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ABSTRACT

Loss of alpha particles from compact torsatron reactors with M = 6, 9, and 12,
where M is the number of field periods, is studied. The direct loss is a relatively
get weak function of radius and energy and varies from =33% for M = 6 to ~18%
for M = 12. Loss of alpha particles through scattering into the loss region is
calculated using the Fokker-Planck equation and found to contribute an additional
alpha-particle energy loss of 2215%. The consequences of these relatively large losses
for torsatron reactor design are discussed. A figure of merit that characterizes the
orbit confinement for a magnetic configuration is deduced and used to show how

the direct alpha-particle losses might be reduced.
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I. INTRODUCTION

The development of compact torsatron configurations! with low to moderate
aspect ratios has enhanced the attractiveness of stellarator reactors by combining
the well-known advantages of torsatrons (current-free, steady-state operation and
natural divertors) with the additional advantages of compact size and high-beta
operation in the second stability regime. These compact torsatron reactors? are
projected to have major radii By — 811 m vs the Ry = 20-25 m projected for
other stellarator approaches.?’* However, the existence of a relatively large helical
variation in the magnetic field strength, cormbined with toroidal effects at low as-
pect ratio, raises concerns about alpha-particle confinement in compact torsatron
reactors. A relatively large fraction (~~1/3) of the particles are helically trapped in
these devices. Radial electric fields can prevent the loss of helically trapped particles
through E x B poloidal orbit rotation,”® but only when a particle’s kinetic energy
W is on the order of or less than its potential energy in the electric field [W < e®
where typically e® ~ (2--3)kT|. Charged fusion products and energetic ions created
by plasma heating systems have energies higher than those for which electric fields
provide confinement, and the reduction of heating power associated with the loss
of these energetic particles must be considered in designing torsatron reactors.

While extensive work has been done on alpha-particle losses in tokamak
reactors,” relatively little work has been done for stellarators. Ho and Kulsrud® es-
timated indirect particle and energy losses due to scattering of alpha particles into a
small perpendicular loss region. Other authors® “!! developed analytic descriptions
for the bounce-averaged guiding-center orbits of low- and moderate-energy trapped
particles. However, these studies were concerned with understanding and classify-
ing orbits, rather than with determining the fraction of energetic alpha particles
lost, and they concentrated on higher-aspect-ratio magnetic configurations approxi-
mated by simple expressions for the magnetic field. The complicated magnetic field
structure of low-aspect-ratio torsatrons and the large deviations of very energetic
particle orbits from a magnetic surface, both of interest here, make an analytic
treatment intractable.

The purpose of this paper is to investigate the loss of alpha particles and alpha-
particle heating in compact torsatron reactors using realistic descriptions of the
magnetic field strength and accurate methods for computing the guiding-center or-
bits. The base-case configurations studied are described in Sec. II, and the methods

for computing the alpha-particle losses are summarized in Sec, 1II. Orbit losses



for the base-case configurations are given in Sec. IV. Numerical and approximate
analytic solutions to the Fokker-Planck equation are used to estimate additional
alpha-particle losses arising from pitch-angle scattering in Sec. V. Consequences for
torsatron reactor design are discussed in Sec. VI. Sensitivity to the magnetic field
structure is then addressed, and a figure of merit for assessing the particle confine-
ment properties of a magnetic configuration is found in Sec. VII. In Sec. VIII, the
confinement figure of merit is used to demonstrate how alpha-particle confinement

in low-aspect-ratio torsatron reactors might be improved.

II. MAGNETIC CONFIGURATIONS STUDIED

Torsatrons produce toroidally nested, closed magnetic surfaces similar to those
in tokamaks, but without a net driven current in the plasma. The necessary helical
(toroidal plus poloidal) magnetic field is produced solely by unidirectional currents
in external helical coils and hence is inherently steady state. Figure 1 shows the
helical coils for the three base compact torsatron reactors studied here; these are
the configurations of Ref. 2, with M == 6, 9, and 12 toroidal field periods. The
M = 12 reactor is a scaled-up version of the Advanced Toroidal Facility (ATF)
configuration,'? and the M = 6 and M = 9 reactors are based on configurations
obtained by poloidally modulating the helical field (HF) winding trajectory to re-
tain the favorable magnetohydrodynamic (MHD) properties of ATF at lower aspect
ratio. These configurations have moderate shear, small magnetic wells, and rota-
tional transforms (+) that range from about 1/3 on axis to about 1 at the plasma
edge.! As the coil aspect ratio A. = R/a,. decreases, more space becomes available
between the HF windings for access to blankets, shields, etc. Here a. is the mean
radius of the HF winding on the circular cross-section torus. The modulation of the

HF winding is given by
b, = [03 -y ansin(nOS)]E/]W, (1)

where ¢, and f; are the toroidal and poloidal angles in real space, the a,, are the
modulation coeflicients, and the poloidal symmetry number £ = 2.

The principal configuration and device parameters for the reactor cases studied?
are given in Table I. For all three cases, the magnetic field on the magnetic axis
By = 5T, the volume-averaged density (n) == 2 x 10?° m 3, and the thermal fusion
power £y = 4 GW. These particular cases are attractive becausc of their relatively

small size (Ry; = 8.4-11.1 m), moderate temperatures (central ion temperature
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Fig. 1. Top views of coil geometry for (a) CT6, (b) CT9, and (¢) CT12 base reactor
cases.



