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A full orbit code is used to compute collisionless losses of fusion � particles from three proposed
burning plasma tokamaks: the International Tokamak Experimental Reactor �ITER�; a spherical
tokamak power plant �STPP� �T. C. Hender, A. Bond, J. Edwards, P. J. Karditsas, K. G.
McClements, J. Mustoe, D. V. Sherwood, G. M. Voss, and H. R. Wilson, Fusion Eng. Des. 48, 255
�2000��; and a spherical tokamak components test facility �CTF� �H. R. Wilson, G. M. Voss, R. J.
Akers, L. Appel, A. Dnestrovskij, O. Keating, T. C. Hender, M. J. Hole, G. Huysmans, A. Kirk, P.
J. Knight, M. Loughlin, K. G. McClements, M. R. O’Brien, and D. Yu. Sychugov, Proceedings of
the 20th IAEA Fusion Energy Conference, Invited Paper FT/3-1Ra�. It has been suggested that �
particle transport could be enhanced due to cyclotron resonance with the toroidal magnetic field
ripple. However, calculations for inductive operation in ITER yield a loss rate that appears to be
broadly consistent with the predictions of guiding center theory, falling monotonically as the number
of toroidal field coils N is increased �and hence the ripple amplitude is decreased�. For STPP and
CTF the loss rate does not decrease monotonically with N, but collisionless losses are generally low
in absolute terms. As in the case of ITER, there is no evidence that finite Larmor radius effects
would seriously degrade fusion �-particle confinement. �DOI: 10.1063/1.1936532�

I. INTRODUCTION

Due to the discrete nature of its toroidal field coils, a
tokamak cannot have a perfectly axisymmetric equilibrium
magnetic field. In general, the departures from perfect axi-
symmetry have an adverse effect on the confinement of en-
ergetic particles, including fusion � particles. Ripple losses
of fusion � particles are of concern first because they reduce
the extent to which such particles can heat the plasma �i.e.,
the ignition margin� and second because the associated par-
ticle and heat fluxes may damage plasma-facing components.
For these reasons, ripple-induced �-particle losses from the
proposed burning tokamak plasmas, in particular, the Inter-
national Tokamak Experimental Reactor �ITER�, have been
modeled by many authors.1–9 Specific mechanisms likely to
determine fast particle transport in the presence of toroidal
field ripple have also been investigated extensively.10–14 In
most of these studies, the treatment of fast particle transport
has been based on guiding center theory. However, Hinton12

and Putvinskii and co-workers13,14 have also examined the
possibility that a fast particle cyclotron resonance with the
ripple field could give rise to additional transport and loss.
The resonance condition is3

k�v� = ��, �1�

where k� is the ripple wave vector component parallel to the
local magnetic field, v� is the parallel component of the
�-particle velocity, and �� is the �-particle cyclotron fre-
quency. Cyclotron effects are thus expected to become im-
portant when the ripple wavelength divided by 2� is compa-
rable to the �-particle Larmor radius. The ITER design has
N=18 toroidal field coils and major radius R�6 m, giving
k�

−1�0.3 m, while fusion � particles would be born with

Larmor radii of around 5 cm. This appears to indicate that
cyclotron effects on ripple losses are likely to be negligible
in ITER. However, it has been proposed that ferromagnetic
inserts be used in this device to reduce the ripple amplitude
and thereby to minimize �-particle losses.7 In addition to
reducing the ripple amplitude, such inserts have the effect of
introducing shorter length scales into the ripple field. This
reopens the issue of whether cyclotron effects could play a
role in �-particle transport. Another key motivation for reex-
amining full orbit effects on ripple losses is that designs have
been proposed for burning plasma experiments based on the
spherical tokamak concept.15–18 The combination of low R
and low magnetic field in such devices makes it much more
likely that cyclotron resonance effects will be significant.

In this paper we use a full orbit code CUlham Energy-
conserving orBIT �CUEBIT� �Ref. 19� to compute losses of
fusion � particles from ITER, a proposed spherical tokamak
power plant �STPP�,15 and a proposed spherical tokamak
components test facility �CTF�.18 For this purpose we first
construct a solution for the ripple field that is separable in R
and height Z �Sec. II�. After presenting the computed loss
rates for the three devices �Sec. III�, we then discuss possible
interpretations of the results �Sec. IV�.

