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Abstract 

Particle orbits in a rotating tokamak plasma are calculated from the 
equation of motion in the frame that rotates with the plasma. It is found 
that heavy particles in a rotating plasma can drift away from magnetic 
surfaces significantly faster with a higher bounce frequency, resulting in a 
diffusion coefficient much larger than that for a stationary plasma. Particle 
orbits near the surface of a rotating tokamak are also analyzed. Orbit 
effects indicate that more impurities can penetrate into a plasma rotating 
with counter-beam injection. Particle simulation is carried out with 
realistic experimental parameters and the results are in qualitative agreement 
with some experimental observations in the Tokamak Fusion Test Reactor (TFTR). 
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I. Introduction 
Impurity control is an important topic in magnetic fusion research. 

Heavy impurities in tokamak plasmas can degrade the energy confinement, alter 
the current density profile, dilute the fusion fuel concentration and reduce 
the fusion power output. All these adverse effects ought to be kept to a 
minimum in a fusion reactor. Impurity control by an external momentum source, 
like neutral beam injection, has been under investigation for many years. 
Some theories^ predict that impurity convection in tokamaks can be 
controlled by the direction of neutral beam injection with respect to the 
plasma current. Co-injection produces outward impurity convection and 
counter-injection produces inward convection. This kind of impurity behavior 
was observed in the ISX-B tokamak^: co-injection tended to drive impurities 
out of the plasma while counter-injection caused impurity accumulation in the 
plasma core until the plasma disrupted. However, these effects were not 
observed in the Princeton Large Torus (PLT). Impurity injection experiments 
on PLT^ showed no significant difference in impurity transport with co- or 
counter-beams: the temporal evolution of impurity line radiation was quite 
similar in both cases. The major difference was in the amount of impurity 
penetrating into the plasma interior, ft given injected amount resulted in a 
larger impurity concentration in the core plasma with counter-beams than that 
with co-beams. Similar results were also obtained in the Tokamak Fusion Test 
Reactor (TFTR) recently.5 

In 1985t very high ion temperature (-10 keV) plasmas were first produced 
in TFTR with co-beams injecting into a low current (-800 kA), low density 
plasma. This mode of operation is called the energetic ion mode ° in which 
the plasma rotates at very high speed (<10 8 cm/sec). In these experiments, 
the ion temperature was measured by Doppler broadening of line radiation from 
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heavy impurities (Ti XXI) in the plasma.' When the plasma rotates at high 
speed, the heavy impurity concentration drops to a very low level. It then 
becomes difficult to measure the ion temperature with good temporal resolution 
because the lines are not bright enough. Sometimes, additional impurities are 
injected by the laser-blowoff technique to enhance the line brightness, but 
the injected particles leave the plasma very quickly when the plasma rotates 

Q 

at high speed. In order to fit the experimental data 0 on the temporal 
evolution of impurity line radiation, one has to include a large diffusion 
coefficient in the transport equations for the Impurities. At low plasma 
currents, the diffusion coefficient is larger for plasmas rotating at high 
speed. Since existing theories l , c on impurity transport mainly emphasize 
rotation effects on impurity convection, the recent experimental observations 
in TFTR prompted us to investigate rotation effects on impurity diffusion. A 
self-consistent transport theory' was published recently for impurities in the 
banana regime and significant enhancement in the diffusioi coefficient was 
found due to plasma rotation. It was pointed out in that paper^ that the 
theory cannot be compared with experiments which are usually in the Pfirsch-
SchlQter or plateau regime. In this paper, we attempt to explain some of the 
experimental observations from the orbits of impurity ions in a rotating 
plasma. The orbit calculation is formulated in Sec. II. Implications of the 
orbit characteristics and their relevance to experimental observations are 
presented in Sec. III. These results are substantiated by particle 
simulations described in Sec. IV. A summary is given in Sec. V. The analysis 
presented here is based on the experimental parameters in TFTR. MKS units are 
used i.i this paper except where otherwise specified. 
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II. Formulation 
We consider a tokamak•that has concentric circular magnetic surfaces. 