TABLE 1

Compact Torsatron Reactor Parameters

Configuration Parameters
Number of field periods, M

HI' winding modulation
a;

a3

a3

Qy
Coil aspect ratio, Rg/a.
Plasma aspect ratio, Ry/a

Reactor Parameters
Major radius, Ry (m)

Plasma radins, a (m)

Central ion temperature, T;y (keV)
Central electron temperature, T,y (keV)
Volume-average beta, (3) (%)

Power to ignite, Preating (MW)
Neutron wall loading, I', (MW /m?)
Net electric power (MW), 1 == 0.36

Reactor case

CTé6 >'TY CT12
6 9 12
0.446 0.275 0

—-0.079 —0.0435 0
0.029 0 0
0.0009 0 0
2.50 3.24 4.49
3.87 4.66 7.78
8.37 10.54 11.13
2.16 2.26 1.43
11.9 10.4 14.4
12.7 11.1 14.4
7.2 6.3 9
~33 ~30 ~25
3.38 2.69 3.92
1934 1897 1879
206

172

228



Ty = 10.4-14.4 keV), efficient use of magnetic field ((3) = 6.3-9%), moderate
neutron wall loading (T, = 2.7-3.9 MW /m?), moderate power to reach ignition
(25-33 MW), and high mass utilization [170-230 kW(e)/tonne].

The simplest expression for the magnitude of the magnetic field of a toroidal

stellarator is given by
B == By[l - € cos8 + en(r)cos(£8 —~ M) , (2)

where the cos 8 term represents the finite toroidicity, as in a tokamak; e, = r/Hy ==
(1/4)(r/a), where @ is the average radius of the last closed magnetic surface and
A = Ry/i is the plasma aspect ratio; and e,(r) o« (r/a)? is the normalized ampli-
tude of the dominant helical ripple component of the stellarator field with poloidal
symmetry number £. While the approximation of Eq. (2) is useful for unmodulated
HF winding laws (o, = 0) at large aspect ratio, the large poloidal modulation and
the low toroidal aspect ratio for compact torsatrons produce a rich spectrum of HF
harmonics. Therefore, we choose to represent the magnitude of the more realistic
magnetic fields of interest here in the particular set of flux coordinates called Boozer

coordinates,’?

B = By Y By m($)cos(ng - mb) (3)

n,m
where 271 is the toroidal flux. The radial variable 7 is related to the toroidal flux
through an approximation ¢ o~ Ber?/2. The poloidal and toroidal angles (8 and ¢)
are chosen to make the field lines straight in this coordinate system (the rotational
transform + is constant on each flux surface). Equation (2) or (3) is sufficient
to specify the magnetic field because only the magnitude of the field, and not its
vector components, is required when the guiding-center orbit equations are written
in Boozer coordinates [see Eq. (4)]. Gach term in Eq. (3) is the magnitude of a
divergence-free vector field, so the effect of individual terms can be studied without
introducing nonphysical effects into the particle orbits. The same is true of the field
magnitude given by Eq. (2) when 8 and ¢ are the Boozer coordinates and r o /1,
as we use it, but not when the usual space variables are used. The constraint of zero
net current on each flux surface places restrictions on the form of ex(r) in Eq. (2)
and By, .,(¢) in Eq. (3), so arbitrary forms cannot be considered.

Figure 2 shows the largest B, ,,, values vs p = \/{b—/"x/@ o r/a for the M = 6
configuration. The largest term (not shown) is Bg g, the average value of the mag-
netic field on a flux surface. By is close to 1 for all values of p. By, _; (= —¢) is

the 1/ R variation of the field and varies as p. Bg > (== €4) is the dominant helical

5
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Fig. 2. Spatial variation of the magnetic field harmonics for the CT6 case.



harmonic and varies as p?. The Bs; and Bs o terms, which result from the poloidal
modulation of the HF winding trajectory and nonlinear mixing of the toroidal and
helical effects, are also significant and cannot be neglected. The other terms are
considerably smaller. We use 12 terms, with values down to :S107%, in this study.

The relative magnitudes of the B, ,, for the M = 9 and M = 12 cases are ap-

decrease with increasing M.

III. CALCULATION OF ALPHA-PARTICLE LOSSES

The loss of alpha-particle heating power has two components: a direct loss that
occurs when alpha particles are born . in the loss region and an indirect loss that
results from the collisional diffusion of alpha particles into the loss region. These
direct and indirect losses can be estimated independently when the loss region does
not depend on energy. We use orbit-following techniques to map out the collisionless
loss region; the indirect losses are estimated from solutions to the Fokker-Planck
equation, as described in Sec. V. Electric-field effects are ignored because they are
small for 3.5-MeV alpha particles.