II. MODEL OF RIPPLE FIELD

In common with previous authors, we assume that the

toroidal field ripple B̃ is determined solely by currents out-
side the plasma, and is thus described by the vacuum Max-
well equations

� · B̃ = 0, �2�
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� � B̃ = 0 . �3�

The two spherical tokamaks considered in this paper �STPP
and CTF� are characterized by relatively high values of
plasma beta ���1�. It is important to check that the ripple
field can be accurately represented by the vacuum Maxwell
equations in such cases. For simplicity, we model the ripple
as a poloidally symmetric perturbation to a cylindrical
plasma with uniform axial magnetic field. The radial plasma
displacement � that minimizes the potential energy associ-
ated with the perturbation satisfies the Euler–Lagrange
equation20

d

dr
�r

d�

dr
	 − �d�

dr
+

k2r2 + 1

r
	� = 0, �4�

where r is distance from the cylinder axis and k is the wave
number of the ripple perturbation. Putting k=N /R, we infer
from Eq. �4� that the solution for � and hence for the field
perturbation is affected by the plasma beta only if

r
d�

dr
� � � N2�2, �5�

where �=r /R. In all tokamaks N2	1, and tokamaks with the
highest values of � are spherical tokamaks, for which ��1
over most of the plasma cross section. Thus, Eq. �5� is un-
likely ever to be satisfied, except possibly in a region very
close to the magnetic axis. The ripple amplitude in this re-
gion is generally very low, and so fusion � particles born
there are unlikely to undergo significant ripple transport. We
conclude that the use of Eqs. �2� and �3� to model the ripple
field is fully justified even in the high � regime of spherical
tokamaks.

The appropriate ripple solutions of Eqs. �2� and �3� are
determined in general by the geometry of the coils and the
currents flowing in them. Yushmanov3 obtained an analytical
solution for the case of circular coils. All of the devices
considered in this paper have coils that are highly noncircu-
lar, and so the solution of Yushmanov is not strictly appli-
cable. However, in most of our simulations we follow Yush-
manov and other authors in assuming that the ripple can be
well represented by a single toroidal harmonic, i.e., we as-
sume that

B̃
 � cos�N
� , �6�

where 
 is toroidal angle, B̃
 is the ripple perturbation to the
toroidal field component, and N is the number of toroidal
field coils. In general, the ripple field contains a series of
harmonics �N where � is an integer. However, calculations
generally show that only the fundamental ��=1� is signifi-
cant inside the plasma.

We also follow Yushmanov in writing

B̃
 =
B0R0

R
��R,Z�cos�N
� , �7�

where R is the distance from the tokamak symmetry axis, Z
is the vertical distance, B0 and R0 are constants, and � is a
function to be determined. Equation �2� indicates that the R

and Z components of B̃ are of the form

B̃R =
B0R0

R
�R�R,Z�sin�N
� , �8�

B̃Z =
B0R0

R
�Z�R,Z�sin�N
� . �9�

Substituting these expressions into Eq. �3�, we infer that

�Z =
R

N

��

�Z
, �10�

�R =
R

N

��

�R
. �11�

To obtain an equation for �, we use Eqs. �10� and �11� to

eliminate �Z and �R from � · B̃=0. This yields a Laplace-type
equation of the form

1

R

�

�R
�R

��

�R
	 +

�2�

�Z2 −
N2

R2 � = 0. �12�

As noted above, the three conceptual tokamaks modeled in
this paper all have toroidal field coils that are highly noncir-
cular. Indeed, as shown in Fig. 1 of Ref. 7, contours of con-
stant ripple amplitude in the �R ,Z� plane computed numeri-
cally for ITER with ferromagnetic inserts taken into account
more closely resemble elongated rectangles than circles. In
the case of STPP, as shown in Fig. 2 of Ref. 15, the departure
of numerically computed ripple contours from circularity is
even more extreme, in that the ripple amplitude inside the
plasma varies only with R.