Each magnetic surface of minor radius r rotates as a rigid shell about the 
axis of symmetry with angular frequency u(r). In a hot tokamak plasma, the 
electric conductivity is high enough such that magnetic field lines are frozen 
in and rotate with the plasma. We choose a toroidal coordinate system (see 
Fig. la) which rotates with the plasma in which the magnetic field lines are 
stationary. This technique has been used in a previous work by other 
authors. The equation of motion for a charged particle with charge number Z 
in a rotating plasma is: 

m T7 = Ze (£ + v x 8) - 2 in u x J - m 3 x [u « (S + r)] . (1) dt o 

H Q is the plasma major radius and the three terms on the right-hand side of 
Eq, (1) are the Lorentz force, the Coriolis force, and the centrifugal force, 
respectively. Suppose the bulk plasma consists of electrons and a single ion' 
species of mass m^ and charge number Z,. We put Z, equal to the plasma 
effective ion charge number Z e f f and m^ = 2 Z e f f m where m is the proton 
mass. The magnetic surface is an equipotential surface in a stationary 
plasma, i.e., » = * 0 (r). In a rotating plasma, the ions are pushed towards 
the large-major-radius side by centrifugal force, which does not directly 
affect the electrons because of their small mass. This charge separation 
gives rise to a potential variation on the magnetic surface. Assume the 
electrons and ions have Boltzmann distributions: 

n e = M e(r) e x p ( ^ ) (2a) 
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-[Z e 4 - <m./2)u)2 R 2 ] 
n. = N ^ r ) exp ( ^ ) • ( 2 b ) 

Charge neutrality requires n = Z<n. from which we can solve for the potential 
« and yield: 

"i" 2 T e 2 2 
i i e 

where < > denotes averaging over the magnetic surface. Equation (3) agrees 
with the result previously obtained by Hinton and Wong 1 0 when 2 ^ = 1 . 

Let mj and Zj denote the mass and charge number of the impurity ions 
whose density is very lou such that their presence causes negligible changes 
in Zef.f, * jrid other plasma parameters. It has been shown' that the magnetic 
moment u = (1/2) m I v i

2 / B and the particle energy e = nijV2/2 + Zje* - mju 2R 2/2 
are adiabatic invariants in the rotating frame. Impurity ions at R = R 1 (see 
Fig. la) are trapped if V|| = 0 before the particles reach R - R 2. This is 
equivalent to: 

a 
1 a^Iv,2 - (J- - DVj 2] < I n i jw 2 ^ 2 - R 2

2) + Zre [«(R2) - • (R,)] . 

W 

The boundary between trapped and untrapped particles in velocity space is a 
hyperbolic surface as shown in Fig. lb. Nearly all the heavy impurity ions 
are trapped when a plasma is rotating at high velocity like the energetic ion 
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mode plasma in TFTH. 
Equation £1) can be solved by use of the guiding center approximation. 

The equations of motion for the guiding centers are given by: 

d($ +r) 2 v? 2 mT[S>tVl,(5/B)]x§ -g§— ^ ^ ( l ^ J i ^ B . —I ^ 
a c Z^F v* ZjeB^ 

a (iSx[S*(ft»r-)]}*3 g x g g 

^ = . ^ | . v B . S x [ 3 x ( R o + ? ) ] . | + ! i ! g . | . ( 5 b ) 

The first term in Eq. (5a) is the guiding center drift velocity due to the 
magnetic field gradient and field line curvature. The other terms are due to 
the Coriolis force, the centrifugal force, the electric field E = - v$, and 
the velocity parallel to the magnetic field. In the parameter regime of 
interest, the guiding center drift velocity W is always much smaller than the 
thermal velocity. This allows us to drop some small terms of the order of 
W /v when we derive Eq. (5b). Guiding center orbits can be obtained by 
integrating Eq. (5a) together with Eq. (5b). For typical energetic ion mode 
plasmas in TFTR, the banana widths of impurity ion orbits are about a few 
centimeters, which is only a small fraction of the minor radius (82 cm). 
Therefore, it is a reasonably good approximation to neglect the variation of 
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u(r) along the particle orbit. For a more accurate treatment, variation of 
u(r) can be accounted for by a velocity transformation when the particle moves 
from one magnetic surface to the other. 

