect the LCFS
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ORBIT TOPOLOGY IN CONVENTIONAL STELLARATORS

Py = e [aW)pe— Wyl (1)
wherep, = mv”/eB and the parallel velocity is given by
2]
[P O
Vi=x g (E-uB-ed)g (2
I En 5

Here,e, mandE are the charge, mass and total energy of
the particlep is the toroidal f|UXL|Jp is the poloidal flux,

K is the magnetic momen®, is the radial potentialB is

the magnitude of the magnetic field arrps the parallel
velocity.

The usual adiabatic invariahts defined as the integral
of Py along the trapped orbit bedenturning points (places
wherey) = 0).J* applies to trapped aimtrapped particles
and is defined as the integral over a field period along a
Y =const, 6 =const line. The integration is only carried
out for the portion of the field period thrﬁez 0.8 isthe
poloidal angle in Boozer co-ordinates [2]. The result of the
integration is
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FIG. 3. Orbits withJ* = 0 approximatelyfollow contours 0Bmin independent of mass, charge and energy. On the left is a 350 eV
proton orbitand on theight a 35 keV gdhaorbit. The 'entre’ of the alpha orbitis the same as the low energy proton orbit. However,
sinceJ* is only an adiabatic invariant, the tl orbit will wobble about th&* contour, and this wobble gets larger with energy.
Because the Boozer co-ordinate representation ofthe ATF magnetic field stops at the LCFS, the integratiphabthé & stopped
when it reaches the LCFS. However, indbtial machine, orbits can extend well past t@&85 wthout hitting the wallFor the ATF
configuration,v) > O corresponds to the coumteirculating portion of the orbit.
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2n helicall d
J* (lIJ, 9) :J‘ g(l.|JB)d¢ MV”| - o'l |e N l]Jp (3) j;ounter elically trappe
.6 =const

N is the number of field periods, is the sign ofy;, for
locally untrapped particles am]il = 0 for locally trapped
particles. By locally trapped, we mean tiaat O along the
line of integration. For convemee, we have attached the
+ sign on the second term adlididedJ* by two for trapped s
particles.

For locally trapped particles, tsecond term of Eq. (3)
cancels since the integral must be taken along both halves
of the orbit. In this case, and in the limit of small rotational
transform per periodJ* reduces to the usual adiabatic
invariant,J. For deeply trapped particleq;r 0, and the* Fig. _4. Surfaces of the three sheets]’obs a function_ of the
= const.contours lie along;, contours. poloidal angleand normalizedadius (). Each suiace is only

. . defined over part of the-0 plane.
Bmin contours are often used for quick evaluation of
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stellarator configurations, so they are worth exploring in pgicany trapped B oo i, Jirap Pmclit:n/:::

some detail. To calculate tig,;, contours, a grid of lines . N \\\\ _

is selected to cover the poloidal ssesectionThe mini- Bmin contour o N\ frapping boundary
mum value oB is found in a field period, keeping and co /Q N T

0 constant. A contour plot of these values yields the orbitsinside a e SN N

of the most deeply helically trapped particles. Since it is”2"2"

[ \
thought that these orbits have the biggest excursion from a [ !
flux surface, the ratio of the area of the largest contained RN |\

Bmin contour to the area of the LCFS isn@asure of the

goodness of the particle containment of the configuration. \
If this ratio approaches 1, the orbits are said to be ‘om- -

nigeneous’ [10]. For the oblate configuration in ATF (Fi@ﬁﬂ’i‘é’f&fﬁ?&?ﬂ"g

barely untrapped
/ co-circulating orbit

2), the area of close,,;, contours is maximized which orbit
would imply better orbit confinement for deeply trapped Energy = 5000 eV; Bip=1.03T; ®=0
orbits.

o ] _ _ Fig. 5. Level contours of the surfaces of Figldtted in polar
A more surprising fact is that since these orbits are co-ordinates. Because the functions stop at the tragpinmd-

independent of anything other than the topologs,dhey ary, the contour plotter is unable to get all the way to the

are independent ahass, charge and energy. Thus, if a bounqlary. The_ bold-faced labels are attached to the three pieces

trapped ion orbit is contained at low energies, in principle, °f @ Single orbit.