Under these circumstances, it is appropriate to seek so-
lutions of Eq. �12� that are separable in R and Z:

� = f�R�g�Z� . �13�

Substituting this into Eq. �12� and dividing throughout by fg
we obtain

1

Rf

d

dR
�Rf�� −

N2

R2 = −
g�

g
. �14�

Each side of this equation must equal a constant; since the
ripple field generally increases monotonically with 
Z
, it is
logical to choose negative values of this constant. Thus we
write

g� = �2g . �15�

For the case of an up-down symmetric ripple field, Eq. �15�
has solution

g � cosh��Z� . �16�

Noting that the equation for f can be written in the form

d2f

dR2 +
1

R

df

dR
+ ��2 −

N2

R2	 f = 0, �17�

we deduce that

f � JN��R� , �18�

where JN is the Bessel function of order N. The full solution
is thus of the form
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��R,Z� = �0 cosh��Z�JN��R� , �19�

where �0 is a constant to be determined.
In the case of ITER, as noted previously, the number of

coils N is equal to 18. To estimate � in this case, we note
from Fig. 1 in Ref. 5 that for values of R close to that of the
magnetic axis, � increases by a factor of 10 between Z
�2.6 m and Z�3.8 m. This implies ��2; the function
JN��R� is then monotonically increasing with R beyond the
last closed flux surface in the midplane. Consequently, the
rise in ripple amplitude from the plasma center to the inboard
plasma edge in ITER cannot be represented by a single sepa-
rable solution. However, on the outboard side the variation of
� with R is well represented by JN��R� with �=2. Since
almost all ripple-induced �-particle losses from burning to-
kamaks are predicted to occur on the outboard side of the
plasma �see, e.g., Fig. 2 in Ref. 1�, the fact that Eq. �18� is
not applicable on the inboard side of ITER is unlikely to be
important. The assumption of separability makes it possible
to obtain a simple functional representation of the ripple field
that satisfies the vacuum Maxwell equations and can be used
to obtain scalings of �-particle loss rates with ripple param-
eters, in particular, the number of toroidal field coils. In pre-
vious analyses of ripple losses from burning plasmas �e.g.,
Ref. 6�, numerically determined ripple fields have typically
been approximated by analytical expressions that in general
do not satisfy Eqs. �2� and �3� and cannot be readily scaled to
scenarios with different ripple parameters. As we will dem-
onstrate in the following section, computing the �-particle
loss rate as a function of N, keeping other parameters fixed,
is a useful method of identifying effects specifically associ-
ated with cyclotron motion.

We note finally that the model of the ITER ripple field
discussed above could be improved, if necessary, by super-
posing two or more separable solutions. In particular, one
could then model the rise in ripple amplitude from the
plasma center to the inboard edge. With �2 in Eq. �15� taken
to be negative, the appropriate solutions of Eq. �17� are
modified Bessel functions of the second kind.

III. COMPUTED LOSS RATES

A. ITER

For the purpose of computing ripple losses of � par-
ticles, an ITER-like equilibrium generated using the Self-
Consistent Equilibria with Neoclassical Effects �SCENE�
code21 was used. This equilibrium corresponds to the induc-
tive mode of operation, with positive magnetic shear
throughout the plasma. Previous guiding center calculations
of �-particle losses for this scenario, including collisional
effects, indicate a particle loss rate of 2.15% without ferro-
magnetic inserts, and negligible losses with such inserts.7

Figure 1 shows the full orbit of a barely trapped 3.5
MeV � particle computed using CUEBIT for the ITER equi-
librium. It is clear from this figure that the �-particle Larmor
radius is very small in relation to the size of the device. A
quasirandom number generator was used to select �-particle
birth positions and velocity directions, assuming an isotropic
pitch angle distribution and a distribution in poloidal flux

proportional to the square of the pressure p used to generate
the equilibrium �the fusion reaction rate varies roughly as p2

at ITER-relevant temperatures�. The orbits of about 1400 �
particles were followed for �105 Larmor gyrations �corre-
sponding to around 200 trapped particle bounce orbits�. By
recording the times at which particles were lost, it was found
that this was sufficiently long for essentially all collisionless
losses to occur. The ripple field was modeled using the pa-
rameters listed in the preceding section, with the number of
toroidal field coils being varied from 16 to 20. The constant
�0 in Eq. �19� was chosen to ensure that the maximum abso-
lute ripple amplitude inside the last closed flux surface was
comparable to that predicted for ITER with N=18 in the
absence of ferromagnetic inserts. A particle was deemed to
be lost if at any instant it crossed the boundary of the com-
putational domain used to generate the equilibrium.