III. Orbit Effects 
Collisionless particle orbits are obtained from Eqs. (1) and (5). We 

use the magnetic field for a circular cross section tokamak which has the 
following form: 

Bs = qTF) S > ( 6 b ) 

where q(r) = q(0) (1 + r 2/r c
2) is the safety factor of the flux surface at 

r. Typical TFTR parameters are used in the calculation: R = 2,145 m, a = 
0.82 m, r = 0.32 m, B_ = 4-5 tesla, and q(0) is chosen for plasma currents in 
the range of 0.7-1.1 MA, which is typical for energetic ion mode operation. 
In a stationary plasma, a banana orbit is almost symmetric with respect to the 
magnetic surface on which the reflection points lie. In other words, the 
maximum excursions (fl+ and 4_) from this magnetic surface are nearly the same 
on both sides of the orbit. A strong asymmetry develops in a rotating 
plasma. When a plasma rotates with co-injecting beams, the orbit excursion is 
larger on the outside. The opposite is true for counter-beam rotation. This 
orbit characteristic is schematically depicted on Fig. 2. It can be 
understood from the radial component of the drift velocity: 

m T „ v i / 2 + v » mt Z T T
a o 

H r - zTiB l - 2 « + 2 V " ( - 4 - 1 ) + if i^br - Rl s i n e • ( 7 > 
I I i I e 
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The orbit asymmetry is caused by the second term on the right-hand side of Eq. 
(7), which comes from the Coriolis force. The sign of this terra is determined 
by the sign of v,, as well as the direction of plasma rotation, i.e., the sign 
of in. By integrating W r over time along the trapped particle orbit, the 
banana asymmetry is estimated to be: 

tm w „ 
K - a - " £717 (1 - c o s 9o> r » 57 ( 1 " c o s 6 o ] r ' 

1 8 u 

where + e 0 are the poloidal angles of the reflection points, and ft0 is the 
impurity ion gyrofrequency in the poloidal magnetic field. 

During impurity injection experiments, freshly ionized impurities near 
the plasma surface are essentially stationary in the laboratory frame and they 
are counter-rotating in the plasma frame with co-beam injection. Therefore, 
their first banana orbits bounce radially outward towards the limiter as 
depicted in Fig. 3. This can be verified from Eq. (7). At the first 
reflection point, sin 9 < 0 for co-injection and W p > 0, i.e., the particle 
bounce is radially outward. On the other hand, impurities injected into a 
rotating plasma with counter-beams have their first banana orbits bounce 
radially inward and, therefore, have a better chance to penetrate into the 
plasma interior. This orbit effect offers a qualitative explanation for the 
observation of higher impurity concentration in rotating plasmas with counter-
beams . '' 

If one neglects the nonuniformity of the impurity ion density on a flux 
surface, the neoclassical diffusion coefficient of the impurity ions in the 
colliaional regime can be estimated from the radial component of the drift 
velocity as follows: 
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, .2 - X T 
D = lint ±—1- = lim J- J dt J d t ' K i t ) « ( t 1 ) . (8) neo T + => 2 T T » <= 2 T _ „ r r o o 

The integrand in Eq. (8) can be written as: 

W (t) W (t 1) = F sin 9 sin e' = | [cos(9 - e') + cos<9 + a')j r r i. 

where F contains variables v^, Vj, w, etc. Consider particles doing a random 
walk ' along magnetic field lines. The distance traveled along the field line 
is related to Q - 9 1 via the rotational transform i. If the collisional mean 
free path is much less than the plasma major radius, the impurity distribution 
function is locally Maxwellian with a temperature Tj the same as the bulk ion 
temperature. Equation (8) can then be evaluated to yield: 

n I ,2 , 4„2, m* Z ' T -
Dneo = 4 frsJ [ w R ( 1 " 57 T^LTF} I i I I e 

» m. ZTT 4T. 4T . 2 mTv , , 
2 fi i I e ^ l _,_ l 1 _I „2r,2 / 0 , 

w ^ " mT T , + Z . T J "mT + ~ V ' TT R « ' ( 9 ) 