The collisionless guiding-center drift equations in magnetic coordinates (1, 8q, )

1315
b 0% (y LB 2> B

are given by

08y ¢ mll a6, ’
b 90 (1 eB 5 0B
" O V e T all oy’
2 (4)
eB
X = Pl s
m .
i od p o eB ,\ OB
Pl = i o Ry ) R
Jx € ™m Ox

where 8y is a field line label, x == [ B dl, ® is the electric potential, and the dot
indicates a time derivative. The quantities m, ¢, W, u, and p) = (v”/v)\/zfmﬁf/_q?;
are, respectively, the particle’s mass, charge, kinetic energy, magnetlic moment, and
parallel gyroradius. The quantities v and v are the magnitude of the velocity and
the velocity component parallel to B. The variables 8y and x are related to the

poloidal and toroidal angle variables'? by
x = g(¥)d + I(¥)F
0 =6+ «($)¢,
7

(5)



where g(1) is proportional to the poloidal current outside a flux surface and ()
is proportional to the toroidal current inside a flux surface.

By rewriting Eq. (4) in normalized variables, one can show that for a given
configuration (B and ® prescribed) the orbit equations depend only on two dimen-
sionless parameters, the normalized gyroradius § = v/2mW /¢Bya and the ratio of
the particle’s potential energy in the electric field to its kinetic energy v = q®o/W.
The device parameters enter only through é, and the particle energy enters through
6 and . For 3.5-MeV alpha particles, ¥ < 1 and is ignored here.

For these calculations, particles were started from a given flux surface with
a random, uniform distribution in pitch, poloidal, and toroidal angles. Typically
128 to 256 particles, selected via a stratified sampling scheme, were used for each
starting flux surface, but as many as 512 were used to verify that the estimates
of the loss fractions had converged sufficiently. Stratified sampling, which involves
dividing the sampling region into a number of subregions, is a particularly effective
method for reducing the variance in the estimated collisionless loss, because it allows
for heavier sampling near the boundary of the loss region. To produce a uniform
distribution of starting weights on a flux surface, each particle was weighted by
the Jacobian in magnetic coordinates (1/B?). Each particle was followed until it
(1) crossed the plasma boundary, taken to be near the + = 1 surface; (2) made
two poloidal revolutions; or (3) exceeded a preset time cutoff, typically taken to be

several hundred helical bounce periods.

IV. ORBIT LOSSES

Because of the three-dimensional nature of stellarator fields, a convenient way
of displaying stellarator loss regions is difficult to find. Even with energy fixed, as
it is here, four variables (three real space and one velocity)} would be needed if the
conventional representation were used. We choose a normalized magnetic moment
¢ and the minimum normalized radius along the orbit p., = \/1l;7;;/_1/;(7(i) to
identifly individual orbits; Fig. 3 shows a scatter plot of lost and confined orbits
for 3.5-MeV alpha particles in the base Ml = 6 reactor. Here p* is the magnetic

moment g normalized to a range between —1 and +1:

vy Bpla)p

AR

Tyl oW

where B,(a) is the minimum magnetic field in the plasma, which occurs at the

plasma edge (pmin = 1). The constant p/W factor in p' can be written as

8
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Fig. 3. Constants of motion for alpha-particle orbits in pmin-p* space for a C'T6
reactor. The letters (a) through (g) refer to orbits in Fig. 4.



(vi/v)?/B in general and as 1/ B,y for trapped particles, which reflect (v = 0) at
B = Bregi, the maximum value of field along the orbit. Here v, is the magnitude
of the velocity component perpendicular to B. Passing particles have (v /v)? < 1
and B < Brepi. The boundary between trapped particles and passing particles is
given by {p*| = B,(d}/B, and is indicated by the nearly vertical lines in Fig. 3.
Here B, is the maximum value of B for a given p,,;,.

The circles in Fig. 3 indicate confined passing-particle orbits, and the diamonds
indicate lost passing-particle orbits. Lost trapped-particle orbits are shown as
crosses, and confined trapped-particle orbits are shown as squares. The rightmost
and leftmost curves are simply the boundaries for the space where B = B,, the
minimum value of B for a given p,.in, and represent the loci of the most deeply
trapped particles. The ratio p*(B,)/p"(B,) = B, /B, gives the field ripple, which
is nonzero on the axis (p,;, = 0) and increases with p,,;, for the M = 6 configu-
ration in Fig. 3. The points labeled (a) through (g) in Fig. 3 show the locations of
some characteristic orbits in this space. Figure 4 shows these orbits, the variation
of B along a typical field line, and the contours of constant B,,,, for this configu-
ration. B,y is the minimum value of B along ¢ for a given 8 and v, as opposed to
B, which is the minimum value of B on a given flux surface. As discussed below,
contours of constant B,,;, are useful approximations to the trapped-particle orbits.

When |p*| < Bn(a)/B;, the particles are passing [orbits (¢) and (d)], and the
details of the orbits are sensitive to the sign but not the magnitude of . The
excursion that a passing particle makes from its p.,,, flux surface is composed of
a deviation on the order of a poloidal gyroradius, resulting from the axisymmetric
component of the magnetic field, and a higher-frequency oscillation in the field
ripple. In these configurations, co-passing (p" and vy > 0) particle orbits are
shifted inward in major radius, and counter-passing (1" and v < 0) particle orbits
are shifted outward. This shift causes a small asymmetry with respect to g in the
loss region, but, as can be seen by comparing the scatter plot in Fig. 3 with the low-
energy trapped-passing boundary, the finite orbit excursion has only a small effect
on the trapped-passing boundary. The main effect of the finite orbit excursion is to
cause the loss of passing particles near the plasma edge. The horizontal dashed line
in Fig. 3 indicates one poloidal gyroradius distance from the plasma edge. Particles
that start in this region are likely to be lost, whether passing or trapped.