an alpha particle orbit will also be contained at high ener- IBl at r/a = 0.65

gies. Howeverhigher energy particles traverse these orbits

much more rapidly since thrifts areproportional to the

particle energy. An example of this phenomenon is shown

in Fig. 3. As explained in the caption, ATF atafieldof 1 T

is not designed to hold alpha particles at 3.5 MeV, but the

35 keV orbit that is shown illustres theprinciple that

deeply trapped orbits approximately foll@jy,;, contours.
Figure 2 shows thg* contours that correspond to the

orbits of Fig. 3. The thinner lines are MBg;, contours for

this case. Because thelsecontours are drawn fall orbits

with Byp = E/p = 0.811, any region of the @e-&ction

with Bin > Byjp (Shown byxs on the grid points) is forbid- Fig. 6. The magnetic field strength plot on a flux surface for the

den to this set of orbits. Only or¥ contour for this value prolate ATF onfiguration. In contrast to the other two configu-

of Btip can correspond toB,, contour, anthat is the one rations, two maxima oBJ| occur halfway down the field period

) i instead of a singlemaximum atp = 0. These maximum can trap
at the edge of thefbidden regionBp = Byjn. the orbits in an unexpectéatation.
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FIG. 7. A barely trapped co-orbit corresponding to dteplot of >
Fig. 5. In a stellaratosuch as ATF, the banana part of the orbit 2
. 0]
always eventually becomes helically trapped. Sl ‘ ‘ ‘ ‘ ‘
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In general, theJ* topology is more complicated than -1
shownin Fig. 3 because there may be regions of the plasm:
in which the orbits are not locally trapped. According to £
Eq. (3),J* for a given orbit will in general be constant for 0 ‘ ‘ ‘ ‘ ‘
. . . 0.223 0.445 0.668 0.891 wm
each phase of therbit (locally trapped, co-circulating, time (ms)

counter-circulating), but will undergo a jump when the
trapping boundary is crsed. If an dbitcrosses thetrapping ~ FIG. 8. Barely trapped inidilly counter-orbits corresponding to
boundary, the three pieceslf const.contours that meet theJ* plotofFig. 5. The initial value ofy/v is justslightly different

. : to illustrate that the orbitan follow all of the branches shown in
at the trapping boundary (on tleebit) must be used t©0 g 5 |n the lower case, the orbit became trapped on an inside

obtain the stire orbit. banana, which becomélically rapped at its next tip. In the
To understand some of tineore pathological orbit to-  upper case, the orbit missed the well at the top of the orbit and

pology that may be encountered in ATF, we consider the became hétally trapped when it reached the bottom. The
prolate configuration (Figs 4-6). Figure 4 showsttinee counter-orbits driftmuch more slowly than the oobit of Fig. 7.

J* surfaces corresponding to the three valuesopfof faced labels in Fig. 5) all meet at one point ortitagping

Eq. (3). The discontinuity (jump i#¥) occurs at the trap-  boundary, and it is easier to see the orbit. Phaidicular
ping boundary. Figure Shows level contours of the sur-  orbit is a transitional orbit that goes out past the LCFS and
faces in Fig. 4 plotted in polaro-ordinges. Since the is lost.

contour levels are arbitrary, it may be necessary to interpo-  The trapping boundary will always lie alon®a., =

late between adjacent contours of a given type to determineBy;, = const.contour. By, contours are calculated in the
the orbit on the other side of the trapping boundary. How- same way aB,,;, contoursusing the maximum value of
ever, in this case, the three pieces of one orbit (with bold |B| along eackp, 6 = const.line.) The barely trappeatbit
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will have itsJ* contour tangent to the trapping boundary.
Since this boundary may have a strange shhpely
trapped stellarator orbits do not always have tbﬁah: 0
point on the midplane of the stellarator. This isantcast

to the case of a tokamak.

orbit drift velocity
Vi 2
_II B 0
0= g L B g B (6)

HereBD is the coefficient of thEly portion of the magnetic

For example, in Fig. 5, co- and counter-circulating orbits field. We alsaequire expressions for the derivativegof

are contained near the centre of thempkd he two orbits

labelled ‘barely untrapped’ are just skimming over the tops

of the helical ripple wells. Orbits launched blig further

from the axis hit the trapping boundary near their top and
bottom, become trapped in the helical ripple well, and are

lost as is shown in Figs 7 and 8. For this valug;gf all of

these transitional orbits are lost. For the case of Fig. 5, a few
helically trapped orbits are confined near the inside edge,

and some circulating orbits are confined near the centre.
Notice that the centres of the two typesio€ulating

orbits are shifted significantly from the magnetic axis due N= F(JD, E, W
to the low (1 T) value of the magnetic field strength. Also,
in this case, none of the orbits shown are deeply trapped

since By, > By, everywhere; accordingly, they do not
follow B, contours. In a stellaratonsh as ATF, théhree
orbit classes (co-, counter-, and helicailgpped) often

occur in different physical locations, and the orbit traversal

time may differ greatly (Figs &nd 8), so the collisnality
may be different forach class as well.
For this prolate configuratiothe region of close8,;,

contours is smallest, so orbit confinement is expected to be

poor without a radial electric field. Weill leave theB;,
contours out of future plots to reduce clutter.