I i i e I m . R i 

where v is the impurity ion collision frequency and q is the safety factor 
(q = 2ir/i). In a stationary plasma, u = 0 and Eq. (9) is reduced to the same 
result as obtained by Galeev and Sagdeev.1^ When mjw 2R 2 > T^, the diffusion 
coefficient becomes significantly larger. I- should be noted that this is not 
a self-consistent calculation and one should be aware of the limitations of 
Eq. (9). For particles near a = ±TT/2, W r is larger in magnitude and maintains 
the same sign for a longer period of time when compared with particles near 
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8 = 0 or 9 = i. Due to the influence of the centrifugal force, the impurity 
ion density rij(a) is not uniform on a flux surface. nj(9) should have a 
Boltzmann distribution given by: 

Z Te» m T 2„2 
B l(e) • i r exp [- (-L- - -L *JL)} . 

It peaks at 9 = 0 and Equation (9) tends to overestimate the diffusion 
coefficient. When ui is not very large, the increase in nj(0) is mainly due to 
the drop in nj(») without a large change in njCir/2), and its effect on D n e o is 
small. When u is very large such that n^Q) + nj(ir) >> 2nj{it/2)t then the 
error becomes significant and Eq. (9) should be properly weighted by the 
impurity density distribution. Another assumption which can break down at 
high values of u is the constant step size of the random walk process along 
the magnetic field line. Particles moving towards 9 = 0 have step si2es 
larger than those moving away from 9 = 0 because of the centrifugal force, and 
this difference can be significant when u is very large. All these 
complications will be properly taken into account by the particle simulation 
method presented in the next section. 

The above result applies only to impurity ions in the Pfirsh-Schluter 
regime. In the TFTR energetic ion node plasma, impurity ions are collisional 
only at the edge. They are mildly collisionless near the plasma core and the 
ions no longer have a Maxwellian velocity distribution. Instead of solving 
the drift kinetic equation, we can obtain some physical insight from the 
properties of the particle orbits. Figure 4 shows that for particles trapped 
between fixed poloidal angles, the banana width 4 b and the bounce frequency a>B 

increase with w. When (1/2) nij <n2R2 > Tj, A b is approximately proportional to 
oj/q. However, for particles with the same velocity in the plasma frame at 
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9 = 0, A b is not sensitive to u>, and aig increases almost linearly with u as 
shown in Fig. 5. In fact, the variation of the banana width can be estimated 
analytically; A b * 2 V|(6=0)/fl9 which is in good agreement with the numerical 
results present in Fig. 4 and Fig. 5. The diffusion coefficient in the banana 
regime can be roughly estimated by D n e o • ^Tueff^b w n e r e rT i s t n e f r a o t i o n 
of trapped particles. ^erp is the effeative collision frequency for the orbit 
of an "average" trapped particle to shift one banana width S b. In a 
stationary plasma, f T ~ (r/R Q) 1 /' 2, \>eff» - (RQ/r)v where v is the 90° pitch-
angle scattering frequency mainly due to Coulomb collisions with the bulk ions 
in the plasma. Let a b = A Q in a stationary plasma, then, D n e o - ( R Q / r ) 1 / 2 v 
A 2 In a rapidly rotating plasma, f T - 1, ^e^f - 1.27 \> which is the 
collision frequency for v ( to change sign, S b = A^, and D n e o - 1.27 y A^ 2. 
Previous work by S.K. Wong' shows that in the banana regime, th-3re is a 
significant enhancement In D n e o due to plasma rotation. This is primarily 
because A 2 is significantly larger than A 0

2. The situation is more 
complicated in the TFTR experiments because the impurity ions are not in the 
banana regime when the plasma is stationary, i.e., « e f f ~ (R Q/r) v > ug. When 
the plasma is rotating at high velocity, veff becomes smaller and «)• becomes 
significantly larger. Therefore, the banana regime extends to a higher 
collision frequency. In other words, impurity ions in the plateau or Pfirsch-
SchlUter regime when the plasma Is stationary can get into the banana regime 
in a rotating plasma with the same plasma parameters, provided that u is large 
enough. The transition into the banana regime is accompanied by a large 
enhancement in the diffusion coefficient. Figure 6 illustrates this effect of 
plasma rotation on the diffusion coefficient. For the TFTR energetic ion mode 
plasmas, cog > ^eff> i.e., the impurity ions are near the transition region 
between the banana and the plateau regimes. One would expect an order of 
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magnitude enhancement in D n e o from the orbit effect. This will be 
substantiated by particle simulation results presented in the next section. 