The results are shown in Fig. 2; error bars in this figure
are based on the assumption that computed loss rates obey
Poisson statistics. In the vast majority of cases, � particles
exiting the plasma do so vertically, in the direction of the
grad-B drift. The proportion of � particles that are lost before
they complete a single banana orbit �i.e., the prompt loss
rate� is indicated by a broken line �0.16%�. As expected, the
loss rate decreases monotonically as the number of coils is
increased, i.e., as the ripple amplitude is reduced. There is no
evidence of an enhancement in the loss rate at short ripple
wavelengths due to cyclotron effects. For the number of coils
in the ITER design �N=18�, the loss rate is below 1%. This
is somewhat lower than the figure of 2.15% obtained by
Konovalov and co-workers,7 made on the basis of guiding
center calculations, but these calculations take into account
collisional effects that enhance the loss rate. As discussed in
Ref. 16, collisions can be readily incorporated into CUEBIT,
but the need to resolve the full Larmor orbit with satisfactory

FIG. 1. Orbit of a barely trapped 3.5 MeV � particle in ITER. Flux surfaces
are indicated by broken curves and the last closed flux surface by a solid
curve.
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conservation of toroidal canonical momentum in the axisym-
metric limit makes it computationally very demanding to
simulate a large number of particles over a collisional
slowing-down time. Accordingly, we consider only collision-
less losses in this paper.

As discussed in Sec. I, the addition of ferromagnetic
inserts means that the ripple field in ITER cannot necessarily
be described by a single harmonic. To simulate the effect of
additional harmonics, we repeated the loss calculation for the
case of N=18 with the cos�18
� factor in Eq. �7� replaced by

cos�18
�+cos�120
� /2, and similar modifications to B̃R and

B̃Z. The harmonic number of the additional term �N=120�
was chosen on the basis that the cyclotron resonance condi-
tion �Eq. �1�� is then approximately satisfied for a 3.5 MeV �
particle. The normalization parameter �0 was reduced so that
the maximum amplitude was identical to that in the single
harmonic case. Such a field does not satisfy the vacuum
Maxwell equations, and must therefore be regarded as artifi-
cial: in general, higher harmonics of the ripple field tend to
have relatively low amplitudes inside the plasma.3 The as-
sumed variation with 
, R, and Z can thus be regarded as a
worst case scenario. The computed loss rate in this case is
very low �0.4% ±0.2% �; within the large statistical uncer-
tainty, it is identical to the figure obtained with a single har-
monic �the N=18 case in Fig. 2�.

B. The STPP

Hender and co-workers15 presented outline engineering
designs of a STPP, based on two alternative concepts for the
central rod of the toroidal field circuit. More recently, Wilson
and co-workers16 have published the results of integrated
plasma physics modeling for such a device. The toroidal field
at the magnetic axis would be about 1 T. Figure 3 shows the
orbit of a trapped 3.5 MeV particle in STPP; the solid
straight lines indicate the location of the vacuum vessel wall.
Although it is apparent that the normalized Larmor radius is
larger than that of � particles in ITER �cf. Fig. 1�, the pres-

ence of a relatively large poloidal field in the outer midplane
reduces the orbit width to a value comparable to the Larmor
radius. This pinching effect leads to an improvement in
�-particle confinement.16

As discussed in Sec. II, numerical computations of the
STPP ripple field inside the last closed flux surface indicate
that this depends only on 
 and R, not on Z. Taking the limit
�→0 in Eq. �19�, we obtain ��RN and �R�RN. An appro-
priate choice for the proportionality constant is 1 /Rcoil

N where
Rcoil is the radial location of the coils, i.e.,

� = � R

Rcoil
	N

. �20�

The numerically determined contours in Fig. 2 of Ref. 15,
corresponding to N=16, indicate that Eq. �20� is an accurate
expression for the ripple field inside the last closed flux sur-
face. With this model of �, the collisionless �-particle loss
rate was computed for values of N ranging from 11 to 20: the
results are shown in Fig. 4, together with the prompt loss
rate. The properties of the axisymmetric part of the equilib-
rium used in this study are described in Ref. 16. The orbits of
almost 5000 � particles were followed for �105 Larmor gy-
rations �corresponding in this case to around 103 trapped
particle bounces�. The �-particle birth positions and veloci-
ties were again chosen quasirandomly from an isotropic

FIG. 2. Computed fusion � particle loss rate from ITER vs number of
toroidal field coils. Particle orbits were computed for �105 Larmor gyra-
tions. The prompt loss rate is indicated by a broken line.