5. VOLUME ELEMENT INJ* SPACE

To determine the density of orbits & space, it is
necessary to calculate the volume element. The ugé of
as an invariant only makesrsse otime-scales that akeng
compared with the orbdrift time. Therefore, we assume
that the particle distribution functioR, is only a function
of the constants of motiok(J*, E, W).

The number of particles in the distribution function is
obtained by integrating over all of phase space,

2rdE du do Ig+*r I
me 2
P8
Y, 6=const

N =IF(JD, E, H) do (4)

The integral inp is taken over the regions whernais real.

For simplicity we assume thBt[I] x B =0, in which case

the guiding centre velocity may be written as
B, 1

=g *tg (PP ®)

Thebcomponentof Eq. (5) is eded to calculate thorerall

(theOrepresent an average ogar

AR b)
D——em CLIE (7)
0J g
=0 [ 8
In EqQ. (4), we must change variablesm ) to J*:
01"
2rng++l OE
dJ"dEdude 9
oy
The bounce averaged drift velocity is given by
d
I, EI]GDD:IBV” o 10
I ol

where the integrals aperformed at fixedp, 6. We have
made use of the fact that in Boozer co-ordinatesdiae -
dinate along the field ling, is given byx :IBdI. Using
Eqgs (7), (8), and (10) in Eqg. (9), we obtain

_ .0 2n do
N=FQ"E, b mzeIdJDdEdp v, CTOD (11)
or
N=FQ" E, p) 2;2[[0' [ dJ"tEdy (12)
e

T4 Is the drift time around thentire orbit.
Since the distribution function for a single particle must
be of the form
21
N=[ 37~ 3p) B(E - Ep) 3 - 1)) 45 HEdY
m-e

=1 (13)

the constant is given bym2e/2md, and we finally obtain

the desired expression for the single-particle distribution
function in this space

2
FOUE W= ;"T[Z 837~ 35 SE-Ep) S(u-po)  (14)
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FIG. 9 (First Part). Orbit topology for 5 keV protons in ATF with no radial electric field for the three configurations of Table I.

As expected, more particles aeguired to populate an
orbit with a larger to obtain a given density apaint
along the orbit in real space.

6.J* TOPOLOGY — NO ELECTRIC FIELD

Now that the topology a¥* space has beenxgained
and the closeorrespondence of the actugliding centre

orbits to theirJ* predictionshasbeewerified, itis instruc-
tive to display themtire orbit topology at given energy
for the threedifferent ATF equilibria in theabsence of
radial electric fields. Beause eacplot is parametrized by
the valueBy;, = E/l, By, ranges fronB,, the minimum
value ofBin the plasma, upward. Becausetthmlogy of
the circulating orbits is relatively independenBgf, it is
not necessary to go much abdg, the maximum value
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FIG. 9 (Second Part). Orbit topology for 5 keV protons in ATF with no raltiatre field for the iree configurations of Table I.

of B in the plasma, because in this regimepnait can The fact that, for all the configurations, almost all of

become trapped. Accordingly, all of the features of the the transitional orbits are lost (at an energy of 5 keV) is a

orbit topology for the ATF cases can be encountered in asource of concern for heating the plasma ions with tangen-

quite narrow range @, 0.9 <By, <1.2. Alower values tial neutral beam injection (NBI) or ion cyclotroadio-

of Biip: the entire region becomes forbidden, or else no frequency (ICRF) heating. Above the critical enefgy;(

helically trapped orbits are contained. At higher values of =14.8T,), the injected or heated ions transfer mosteif

Byip, all the orbits are circulating. energy to electrons. Belo®;, the ions rapidly pitch
The entire orbit topology for the three ATF configura- angle scatter and will be lost when they become trapped.

tions with no radial electric field is shown in Fig. 9. ICRF minority heating interacts witthe deeply trapped