IV. Particle Simulation 
A toroidal particle simulation code™ is employed to investigate the 

impurity transport. The code follows the impurity guiding center positions by 
integrating Eq. (5). The particle orbit integration is carried out by the 
second order predictor-corrector method with the following time stepping 
scheme: 

?', = r , + 2 fit w (r t ) n+1 n-1 n, n' 
(10) 

? , = ? + & [w (r t ) • w {?» t ,)] . n+1 n 2 l n, n n+1, n + r J ; 

Vfhen a particle moves from one flux surface to the next, v. is properly 
adjusted in order to account for the shear in the plasma rotation velocity. 
The initial impurity particle positions are loaded according to the 
distribution 

, < 8 - 8 j 2 <•-•„ ) 2 

f (r,9,*) = g (r) exp[ 2= ^ l • < 1 1> 

where g(r) is the radial distribution and a periodicity constraint is imposed 
on B and •. Pitch angle scattering is modeled by a Monte-Carlo collision 
operator. 1 5 The velocity of each impurity particle is scattered by the bulk 
ion3 in each time step At with a change in pitch angle 9 V - cos"1 (Vj/v) given 
by 
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A 9 v = [-4 v L

l i it in(1-o)] 1 / 2 , (12) 

where a is a random number between 0 and 1. The 90 s pitch angle collision 
frequency is taken to be 

v L

l i -. 1.4 * 10" 7 Z I
2 n i Z e f f

2 X n (2 Z e f fT.) 1 / 2ni p/(m l E l] sec " 1 . (13) 

We assume a single bulk ion species of mass m^ and charge number Z e f f . T^ is 
the bulk ion temperature in eV, ej is the individual impurity ion kinetic 
energy in eV, x ^ is the Coulomb logarithm taken to be 15. The other 
quantities are in cgs units. For impurity transport studies, we place 1024 
impurity particles on a flux surface at t = 0 with Tj = T^. The initial 
angular distribution (O-dependence) of these particles is chosen to be close 
to the Boltzmann distribution at equilibrium. This tends to speed up the 
convergence process when we calculate the diffusion coefficient. The guiding 
center positions of these particles are calculated as a function of time and 
the diffusion coefficient is calculated from 

[<(Ar)2> - <4r> 2 ] 
D = - ==* E _ , ( 1 4 ) 

neo dz 

where Ar is the excursion of a particle from the original flux surface and <>. 
denotes averaging over all the particles. The purpose of the second term in 
Eq. (14) is to eliminate contributions from particle convection. In order to 
compare with experiments ir, TFTR, we choose either germanium or iron as the 
impurity species. The chirge number Zj is determined by the local electron 
temperature and the ionization potential »j(Z): Zj = Z if *j(Z) < T g <_ *j 
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(2 + 1). Lorentzian plasma parameter profiles are used for computational 
convenience: 

n e(r) = n e{0) (1 + 4r 2/a 2)" 1 

T e(r) = T e(0) {1 + 9 r 2 / a 2 ) - 1 

T t(r) = T^O) (1 * 9r 2/a 2)" 1 (15) 

u(r) = o)(0) (1 + 4r 2/a 2)" 1 

B Q = 40 kG, F Q = 245 cm, a = 82 cm, Z a f f =4.0 . 