Essentially all trapped alpha particles are lost in the low-aspect-ratio M = 6
base configuration. Helically trapped particles move so as to conserve the helical

bounce action f’uudl. For the most deeply trapped particles, this corresponds to

10
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motion along contours of constant B,i,. Less deeply trapped particles also tend
to drift along constant-B,,;, contours. If these B,,;, contours do not close in the
plasma region, the helically trapped particles leave the plasma volume within a
few bounces [orbits (a) and (g)]. Collisionless detrapping is common but is usually
followed by retrapping, cither directly [orbit (b)] or after several toroidal bounces
[orbit (f)]. Alpha particles may drift a significant distance radially while in the
toroidally trapped part of their orbits. This radial drift is similar to the stochastic
diffusion'® found in tokamaks with toroidal field coil ripple. A small population of
transitional particles is confined [orbit (e)]. These transitional particles repeatedly
detrap and retrap in the shallow helical wells on the inboard side of the torus in
a manner that is symmetric about the horizontal midplane so that the net radial
drift is zero. These particles occupy a boundary region between the trapped and
confined regions (squares in Fig. 3) and constitute only a small fraction of the
trapped-particle population.

The fraction of confined alpha particies is shown in Fig. 5 as a function of
normalized starting radius p for the A7 = 6, 9, and 12 minimum-radius reactors.
The losses are greater for the lower-aspect-ratio M = 6 and 9 configurations because
the fraction of trapped particles is larger (18% for M = 12 and 30% for M == 6, with
p = 0.25) and the confinement of these particles is poorer. The M = 6 configuration
loses 96% of the trapped alpha particles, while the M = 12 case loses only 40%.
This point is illustrated in Fig. 6, which compares the flux-surface-averaged fraction
of confined alpha particles as a function of the pitch-angle parameter { = v /v for
the M = 6 and M = 12 reactors. The small asymmetry with respect to the pitch-
angle parameter for the M = 6 reactor results from the shift of the trapped-passing
boundary discussed above. It appears that the more dramatic asymmetry for the
M = 12 configuration also results from this shift and from the fact that deeply
trapped particles are better confined than particles that are marginally trapped.

The loss region is very insensitive to the alpha-particle energy. Figure 7 shows
the flux-surface and pitch-angle average of the fraction of alpha particles confined
in the M = 6 base reactor for various values of the normalized gyroradius 4. These

values of 6 span a large range in particle energy, from ~15-keV D-T particles in the

8-m, 5-T reactor (§ = 8 x 107?) to 3.5-MeV alpha particles in a 4-m, 5-T ignition

the plasma, which varies from 20 to 125 in Fig. 7. The solid curve is the fraction of
passing particles at zero energy. Essentially all of the trapped alpha particles are

lost from the M == 6 base configuration, even for small values of §. The fraction

12
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The fraction of alpha particles and power lost between 3.5 MeV and energy
W is given as a function of W in Fig. 8, for £, = 0 and £, = 0.3, where £, is
the value of |v/v| at the edge of the loss region. Both the indirect and the direct
losses (the value at W = 3.5 MeV) are included in Fig. 8, where Z.55 — 1.5 due to
oxygen is assumed. The solid (dashed) lines are numerical results for alpha-heating
(alpha-particle) losses, and the chain-dotted lines are the approximate solution for
alpha-particle losses described in the Appendix. For comparison, the exact solution
for particle losses for ¢, = 0, taken from Ho and Kulsrud,? is also shown (chain-
dashed curve). The agreement between the exact analytic solution, the approximate
analytic solution, and the numerical results is excellent except very near 3.5 MeV,
where the exact analytic solution experiences convergence problems. (The exact an-
alytic solution and the numerical results overlie each other and are indistinguishable
on this scale.)

Following an initial transient, which results from the steep gradients in the
distribution function at £ = £, near W = 3.5 MeV, the fraction of alpha energy
lost rises nearly linearly with decreasing energy to ~15% at 100 keV. The particle
loss fraction rises slowly to about W,.,;;, and then steeply because of the increased
scattering cross section. The indirect component of the loss is nearly independent
of the width of the loss region: 15% of the alpha-particle heating is lost because of
scattering when &, = 0, vs 13% when &, = 0.3. When the loss region is of finite size,
the number of particles available for scattering into the loss region is reduced by
(1 —¢£.), but the average pitch angle through which a particle must scatter to reach
the loss region is decreased by a corresponding amount. The finite loss region has a
small effect on the parti(:]e loss fraction at low energy: 58% of alpha particles are lost
above 100 keV because of scattering when &, == 0, and 50% are lost when £, = 0.3.
The perpendicular loss region is thus effective at removing the alpha-particle ash,

but at some penalty (15%) in the alpha-particle heating.