According to the size of the last clogli, contour, the ions in the tail of the distribution function. The region of
best case should be the oblate configuration, angdist contained trapped ions is near the iredge of the plasma,
case should be the prolate configuration. This conclusion far from antennas placed in outer ports, making coupling
is reflected in the upper two rows of plots sinceBhg, difficult. Any perpendicular energy delivered to untrapped

contours surround the forbidden regions. In the oblate ions willcause them to becortrapped, and they will also
case, the forbidden regitvspulledaway from the inner hit the wall at the trappegassing trangon boundary.

wall, and there are more helically trapeblits contained. However, the situation changes when a radial electric
The middle three rows examine the behaviour of the tran- field is added.

sitional orbits. Only the oblate case has any significant

number of transitional orbits contained. The bottom row 7.J* TOPOLOGY — WITH ELECTRIC FIELD

shows mastly circulatingrbits. The counter-circulating

orbits have more of a tendency to either hit the wall orto  In general, stellarators and tokamaks have been shown
encounter the trapping boundary; co-circulating orbits are to operate with radial potentials that are on the order of the
better contained. plasma temperature. The ATF experiment is capable of
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498 contained inside the circulating orbits in the electron root

case. Since the deviation tbfe circulating orbits from a
flux surface is snmhthe loss region is mostly healed. The
ionroot case is more conventional: the forbidden region is
at the edge of the plasma, and the ionscargained

694.7 -

639.5

584 .4

529.3F

= electrostatically by it.

e The energy of a 1 keV ion is about twice the above
Far measuredotentials. Unfortunalg, as the energy is in-
364.0f electron root creased, there is inevitably a place where the poloidal
308.9f E x B velocity cancels out the slow poloidal precession of
—_— the helically trapped orbits, and resno@a occursvith
A resulting o!irect loss of particles. This situation is found in

' o T many devices (e.g., tii#mo Bumpy Torus) and depends
22781 - strongly on the shear in the electric field. The good con-
e sl finement of transitional orbits disappears by the time the

ol ion root energy reaches 3 keV, as shown in Figs 12 and 13.
o 8. IMPLICATIONS OF RESULTS
35|

‘;’ —61.2f ATF was designed to optimizZ&lHD properties to
—va.0f achieve stable entry into the second-stability regime, and
el not to minimize orbit losses. It was believed that the
Caael naturally occurring electric field would heal thess re-

gions for the particles in the thermal distribution fiowg
e as Fig. 11 shows, this assumption wasect.
TR005 07 02 03 04 05 06 07 08 09 10 The difficuty occurs when auxiliary heating is consid-
P ered. ATF hasthree types available: ECH, |IGRE NBI.
FIG. 10. Fits to the measurgubtential profiles in ATF under ECH works very well in ATF since the heated electrons
ECH heating (top) and NBI heatingdttom). rapidly transfer their energy to the bulk plasma. ddtf-

nately, ECH is quite expensive, and the plasma density is

measuring the potential over most of the plasma. A heavy- limited by the cut-off frequency.
ion beam probe diagnostic fronefesselaerdtytechnic Neutral beam injectors are aimed tangentially in ATF
Institute is used for the centre, and a reciprocating Lang- (co + counter). The fast (~45 keV) protons are born circu-
muir probe (in co-operation with the University of Texas, lating and are reasonably well contained in ATF. Above
Austin) at the edge. For this study, two experimental the critical energy (14.8,), the fast ions slow down on
potential profiles (Fig. 10) were measured by S. Aceto the plasma electrons without pitch angle scattering. How-
(R.P.1) [11] that havebeen smoothly continued to the ever, when pitch angle scattering starts to occur, the fast
centre of the plasmawo cases are used: in a low density jons must cross the large loss region atréqgped—passing
ECH-heated plasma, the potential acted to contain elec-boundary, and many of these ions are lost before they can
trons (electron rootland in an NBI-heated case, the po- transfer their energy directly to ions. Therefore, it is diffi-
tential acted to contain ions (ion root). The potentieds- cult to heat ions directly via NBI in ATF [13]. Atigh
ured in the NBI case has not been corrected for probableplasma densitiesn§ ~ 10 cmd), T is low and the
UV loadingerrors [12] ovngto the extremelyiinited NBI electron—ion coupling is high so that the beam energy can
operating time on ATF during 1991. be transferred to the ions via the electrons. But at moderate