We put the zeroth order radial electric field to be E r = 400/(1 + 17 r 2/a 2) 
volts/m, and the safety factor to be q(r) = 1.1 (1 + 6.5455 r 2 / a 2 ) , which 
corresponds to 700 kA of plasma current. The central parameters are chosen to 
be similar to the experimental values: n e(0) = 2 x 10'^cm"^, T (0) - 4 keV, 
T^O) = 10 keV, i»(0) = 2 x 10^ rad/sec. Figure 7 shows the spread of the 1024 
particle guiding centers initially located at r = a/2. In order to determine 
the diffusion coefficient, we plot A 2 = (1/2) [<(Ar)2> - <Ar> 2 ] versus time 
as depicted on Fig. 8. After a couple of collisions (90* pitch angle 
scattering), A 2 increases linearly with time and the slope of the linear 
portion is the diffusion coefficient. This procedure is the same as that 
employed by Tsang et al.'° At t = 0, the particles are loaded with the 
spatial distribution given in Eq. (11). In order to simulate the Boltzmann 
distribution at equilibrium, we choose AS = [(tnj-n^ZjTg/tT^+Z^ )} 
u 2R 0r/2T i]" 1^ 2. For our plasma parameters, A8 2 1 radian. The diffusion 
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coefficient converges to a fixed value very quickly while the excursion from 
the original flux surface is small (fir<<a). There i3 no need to include 
energy equilibration between the impurity ions and the bulk ions because the 
impurity ions are loaded with a temperature equal to the local bulk ion 
temperature. The results obtained this way are approximately a factor of two 
lower than the preliminary results published previously, ' and we believe that 
the results presented here are more accurate because we have successfully 
eliminated the slow convergence problem primarily caused by the energy 
equilibriation process. Figure 9 compares the diffusion coefficient for a 
rotating plasma with that for a stationary plasma. It is apparent that 
neoclassical diffusion is enhanced by more than an order of magnitude as a 
result of plasma rotation. This substantiates the heuristic argument based on 
particle orbit characteristics presented in Sec. III. In a stationary plasma, 
the impurity ions are collisional, D n e 0 is very small, and impurity transport 
is governed by some anomalous processes. In the rotating plasma, the impurity 
ions are in the banana regime. D n e o can be large enough to compete with 
anomalous transport and causes enhanced diffusion in impurity injection 
experiments. Figure 10 shows the variation of D n e o with the plasma current at 
two different rotation velocities. The shape of the current density profile 
and other ^lasma parameters remain the same. D n e o is obtained by particle 
simulation at r = a/2. The results show that at high rotation velocity, D 
is approximately proportional to I" . It drops to a low value at high plasma 
current and low rotation velocity, at which we expect that impurity transport 
would be dominated by other anomalous processes. In other words, neoclassical 
diffusion can surface only in a low current plasma rotating at high speed, 
such as the energetic ion mode plasma in TFTR. This qualitatively agrees with 

Q 
the observations reported previously. Quantitative comparison with 
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experiment is not possible at this time due to the lack of profile data on 
u>(r), T ^ r ) , and * 0 ( r ) . 

In order to investigate the variation of D n e o with collision frequency, 
we evaluate D n e o at r = a/2 and vary the plasma density while other plasma 
parameters remain the. same. The result is shown in Fig. 11. The impurity 
ions are in the banana regime for v <_ 1CT sec". When the plasma is rotating 
at high speed, the transition from the collisionleas regime to the collisional 
regime occurs at a collision frequency significantly higher than that when 
the plasma is stationary. This is because of the higher bounce frequency and 
lower v eff of the trapped particles in a rotating plasma as explained in Sec. 
III. D n e o is larger in a rotating plasma by at least an order of magnitude 
over the entire range of collision frequency shown in Fig. 11. At \) = 7.1 » 
1Cr sec , the impurity ions are in the Pfirsh-Schluter regime. Particle 
simulation yields D n g o = 3 x 10* cur/sec while Eq. (9) gives a value of 5.8 x 
10 H cm2/sec. The discrepancy is primarily due to the nonuniform impurity 
density on the flux surface as explained previously. For a stationary plasma 
with the same parameters, Eq. (9) gives D n e Q = 1.8 « 1CPcm2/sec which is in 
very good agreement with the particle simulation result of 1.9 * 1CP cm^/sec. 