VI. IMPLICATIONS FOR TORSATRON REACTOR DESIGN

The fraction of alpha heating power lost from the M = 6,9, and 12 base reactors
is summarized in Table II for source profiles of the form |1 — 4 /+(a)|™. These losses
include both the direct collisionless losses and the estimate of scattering into the loss
region. Because ¢ o 72, the [1 ~ ¢ /v(@)]* form corresponds to parabolic density
and temperature profiles. The results are relatively insensitive to the exponent of

1 - /¢(a) because of the slow variation of f. with p = \/@71’5(_“1 shown in Fig. 5.

17
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TABLE I

Fraction of the Alpha Power Lost for M = 6, 9, and 12 Base Re-
actors for Different Source Peaking Factors n Where the Source is

So [L—/v(a)]”

Alpwha Power Lost (%)

n 6 ’ CT9 12
2 50+ 1 48 4 2 37 4 1
4 46 + 1 43 + 2 32 4 2
8 44 41 41 + 3 29 4 2

19



The main impact of these losses is to increase the amount of heating power required
for ignition. Table I indicates that heating to ignition requires 33 MW for the
M = 6 and ~25 MW for the M = 12 configurations without any alpha-particle
losses. Calculations? with the WHIST transport code?® show that these cases are
thermally unstable for @ = P/ Pheating > 5-10, so the necessary heating power
increases to 43-47 MW for M = 6 and 30-32 MW for M = 12. After the plasma
ignites, the alpha-particle loss has only a beneficial effect: it aids in burn control
by limiting the power available for the thermal excursion and channels the alpha-
particle energy directly to the outside so that it does not end up on the vacuum
vessel walls in degraded form with a higher sputtering rate.

Fortunately, the lost alpha particles exit the plasma in a very narrow helical
strip between the HF windings,® so it should be possible to recover this energy
externally. However, the space required for collecting this high-power-density flux
will reduce that available for tritium breeding and increase the required neutron
multiplication factor in the blanket (higher beryllium fraction). The loss region
also serves as a helium-ash removal mechanism. Although alpha particles with
energies below W, .;; are lost, the background D-T plasma ions are unaffected up
to energies of ~(2-3)7". The same general results will also hold for D-T ignition
experiments. These devices? have the same B, as the reactor cases but are smaller
in size (Rp ~ 4 m). The short-dashed curve in Fig. 7 shows the fraction of alpha
particles confined in an M = 6 D-T ignition device.

Because the device parameters enter into the orbit equations only through the
normalized poloidal gyroradius é, we can extrapolate our results to applications
other than reactors. The 3.5-MeV alpha particles in a reactor with Ry = 8 m and
By == 5 T are equivalent to 140-keV protons in a next-generation experiment with
Ry = 2 m and By = 4 T. The poloidal gyroradius is ~0.05 m in such a next-
generation experiment, so high-energy ions with r/a 2 0.9 would be lost. The
near-perpendicular nature of the loss region and the relative insensitivity to energy
indicate the need for plasma heating that does not produce a large population of
energetic particles with small v /v|. Possible heating methods include electron cy-
clotron heating, tangential neutral beam injection, fundamental ion cyclotron heat-
ing, or ion Bernstein wave heating. Pitch-angle scattering is also more important
in an experiment (in which the ratio Wy, /Weriy is much lower) than in a reactor,
because, even though W, is lower (9.37. for H® -» D*, 14.8T, for H® —» H™", and
18.67, for D — D*, vs 327, for a — D-T), Wyas is much lower (0.1 MeV vs
3.5 MeV).
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VII. DEPENDENCE OF DIRECT ALPHA-PARTICLE LOSSES
ON CONFIGURATION PROPERTIES

The direct alpha-particle loss determined in Sec. IV (up to ~1/3 of the total
population in some cases) is large by tokamak standards; it is worthwhile to try to
reduce it both because of the direct loss of alpha-particle heating and because of
the increased heat transport from the thermal population that results from poorer
confinement of trapped particles. Both effects increase the auxiliary heating power
required for ignition. We focus on understanding the direct loss of alpha particles;
the additional energy loss due to pitch-angle scattering i1s approximately indepen-
dent of the direct loss but goes to zero if the direct loss is zero.

To understand how the direct loss of helically trapped alpha particles in low- to
moderate-aspect-ratio torsatrons is influenced by the magnetic field structure, we
have investigated the orbit confinement characteristics of a number of additional
configurations. These variants of the base configurations were selected to provide
a data base of widely varying configurations. They differ from the base configura-
tions in that they have different currents in the vertical field (VF) coils, different
modulations of the HF coils, or £ == 1 HF windings in addition to the primary
¢ = 2 HF windings. The orbit losses for the base and variant configurations are
summarized in Table I1I. For convenience, we use the notation of Ref. 1: CT6 for
the M == 6 compact torsatron configuration, CT9 for the M = 9 configuration, etc.
(These configurations are called ATR-1, ATR-2, and ATR-3 in Ref. 2.) For the
base configurations, the plasma radius is fixed at 2 m, rather than at the minimum
achievable reactor radius, for clearer comparisons. The CT12- (CT12+) config-
uration is the CT12 base configuration shifted in (out) by changes in the dipole
component of the vertical field, while for CT121 the quadrupole component of the
vertical field in CT12 is changed to increase the rotational transform on axis, ¢(0).
The CT9U and CTY9al configurations have simplified winding trajectories; CT9U
has an unmodulated winding trajectory, while CT9al retains only one modulation
coeflicient [a; in Eq. (1)]. The CTIL1IA and CTI9L1B configurations are created
by adding an ¢ = 1 HF winding to the CTY configuration.