FIG. 3. Orbit of a trapped 3.5 MeV � particle in STPP. Flux surfaces are
indicated by broken curves and the last closed flux surface by a solid curve.
The solid straight lines indicate the location of the vacuum vessel wall.
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pitch angle distribution, with the birth probability again as-
sumed to be proportional to the square of the pressure. In
computing the loss rate, an � particle was deemed to be lost
if at any instant it encountered the vacuum vessel wall shown
in Fig. 3.

For low values of N�15� the loss rate is a monotonic
decreasing function of this parameter: in the case of N=15
all of the losses appear to be prompt. However, a further
increase in the number of coils causes a slight degradation in
�-particle confinement. In particular, the losses for N=17
and N=19 are greater than the prompt rate. A crude estimate
based on Eq. �1� indicates that cyclotron effects on �-particle
losses might be expected for N�16. It is interesting to note
that the prompt loss rate �0.11%� is actually lower in STPP
than it is in ITER �0.16%�, despite the higher normalized
�-particle Larmor radius in the former; this appears to be due
to the orbit pinching effect noted earlier.

Loss calculations were also carried out using a birth pro-
file in poloidal flux based on the cross section obtained by
Brysk22 for thermal fuel ions at temperature T:

��v �
1

T2/3exp�−
20

T1/3� , �21�

where T is in keV. In this case both temperature and density
profiles are required in order to evaluate the �-particle birth
probability. The profile corresponding by Eq. �21� deviates
significantly from the n2T2 profile assumed previously at
high temperature: the use of these two alternative models
makes it possible to gauge the sensitivity of the loss rate
calculations to plasma parameters. Results obtained using the
Brysk cross section �Fig. 5� are qualitatively similar to those
based on the p2 profile �Fig. 4�, but the value of N for which
losses drop to the prompt rate is now 16 �the number of coils
in the base line STPP design� rather than 15. The loss rates
for N=13, 14, 15, and 17 are indistiguishable �within the
statistical uncertainty�, despite the fact that the ripple ampli-
tude at the outer midplane edge is about four times lower for
N=17 than it is for N=13. There is no evidence of a further

degradation in �-particle confinement when N is increased
beyond the range considered in Fig. 5—the loss rate for N
=25 is found to be similar to that for N=18–20.

C. The CTF

Wilson and co-workers17,18 have recently explored the
feasibility of developing a spherical tokamak for the specific
purpose of testing components under conditions similar to
those in a fusion power plant. The ratio of fusion power to
supplied power envisaged for this CTF is Q�1, so that the
conditions would approach those of a burning plasma. In the
base line design there are ten toroidal field coils, located at a
major radius of about 2.4 m. The toroidal field at the mag-
netic axis �about 2.8 T� would be somewhat larger than that
in STPP, but the greater compactness of the device �major
radius R=0.75 m� means that the normalized fusion
�-particle Larmor radius would be much higher; this is illus-
trated by the trapped orbit plotted in Fig. 6. The orbit pinch-
ing characteristic of spherical tokamaks is again apparent.
One would expect �-particle transport in this device to be
affected by cyclotron resonance; Eq. �1� implies that such
effects are likely to be important when N�8.

We have computed the �-particle loss rate for N in the
range 7–20, with a birth profile modeled on the same basis as
that used for ITER and STPP �i.e., the probability of a par-
ticle being born on a particular flux surface was taken to be
proportional to the square of the plasma pressure on that
surface�. The axisymmetric part of the model equilibrium
was that used in Ref. 18. A particle was assumed to be lost if
it encountered any of the plasma-facing components. Be-
tween 2000 and 2500 particles were simulated for 105 Lar-
mor orbits �equivalent to several thousand trapped particle
bounce orbits�. The variation of loss rate with N �Fig. 7� is
qualitatively similar to that found in STPP: �-particle con-
finement improves as N is increased from 7 to 10, but we
obtain similar loss rates for N ranging from 10 to 20, despite
a drop in the ripple amplitude at the outer midplane edge of
about three orders of magnitude between these two values.
Simulating 105 Larmor orbits with a strictly axisymmetric

FIG. 4. Computed fusion �-particle loss rate from STPP vs number of
toroidal field coils. The �-particle birth profile was assumed to be propor-
tional to the square of the pressure. Particle orbits were computed for �105

Larmor gyrations. The prompt loss rate is indicated by a broken line.