Our ion orbit scans (Fig. 11) are performed at constant densities, ECH still cannot penetrate to the core of the
total energy, so if the electrostatic potential becomes too plasma, andthe beam energy is not well coupled to the ions
large, E — uB - e® will becomeless than zero, aratbits via the electrons, thus the ion temperature nesriaw.
(at the particular value d;,) will be forbidden. In the Minority ICRF heating in ATFlao presents mblems.
electronrootcase, the forbidden region occurs inthe centreThe minority ions form a tail in the perpendicular region
of the plasma; in the ion root case, it occurs near the edgeof velocity space, much of which isin the loss regkigg
The most deeply trapped orbit hugs the edge dbtiéd- 12 and 13). In addition, ICRF tends to increase the perpen-
den regionjust as inthe case with no electric fieldofd:- dicular energy of the heated ions, so they become more
ingly, the remarkable result is that the trappedtsrére  deeply trapped. Contained deeply trapped ions are never
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FIG. 11.Electron root (top)and ionroot
(bottom) orbits with an energy ok&V. An
electric field of either sign closes most of the
ion loss region iNATF povided that the
potential is on therder of the ion energy.
However, the mechanism for this healing is
quite different for the electron root (top se-
quence) and for the ion root (o se-
quence).

In the case of an electron root, the
potential acts to hold in electrorend to
push outions. Thus, the centragion of the
~080 T; Potential from data plasma is forbidden (the radial cross-
hatched spokes) sinEe- uB — e® < 0. But
just outside this region, the orbits are all
helically trapped and are conceitt with
the forbidden region. Thus, Btip = 1.5T,
somehelically rappedorbits are contaied.
AsBtip increases, the circulating orbits sur-
round the trapped @its and hold them in
like a girdle.

For the case of the ion root, the poten-
tial barrier is at the edge of thegdma for
small values oBtip. A small loss region
exists near the edge of the plaswignBiip
=1.2 T, butthen thieelically rappedorbits
are gone and only welbafined drculating
orbits are left.
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FIG. 12. Electron root orbits at 3 keV still
show a severe loss region at the trapped-—
passing boundary. FronBip =1.1-1.3 T,
almost all transitional orbits aréost. The
only exception occurs for the bizarre case
whenBtip = 1.2 T. Near theentre, there are

a few orbits with insidbananas andutside
bananas that are joined by helically trapped
sectionsand encircle the electrostatically
forbidden region in the cert And, almost
all of the helicallytapped (non-transitional
orbits) are in the loss region also.
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FIG. 13. lon root orbits at 3 keMso show

a severe loss region at the trapped—passing
boundary. All trangional orbits are lost.
The few containetlelically trapped orbits
are near thensideedge of the plasma.
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found at the outside edge of the plasma, magmgpling and canntercept the superthermal ions produced by NBI
to the ATF antenna (which is in an outside pongre or ICH. As a result, heating the ion distribution in ATF
difficult. from above is diffialt, and schemes that interact directly

Because ICH is a cheamd long-pulse heating tech-  with the bulk thermal distribution are preferred.
nology, itis of interest to try and evade the above problems.
One method is taisedirect electron heating which has

been successful on TFTR [14, 15]. Another is to try and ACKNOWLEDGEMENTS

find a mechanism for heating the bulk ions directly, per-

haps with ion Bernstein or lower hybrid wess, a sbject The author wishes to thadkhn Cary of the University
of some speculation, but littlescess. of Colorado, Boulder, fdnis ymplectic integrator, work

The ATF configuration is flexible, and there are con- onJ*, and useful advice. C. Lewis Hedrick of Oak Ridge
figurations that provide better particle containment. For National Laboratory (ORNLalso pioneered work on the
example, pushing the magnetic axis inwiangroved the use ofJ* helped tarify many issueandacted as aand-
confinement at the expense of MHD stability. However, ing board for many speculations. Other useful discussions
as beta increases, the Aténfiguration digs a magnetic  were held with Jeffreldarris,James Lyon, Mickey Wade
well and becomes more stable, so one operation scenari@nd David Rasmuses, all of ORNL; Allen Boozer of
could be to push the magnetic axis inward as beta in- William and Mary; and Steve Aceto of ResekaerPoly-
creases. However, we have also studied the orbits corretechnic Institution. This research was sponsored by the
sponding to Figs 12 and 13 for the oblate anolate Office of Fusion Energy, US Department of Energy, under
configurations of ATFand nonoticeable improvement  contract DE-AC05-840R21400 with Martin Marietta En-
wasobtained theoretically. Experiments on ATF that var- ergy Systems, Inc.
ied the configuration showed that, if anything, the prolate
configuration yielded a higher stored energy, but too many
factors changed betwedime cases to draw firm conclu- REFERENCES
sions.
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