The results in Table 111 show no clear correlation between trapped-particle con-
finement and aspect ratio. For example, the fraction of trapped particles lost from
the moderate-aspect-ratio CT12 configurations varies from 0 to 100%, depending
on how the VF coils are used to alter the magnetic configuration. For a starting

radius p = 0.5, the CTYLIB configuration with aspect ratio 4 = 6.2 loses fewer
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TABLE IM1

Orbit Losses for Base and Variant Configurations

Aspect Starting Particles lost (%) Case

Configuration  ratio A  radius pg  Total  Trapped  number
CT6 3.9 0.125 27 100 1
0.5 36 97 2
0.75 39 94 3
CT7 3.3 0.125 24 80 4
0.5 30 82 5
CT9 4.7 0.125 25 95 6
0.5 28 86 7
0.75 42 89 8
CT12 7.8 0.125 9 47 9
0.5 25 79 10
0.75 34 82 11
CT6— 4.2 0.125 26 98 12
CTIL1A 8.0 0.125 7 36 13
0.5 14 49 14
CT9L1B 6.2 0.125 13 50 15
0.5 20 64 16
0.75 37 88 17
CT9U 5.1 0.25 27 98 18
CTYal 5.2 0.25 30 100 19
Ccriz2— 7.6 0.125 0 0 20
0.5 10 33 21
0.75 26 64 22
CT12+ 84 0.125 22 100 23
CT121 7.8 0.125 0 0 24
0.5 o 38 25
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trapped particles than the higher-aspect-ratio (4 = 7.8) CT12 (64% vs 79%), and
the lowest-aspect-ratio device addressed, CT7 with 4 = 3.3, loses a smaller fraction
of trapped particles than CT12+ with 4 = 8.4 (80% vs 100%). Better understand-
ing of the configuration properties that determine the loss of helically trapped alpha
particles is clearly needed.

A useful measure of the orbit confinement properties of a magnetic configuration
can be deduced by examining the orbits and contours of B,,;;,, for a simple magnetic
configuration and then applied to the more complicated cases in Table III. For this
model, we choose the field expression of Eq. (2) with By = 5 T; ¢ = €7 /a, so that
€2 == 1/A; e = €2(r/@)?, so that £ == 2; and M = 6. A starting radius p = 0.25,
A =5, a = 2 m, and +(p) = 1/3 + 2/3p? are used in the orbit calculations.
Figure 9 shows poloidal projections of constant- B, contours with deeply trapped
orbits superimposed for four values of the parameter p, = €7/} = —~Bpra(p ==
1)/ By,—1(p = 1). When p, == 1, only a small fraction of the constant- B,,;, contours
are closed in the plasma region, and trapped particles are lost. As py increases, more
of the constant-B,,;,, contours close in the plasma region, and the losses are reduced.
For ps << 1, the particle losses are not correlated with closing of the constant-B,,;,
contours, since particles are trapped primarily by the 1/R variation in 8 and the
dominant loss mechanism is stochastic diffusion of the toroidally trapped orbits.

The confinement of trapped alpha particles in more complicated stellarator con-
figurations is also correlated with the closing of the constant-B,,;,, contours. This is
demonstrated in Fig. 10, which shows the fraction of trapped particles confined as a
function of f... The numbered points in Fig. 10 refer to the case numbers assigned
to the configurations of Table I1I, and the triangles represent the model configura-
tions with 4 = 5 or 10 and a range of p; values. The configurations represented
in Fig. 10 have aspect ratios ranging from 3.3 to 10 and relative helical ripples (¢})
ranging from 0.1 to 0.5. Here f. is a measure of the fraction of the constant-B,,;,
contours that close in the plasma region, calculated as follows. If the constant-B,,.,,
contours are projected into the p-8 plane, as in Fig. 9, then f. is the ratio of the
area A inside the last closed B,,;, contour and outside the starting flux surface
to the area in the annulus between the starting flux surface and the last closed flux
surface. The area A-, is shown schematically in Fig. 11. The fraction f. of trapped

particles that are confined can be fitted by the expression
fo=1.61f2, e <079,

(6)
fo=1, Fo > 079,
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with an rms error of 0.08 (absolute). This expression holds for § ~ 0.02, which
corresponds to the case of 3.5-MeV alpha particles, @ = 2 m, and By = 5 T. Similar
expressions will hold for other values of the normalized gyroradius.

It is possible to find configurations with fractions of confined trapped alpha
particles that deviate more from the curve [Eq. (6)] in Fig. 10 than the points
shown. However, these configurations have either much greater shear (and larger
losses) or much less shear (and smaller losses) than the ATF-like compact torsatron
configurations studied here. Thus, we can use Eq. (6) as a fast means of evaluating
the alpha-particle confinement properties of magnetic configurations with ATF-like
rotational transform profiles, even configurations that otherwise differ considerably

from the base compact torsatron configurations.