FIG. 5. As Fig. 4 except that the �-particle birth profile in STPP was
modeled using the Brysk cross section �Eq. �21��.
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field �N→��, we obtain a lost fraction that is only slightly
higher than the prompt rate. As in STPP, there are indications
of improved confinement at one or possibly more intermedi-
ate values of N �particularly N=18�, although statistical er-
rors make this somewhat less clear-cut than was the case in
Figs. 4 and 5.

Computing the full trajectories of lost particles, we find
that some of the losses are of particles that are initially in
circulating orbits. For the case of N=20, Fig. 8 shows the
full orbits of a trapped promptly lost particle �left� and an

initially passing particle that is scattered into a trapped orbit
and subsequently lost �right�. Yushmanov3 predicted that fast
particle transport due to cyclotron resonance would not be
restricted to trapped particles. It is not clear, however, that
the loss shown in the right-hand plot is due specifically to the
presence of magnetic field ripple: Yavorskij and co-workers23

have shown that pitch angle scattering between the trapped
and passing regions of velocity space can occur due to cy-
clotron effects even in the axisymmetric limit. Such scatter-
ing is associated with stochastic variations in magnetic mo-
ment �. Computing � for a particle close to the trapped-
passing boundary, we obtain the results shown in Fig. 9. In
the top plot N=14; in the bottom plot N→�. It is evident
that � varies stochastically in both cases, although the over-
all variation is somewhat greater in the case of N=14. The
algorithm used in CUEBIT ensures that the energy of a
charged particle in an arbitrary static magnetic field configu-
ration is conserved to machine accuracy.19 Satisfactory con-
servation of toroidal canonical momentum P
 in the axisym-
metric limit can be achieved in the code by taking a
sufficiently small time step: in the case of the time series
shown in the lower frame of Fig. 9 �i.e., the axisymmetric
case�, P
 was conserved to an accuracy of about one part in
105. It may be inferred from this that the stochastic variation
of magnetic moment shown in Fig. 9 is physical rather than
numerical. Similar variations of magnetic moment were
found by Hastie and co-workers24 for a nonadiabatic charged
particle in a quadrupole field.

We have also examined the scaling of �-particle losses
with N in CTF when the ripple amplitude at the outer mid-
plane plasma edge is held fixed. It is evident from Eq. �20�
that this requires Rcoil to be varied: in such a scan the ripple
amplitude can only be clamped at one particular major ra-
dius. The amplitude � at the outer midplane edge was set
equal to its value for the parameters of the base line CTF
design �N=10, Rcoil=2.4 m�; for this �, Table I gives the
computed loss rate for N=8, 14, and 20. The � particles were
again simulated for �105 Larmor orbits. One might have

FIG. 6. Orbit of a trapped 3.5 MeV � particle in CTF. Flux surfaces are
indicated by broken curves and the last closed flux surface by a solid curve.

FIG. 7. Computed fusion �-particle loss rate from CTF vs number of tor-
oidal field coils. Particle orbits were computed for �105 Larmor gyrations.
The prompt loss rate is indicated by a broken line.

FIG. 8. Orbits of � particles lost from CTF with N=20. The left plot shows
the prompt loss of a trapped particle; the right plot shows the delayed loss of
an initially passing particle.
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expected the losses to increase monotonically with N; in fact,
the escape rate is lower for N=14 than it is for the other two
cases. As N is increased the ripple amplitude inside the
plasma becomes a more strongly varying function of R,
while at the same time finite Larmor radius effects become
more significant. The computed variation of loss rate with N
may arise from competition between these two competing
effects.

Tani and co-workers9 have recently used a guiding cen-
ter code to carry out a similar scan for VEry Compact TOka-
mak Reactor �VECTOR�, a proposed low aspect ratio toka-
mak power plant.8 Specifically, the power loss due to
escaping � particles was computed as a function of N with
the ripple magnitude at the plasma edge held fixed at 1%.

Tani and co-workers found that the dependence of power
loss on N was very weak, and concluded from this that the
number of toroidal field coils in VECTOR could be signifi-
cantly reduced from that of the original design without caus-
ing unacceptable ripple losses. Such a reduction would, of
course, have to be accompanied by an increase in the dis-
tance of the coils from the plasma, to ensure that the ripple
amplitude at the plasma edge remained fixed.