The variation of diffusion coefficient with rotation velocity is shown 
in Fig. 12. D n e o was evaluated at r = a/2 while oi(0) was varied with the same 
values of T ^ r ) , T e(r), n g(r), and u(r)/oi(0). Within the range of our 
investigation, D Q increases monotonically with w. The impurity ions are in 
the banana regime for tu(0) > 2 x 10^ rad/sec. In the banana regime, D is 
approximately proportional to ur In the range of tu 3hown in Fig. 12. This 
behavior is consistent with the results obtained previously.^ 

During impurity injection experiments, neutral impurity particles are 
injected onto the plasma surface by the laser blow-off technique. The 
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temperature of these neutral particles are much lower than the plasma ion 
temperature. After they are ionized, they will be heated up to the local ion 
temperature via Coulomb collisions. The macroscopic thermal equilibration 
between the background ions and the impurity ions is described by: 

5 T Ti " * u <Ti " V <15> 

1.8x10" 1 9 ( m T m . ) 1 / 2 Z 2 Z 2 n.X T. . — I 1 erf i Ii -i ,,_. 

where T^ and Tj are in eV and the other quantities are in cgs units. In order 
to include the energy equilibration process in the particle simulation code, 
we describe the relaxation of the impurity particle kinetic energy by: 

^ e I = v n (e. - E l ) , (18) 

where s^ and EJ are the kinetic energy of the colliding background ion and the 
impurity particles, respectively. v^^ is the same as vj^ given in Eq. (17) 
except Tj is replaced by EJ. In Eq. (18), e^ is picked uy a generating 
function which represents the bulk ion Maxwellian velocity distribution. If 
we ensemble average Eq. (18) over the Maxwellian distributions of both ion 
species, Eq. (18) would reduce to Eq. (16). 

For each time step at, Eq. (18) is integrated by the finite difference 
scheme: 
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n+1 n n .,.( n ni / ««v 

This thermal equilibration scheme was tested with 1024 particles. The average 
kinetic energy of the impurity ions was found to approach T^ as expected, but 
the impurity ion velocity distribution becomes squarelike rather than 
Maxwellian. Therefore, this is not a perfect scheme* Nevertheless, it 
retains the essential feature of the energy equilibration process and it is 
employed in the particle simulation code to investigate impurity penetration 
through the plasma edge. 

Me follow the guiding center position of 3072 particles near the plasma 
edge. The limiters on TFTR are simulated by the following boundary condition: 
a particle is permanently removed from the plasma if 

(a) r > 81.2 cm, and 

(b) 1.1 < * £ 1.5, and 

(e) 0.9 < 8 < 1.4 or -0.9 > 8 _> -1.4. 

In the experiment, the impurity injector is located near 8 = 0 and impurity 
neutrals can only penetrate the plasma a few millimeters before they are 
ionized. Therefore, we start the ions at r = 80.6 cm (0.6 cm from the limiter 
radius) with an angular distribution exp{-e 2)exp(-* 2). The initial velocity 
distribution is a non-drifting Maxwellian in the laboratory frame with a 
thermal velocity 5 x 10' cm/sec. Projection of the guiding center positions 
are shown in Fig. 13a. The particles drift across the magnetic field and 
spread out as shown in Fig. 13b and Fig. 13o. The particles that strike the 
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liraiter are permanently removed from the plasma. Those particles outside the 
plasma boundary may re-enter the plasma before hitting the limiter. Careful 
inspection of Fig. 13b and Fig. 13c reveals that in addition to the density 
peaking at the large-major-radius side, there is also an up-down asymmetry. 
On the lower half-plane, there are more particles and they are located at a 
slightly larger minor-radius position. We note that the guiding center drift 
velocity points downward in this case. This asymmetry is reversed if we 
change the direction of the toroidal magnetic field so that the impurity ions 
drift upward. In a highly collisional plasma, the impurity ions can no longer 
move freely along magnetic field lines. They stay on the lower or upper half 
plane for a long period of time and the up-down asymmetry becomes very strong 
as shown in Fig. 14. This may be related to the experimental observations in 
Alcator 1 8 and ASDEX1'. Figure 15 depicts the number of remaining particles 
versus time for co- and counter-injection cases. At the beginning, the rate 
of particle loss is much faster for co-injection than for counter-injection. 
After many collisions (t > 3 ms), the loss rates become comparable, and more 
particles remain in the plasma with counter-injection. In addition, these 
particles penetrate deeper into the plasma interior when compared with the 
case of co-injection. These differences are due to the orbit characteristics 
as explained in Sec. III. They offer a qualitative explanation for the 
observations in PLT 4 and TFTR 5 where more impurity ions can penetrate into the 
plasma interior with counter-injection. However, it should be pointed out 
that a finite rotation velocity at the plasma edge is necessary for the orbit 
effects to play an important role. A quantitative comparison with 
experimental data cannot be made because plasma parameters at the tokamak edge 
are very difficult to quantify. 
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V. Summary 
In this paper, we calculate the orbits of impurity ions in a rotating 