VIiI. REDUCTION OF DIRECT ALPHA-PARTICLE LOSSES

To understand how direct alpha-particle losses might be reduced, we start with
the model field given by Eq. (2) in order to isolate the role played by the lowest-
order terms (¢, and ¢) in determining the alpha-particle losses. Additional helical
ripple terms are then added to demonstrate how more complex field structures can
improve alpha-particle confinement.

For the set of parameters used in discussing Fig. 9 [M = 6, £ = 2, By = 5 T,
@a—2m,p= 025 and ¢(p) = 1/3 + 2/3p?], but with 4 = 5 and 10, the fraction
of helically trapped alpha particles lost is shown in Fig. 12. For a given value of ps,
the probability that a trapped alpha particle will be lost is relatively independent
of aspect ratio, but the total losses decrease with A because of the decreasing
fraction of helically trapped particles. When py -x [, symmetry-breaking effects
are at their strongest, and essentia.lly’a,ll trapped particles (~95%) are lost. When
p2 < 1, particles are trapped primarily by the 1/ R variation of B, the field is nearly
axisymmetric, and the losses are small. Similarly, when py > 1, the configuration
is nearly helically symmetric, and helically trapped orbits are well confined. This is
similar to the findings of Wakatani et al.,® who showed that trapped particle orbits
close in the plasma region for large-aspect-ratio configurations when p, 3 1 but
not when py ~ 1. Unfortunately, for the cases of most interest at low aspect ratio,
ey is large (~0.2) and comparable to the dominant helical ripple term ¢ = Bas,,

so py ~ 1.
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However, it is possible to compensate for this situation with additional terms

in B. Mynick et al.2! have studied a o-optimized field given by
B = By[l - €;cos 0 + ex(1 — o cos §) cos(£8 — M¢)] , (7)

which is the same as Eq. (2) with €, replaced by €,(1 — o cos 6). Mynick et al. take
p2 = 1 and find minimum transport for ¢ =~ 1. Using Eq. (6) for the relation
between losses and f., we have estimated the fraction of alpha particles lost for
this configuration with 4 == 5, By == 5 T, @ == 2 m, and p = 0.25. The results are
shown in Fig. 13. A band of zero losses approximately follows the curve o = 1/p,
from ¢ = 1.4, py = 0.73, to & = 0.5, p; = 2 (and beyond). By assuming that the
constant-B,,;, contours are circles in the p-8 plane, one can show that constant-
B,hin contours, and consequently trapped-particle orbits, coincide approximately
with flux surfaces when o = 1/py. This should lead to reduced transport as well as
improved alpha-particle confinement.

The added term in Eq. (7) increases the effective amplitude of €5 on the inside
major radius {or increases the field line length where it is reduced by the 1/ R effect)
and reduces €, on the outside major radius (or reduces the field line length where
it is increased by the 1/R effect). The net effect is to make the feld look more
helically symmetric to trapped particles and hence have an effectively larger aspect
ratio, similar to the M-S configuration.?? It may be possible to achieve some of this
effect by a different poloidal modulation of the HF winding trajectory.

Another, perhaps more straightforward, way to accomplish this might be by
adding an £ = 1 component to the field, perhaps with the proper £ == 1 winding.
The results of this calculation, for the same parameters used in Figs. 12 and 13, are
shown in Fig. 14. We define py = —Baye(p = 1)/ By 1(p = 1) for £ =1 and £ = 3,
similar to the definition ps used in Sec. IV for £ = 2. Two bands of zero losses
are shown: one triangular region at the bottom and another triangular wedge at
p1 = — 1 with p; 2 1.3. The variation of losses with p, shown in Fig. 12 is the line
p1 == 0 in Fig. 14. Better results are obtained if py =z 1.

The additional term o cos 8 cos(€d — M) in Eq. (7) can be rewritten as
—o/2{cos[(£ + 1)8 - M¢| 4 cos[(£--1)8 -~ Me¢p]}, which introduces equal £ = 1
and £ == 3 terms in the field expansion with sign opposite to thal of the £ - 2
term. The effect of the added £ = 1 and £ == 3 terms is shown in Fig. 15 for py = 1;
the other field parameters are the same as those in Figs. 13 and 14. Similar to the
transport calculation of Mynick et al.,?! the losses are zero for p; = ps ~ —1/2.

IHowever, other combinations of p; and also yvield zero losses. The band of zero
’ P1 3 y
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The relative insensitivity of alpha-particle losses to é (and hence to B and a)
for configurations with large losses of trapped particles must be reexamined for
configurations with reduced losses. The fraction of trapped particles born near
the plasma center that are lost changes only from 47% to 53% as § changes from
0.02 to 0.04 (corresponding to the change from a reactor with K = 8 m to a D-T
burner with B = 4 m) for the base CT12 configuration. In contrast, for the CT12I
configuration this fraction changes from 0 to 30% as é changes from 0.02 to 0.04.
The requirements on reduction of alpha-particle losses will be more stringent for
smaller D-T burners than for reactors.