IV. DISCUSSION AND CONCLUSIONS

As noted in Sec. I, Putvinskii and Shurygin14 proposed
that fusion �-particle transport could be enhanced if cyclo-
tron resonance with the toroidal field ripple were to occur.
Simple estimates indicate that the resonance condition would
not be satisfied in ITER, at least as far as the lowest toroidal
ripple harmonic is concerned. On the other hand, the condi-
tion would be marginally satisfied in STPP and easily satis-
fied in CTF. It is not clear, however, to what extent the pre-
dicted loss rates for either of these devices can be interpreted
in terms of the Putvinskii and Shurygin model. Considering
the case of a circular cross section, large aspect ratio toka-
mak, and retaining only leading order terms in the evolution
equations for magnetic moment and gyrophase, Putvinskii
and Shurygin deduced an area-preserving map representing
the cyclotron interaction of � particles with a ripple field.
Using this map, they showed that the threshold ripple ampli-
tude for stochastic �-particle transport tends to zero at the
trapped-passing boundary. This is consistent with the dem-
onstration by Yavorskij and co-workers23 of nonadiabatic
transitions from passing orbits to trapped orbits in the axi-
symmetric limit, and it is also consistent with the occurrence
of stochastic variations in � shown in Fig. 9. On the other
hand, whereas in the Putvinskii and Shurygin model the vol-
ume of the stochastic region of phase space falls rapidly as
the ripple amplitude is reduced, the computed CTF loss rates
for N=10 and N=20 are similar �Fig. 7�, despite a huge
disparity in ripple amplitudes. Moreover, as noted previ-
ously, an increase in N from 18 to 25 was found to have no
significant effect on the loss rate in STPP.

In view of the qualitative similarity of the time series
shown in the upper and lower frames of Fig. 9 �correspond-
ing respectively to finite and infinite N�, it seems likely that
the delayed losses found in STPP and CTF for very high
values of N are due to violation of � conservation in the
axisymmetric component of the magnetic field, rather than
ripple effects. Additional support for this conjecture lies in
the fact that the normalized fusion �-particle Larmor radius
in both STPP and CTF is close to a threshold value above
which strong collisionless pitch angle scattering is predicted
to occur.23 It is uncertain whether the occurrence of local
minima in the collisionless loss rate for specific intermediate
values of N in STPP and CTF �Figs. 4, 5, and 7; Table I� is
due specifically to finite Larmor radius effects. In any event,
the existence of such minima is unlikely to be significant in
terms of fusion �-particle confinement in burning tokamaks.
There are two reasons for this. First, as noted in Sec. III, the
values of N that yield improved confinement are profile de-
pendent. Second, the fact that collisionless losses in STPP

FIG. 9. Time variation of magnetic moment � normalized to its initial value
�0 for a 3.5 MeV � particle lying close to the trapped-passing boundary in
CTF, with N=14 �top� and N→� �bottom�.

TABLE I. Collisionless loss rate of � particles from CTF for three values of
N, the ripple amplitude at the outer midplane plasma edge being held fixed.

N Lost fraction of � particles �%�

8 2.4±0.5

14 1.4±0.4

20 2.9±0.5
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and CTF are low in absolute terms for all values of N above
a certain minimum value suggests that the total loss rate is
likely to be due mainly to collisional processes in such cases.

In conclusion, we have used a full orbit code to compute
collisionless prompt and ripple losses of fusion � particles
from three proposed burning tokamaks. For the inductive
mode of operation in ITER �with magnetic shear increasing
monotonically from the core to the edge�, the scaling of loss
rate with the number of toroidal field coils N �and hence with
the ripple amplitude� appears to be broadly consistent with
that expected on the basis of guiding center theory. The in-
troduction of higher spatial harmonics to the ripple field,
representing the effects of ferromagnetic inserts, does not
increase the loss rate. In the case of STPP and CTF, we have
found that there is a range of values of N for which the
collisionless loss rate does not fall monotonically: within this
range, there are specific values of N for which collisionless
losses drop to levels comparable to the prompt rate. Because
of collisional effects �not considered in this paper�, one
would expect the actual loss rate in such cases to be consid-
erably higher. As far as STPP and CTF are concerned, the
key result emerging from the full orbit computations is that
the collisionless loss rates are always low in absolute terms
except for values of N well below those of the base line
designs. Our results imply that fusion �-particle confinement
would not be significantly degraded as a result of finite Lar-
mor radius effects in any of the burning tokamaks considered
in this paper.
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