plasma based on the guiding center approximation. At high rotation 
velocities, heavy impurity ions can drift significantly faster than in a 
stationary plasma and the trapped ions have larger banana width and higher 
bounce frequency. These orbit effects give rise to a significant enhancement 
in the particle diffusion coefficient. By use of a particle simulation code, 
we evaluate the neoclassical diffusion coefficient for heavy impurity ions in 
the energetic ion mode plasma in TFTR and find that its value is not far from 
what is needed to fit the experimental data at low plasma current. Its 
variation with plasma current and rotation velocity is also consistent with 
experimental observations. From these results, one can expect that transport 
of the energetic o-particles in a tokamak reactor is likely to be neoclassical 
because of their large drift velocities. The orbit of a neutral particle 
entering a rotating plasma is also analyzed. When the particle is scattered 
from a passing orbit into a banana orbit, it bounces radially outward in a co-
rotating plasma and radially inward in a counter-rotating plasma. This orbit 
effect can account for the difference in impurity concentrations during 
impurity injection into co-rotating and counter-rotating plasmas in PLT^ and 
TFTR.^ Qualitative agreement is obtained between particle simulation and 
experimental observations in TFTR. 
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FIGURE CAPTIONS 

FIG. 1. Coordinate systems: (a) Toroidal coordinates for a tokamak plasma; 
(b) Velocity space coordinates showing the trapping region for 
particles at R = Rj. 

FIG. 2. Projection of a trapped particle orbit in a rotating plasma on the 
r-e plane: (a) Plasma rotating with co-beam injection; (b) Plasma 
rotating with counter-beam injection. 

FIG. 3. First banana orbit of a freshly ionized impurity ion in a rotating 
plasma: (a) Plasma rotating with co-beam injection; (b) Plasma 
rotating with counter-beam injection. 

FIG. 4. Orbit characteristics of a particle trapped between fixed poloidal 
angles in a rotating plasma: (a) Variation of banana width with 
rotation frequency; (b) Variation of bounce frequency with rotation 
frequency. The initial conditions are: r = 0.4 m, 8 = 1.6 radians, 
V|j = 0, v x = 9.1 x 1CT m/s. 

FIG. 5. Orbit characteristics of a trapped particle with fixed velocity at 
e = 0: (a) Variation of banana width with rotation frequency; (b) 
Variation of bounce frequency with rotation frequency. The initial 
conditions are: r = 0.4 m, 9 = 0, V| = 3-2 x 10^ m/s, v ± = 4.6 x 
10^ m/s. It becomes a passing particle at u = Q. 
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FIG. 6. Schematic illustration of plasma rotation effects on the particle 
diffusion coefficient. 

FIG. 7. Guiding center positions of 1021 particles: (a) At t = 0; (b) At 
t = 0.41 ms. 

FIG. 8. Variation of A 2 with time. 

FiG. 9. Comparison of calculated diffusion coefficients in a rotating 
plasma and a stationary plasma. 

FIG. 10. Variation of diffusion coefficient (at r = a/2) with plasma current 
at two rotation frequencies. 

FIG. 17. Variation of diffusion coefficient in a rotating plasma ŵ .th 
collision frequency. 

FIG. 12. Variation of diffusion coefficient in a rotating plasma with 
rotation velocity. 

FIG. 13. Guiding center positions of 3072 particles near the edge of a 
rotating plasma: (a) t = 0; (b) t s 4.92 ms in a rotating plasma; 
(c) t = 4.92 IDS in counter-rotating plasma. 
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FIG. 14. Guiding center positions of 1024 particles in a coilisional 
rotating plasma: (a) t = 0; (b) t = 0.246 ms. The collision 
frequency is 100 times higher than the case shown in Fig. 7 and the 
rotation velocity is two times higher. 

FIG. 15. Comparison of particle loss rates in co-rotating and counter-
rotating plasmas. K is the number of remaining particles. 
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