Model configurations are studied here in order to understand how the B spec-
tra of compact torsatron configurations can be changed to improve alpha-particle
confinement. However, flux surfaces are not guaranteed to exist for these model 7
spectra. Also, B spectra from practical coil sets usually contain higher-order ripple
terms crealed by nonlinear beating between the primary ripple terms. The sensi-
tivity of the results presented here to these higher-order terms should be addressed.
Also, nonzero plasma beta effects may be important,® particularly for configura-
tions with reduced losses of trapped particles. Although there is a relatively small
change in the constant-B contours, nonzero beta causes a relatively large shift in
the position of the flux surfaces relative to the constant- B contours; hence, f- could
change. Although more work needs to be done, the results presented here are useful
for understanding the trade-offs available in the design of torsatron reactors.

The fact that the direct alpha-particle losses can be made zero for configurations
with low aspect ratio (4 = 5) and large helical ripple (pz = 1--2) under a variety
of conditions is very encouraging, in that it suggests that the relatively large direct
losses found here are a consequence of the particular coil sets studied and not an
inherent property of low-aspect-ratio configurations. The challenge will be to realize
this potential reduction of alpha-particle losses in combination with good transport

and high beta and with a coil geometry that is attractive for a reactor.
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APPENDIX

The indirect loss of alpha particles due to scattering into the loss region is

described by the Fokker-Planck equation given on each flux surface by!7!®
1 071, 5 4 av? 8 2. Of
B - SR [ Y £ ey Y Al
e p ol AR R Pl (RO El R (A1)

where f(v,£) is the alpha-particle distribution function, € = |v/v|, and the source
function § can be assumed to be monoenergetic and isotropic in velocity space. The

slowing-down time 7, is defined by

l B 4\/27f Vme efn.n A

Ty 3 Mg Tg/2

]

where m,. and m, are the electron and alpha-particle masses, e is the electron
charge, n. and 7T, are the electron density and temperature, and In A is the Coulomb
logarithm. The critical velocity v, at which electrons and ions contribute equally

to the slowing down of the alpha particles is given by
3T m,

3.._,: - -
vy = i mp[J]v

e
where v, is the electron thermal velocity and m, is the proton mass. The pa-
rameter a is related to the effective charge by o = Z.;;/24[Z]|, where |Z]

[Z: Zz?ni(mp/mi)]/ne, Zerr = (I/ne)Y.n;Z2, and A is the atomic mass. The
summations are over the different ba‘ckglround plasma ion species. If Z.¢; = 1.5

due to oxygen impurity and 7, = 10 keV, then a = 0.46 and W_.;; = 330 keV,

where W,,;; is the energy corresponding to v,.
c

Equation (A1) has a simpler form,!71®
dg a |, dg
oy o (1= €8%) A2
where
g=(v"+v])

1 1+ vd/o?
= -ln — ],
3 1+ vg/vf}
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and vy is the velocity of 3.5-MeV alpha particles. The source function has been
replaced by an equivalent initial condition ¢(£,0) = 1 for &, < £ < 1, and the
boundary conditions are g(&.,t) == 0 and 8g/0£(1,t) = 0 for t > 0. The fraction

of alpha particles lost between vy and v because of scattering into the loss region is

oy - ) [ Bieatr "

The fraction of alpha-particle power lost is

QW) =t &) [ ’i;;(ff-') 2 ot (A1)

This form for the indirect losses simplifies their evaluation, since standard numerical
routines are available for solving equations with the form of Eq. (A2).

Anderson et al. have solved Eq. (A2) analytically for £, = 0 by using an integral
approximation method, which is easily extended to treat loss regions of finite width
(€. > 0). We assume that the ¢ variation of g is given by a trial function with
undetermined coeflicients that are functions of t. The coeflicients are determined

from moments of Eq. (A2). Anderson et al. take

£ ,}[5]3 0<¢<w, t<te,
(t) 2 lw(t) ’

3
1) = -
o)~ 2
1, w<E<L t<te,

t > ter

= a(t) + b(t)ég s

where 1., = 1/8a%. We take the same form for high energy,

3 1 3
9(yt) = A . , 0<y<w, t<t",
2w(t) 2 |w(t)

where y = (£ ~£.)/(1 &) and t* = t..(1 — &:)/(1 + &), but we pick a simpler form

at low energy,

The functions w(t) and b(t) are determined from the zeroth moment of Eq. (A2),

dyg

St

o | st - ot -



yielding
9o 1/2 *
P - (Fa-an] vz,

= (1 - EC) (1 0'84483Ct) ’ a

(A5)

and

) [ 1/2
Qv) = 4\/2 U _/ \f ’ v>o"

v? c v /v silie vy < »" ,
\Q( )+202a“—(1 +Ec) 1+ ;;E / [1 +u ] du

Vs f ve/v*
(A6)
where ¢ == (4/5)a(1 +€.)/(1 — &.) and v" is the velocity corresponding to t'. Equa-
tions (A3) and (A6) are shown as dot-and-dash lines in Fig. 8 vs the alpha-particle

energy W == —mv . These equations reduce to the solution of Anderson et al. for

66‘_‘031) > Veps
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