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Abstract

Multihelicity effects on low collisionality (~1/v ) regime of neoclassical transport has been analyzed for full
range of magnetic field configurations of CHS Heliotron/Torsatron. Transport coefficients for this regime has been
calculated according to an approach developed in [5]. It was shown that the drifi-orbit-optimized configuration of CHS
device [6] has the best confinement properties for low collision plasma confinement.

[1] Intreduction

CHS device is an /=2, m=& low aspect ratio
{R/a=5) Heliotron/Torsatron with a flexible magnetic
field configuration. Changing of poloidal field
configuration ensures the configuration flexibility of
CHS. The variety of configurations with different
rotational transform and shear profiles, magnetic well
and helical ripple can be obtained with different plasma
equilibrium/stability/confinement properties.

The advanced scenario of the wall conditioning
and plasma fueling/heating at moderate heating power
(Pecu<0.5MW, Pug<l MW) resulied in achievement of
plasma with ternperatures of both electrons and ions in
the range of 1 KeV at plasma density of 1-2.10" cm™
in CHS. In such conditions both electrons and ions
enter in low collisionality regime of neoclassical
transport. The relevance of neoclassical theory to
experimental results on CHS was discussed in [1-4]. In
the 1/~ regime the configurational effects on
neoclassical transport coefficients are manifested
through different radial profiles of magnetic field ripple
structure. The small aspect ratio helical device CHS is
characterized by a rather rich spectrum of magnetic
field harmonics of comparable amplitude (Fig.1). The
neoclassical values of the electron heat diffusivity for
CHS were calculated for single helicity magnetic field
model [2]. As for the approach of calculation of
transport coefficients using a single helicity model of
stellarator field is non-adequate, multi-helicity effects
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of the magnetic field configuration were taken into
account in the 1/v regime by infroducing the form
factor accounting these effects. This approach was used
at the ion heat diffusivity calculations for CHS [3].

In this report we present results of calculation of
neoclassical transport in low collisionality regime for
full range of configurational space of CHS. These
studies use an approach for low collisionality transport
calculation proposed in [5].

[2] Neoclassical plasma transport in CHS.

In stellarators for the low collisional frequency
transport there is a number of different regimes
depending on the particle collision frequency, electric
field and other parameters. For these regimes rather
convenient analytical descriptions can be realized {8].
However for the transition regions between these
regimes, the analytical description is more complicated.
For practical estimates, it is convenient to have
analytical formulas, which are valid with reasonable
accuracy in all regions of particle collision frequencies,
without complications related to the transition regions.
Formulas (4) and (12) of [7] are often used for this
purpose. We also used these equations with some
revisions based, in particular, on the results obtained in
[51

The particle flux density for single helicity mode!
stellarator field has the following form [7]:
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The different terms in (2) reflect existence of different
collision frequency regions and radial electric field. If
the first term in (2) dominates, so called 1/v regime is
realized.

The general approach for calcuiation of transport
coefficients in the I/v regime taking into account the
real configuration of magnetic field in stellarator was
developed in [5]. In this method the neoclassical
transport coefficients are calculated by integration
along the magnetic field line. Such integration takes

into account the particles trapped within one magnetic
field period and those that are trapped within several
field periods as well. If the magnetic field is originally
available in real-space coordinates calculations can be
performed without a field transformation to magnetic
coordinates. In accordance with [5] particle flux
densities {averaged over a magnetic surface) can be
presented in the form:
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Here, f; is the Maxwellian distribution (as a function of
the particle energy w and the magnetic surfaces v), vy

‘/ZT/ m is the thermal velocity, p. = mevr/(eBo) is
the typical Larmor radius, A(z} is a quantity related to
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the collision operator (A(z) = %(T] +71 - —21),
z

z
7(z) = J-exp(—x)w/;dx ), R is the major radius of
0
the torus, g/A is the average normal derivative,
ke=(hx(h-V)h)-Vy/[Vy| is the geodesic curvature of
the magnetic field line (h=B/B). The integral over z in
(3) is general for any magnetic configuration and
corresponds to the integration over w. The
characteristic features of the specific magnetic field

geometry manifest themselves through the factor o o

where o o is the effective ripple modulation

amplitude. This factor naturally takes into account
contribution to the 1/v transport arising from all classes
of trapped particles, ie. particles trapped not only
within one magpetic field period but also within

several magnetic field periods. The quantity Euy is

caiculated by integration over magnetic field line
length, L, (within the sufficiently large interval of
0+L;) and over the perpendicular adiabatic invariant of
(abs)

mn

trapped particles (by means of the variable &, B

fabs) .. .
and B are the minimum and maximum values of

B within the interval of 0=L,). The quantities s; @) and

5™ in the sum over j in (5) correspond to the turning
pomts of trapped particies. The result (3} differs from
the comresponding formula for the standard stellarator
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[8] by a simple replacement of the helical modulation
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amplitude €y (along ihe magneiic fiela line) through
the Eeff quantity. Therefore, for any magnetic

configuration the l/v transport coefficients can be
obtained from the corresponding coefficients for the

standard stellarator with the replacement of €, by Ecf

For most regimes of CHS one can’t neglect
other terms in (2). Let us discuss the guestion of
calculation of transport for CHS specific magnetic field
geometry.

It should be remembered that the decrease of
the asymmetric long-mean-free-path transport for any
regime 15 directly connected with a decrease of the
trapped particle orbit displacement from the flux

surface Ar, , or, more exactly, with a decrease of the
bounce averaged particle drift wvelocity across a
=Ar, /7, (7, is the bounce

period). It follows from the neoclassical transport
theory that a decrease in v, leads to a decrease of
asymmetric neoclassical transport in all regimes and
that in all regimes the transport coefficients scale with

magnetic surface, v,

‘v; . In equation (1) this is shown by ihe presence of
the factor Etz . As it follows from [5] for the I/v regime
the decrease in transport corresponds to a decrease of
factor 6;2 . Therefore the decrease of vjn can be
taken into accoimt in (1) by defining the factor L as

=7 (6)

(up to the accuracy determined by the pitch angle
scattering frequency used in [8]).
In fact, the decrease of L corresponds to the

decrease of the v:‘; which is averaged over pitch
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angles with a weight specific for the confinement
regime. To estimate the factor £ in the presence of a

radial electric field for the condition v, /£, <|an|

one should bear in mind that for this condition the main
contribution to the neoclassical transport comes from
the helically trapped particle fraction in a relatively
narrow region of pitch angles near the transition region
between different classes of trapped particles [8] . The

vj" value for these trapped particles may differ from

the one which is averaged over pitch angles and which
corresponds to the quantity (6). Nevertheless here we
shall use an assumption about the equality of these two

v2 values (as it is realized, eg., for the standard

stellarator magnetic field [8]) and use quantity L as a
form-factor accounting the specific geometry of
magnetic field in CHS for low collisional transport

calculations also in the condition v, / &, < |a) El )

|3] Configurational effects of transport in CHS.

Configurational space of CHS was
characterized by one parameter R, where R,, indicates
the magnetic axis position in the ¢=0 plane. This
position was changed (as in experiment) by changing
of the compensating coil currents.

Calculations of Eefr were performed for 3
configurations: 1) so called drift-orbit-optimized
configuration [6] (R,=87.7 cm); 2) standard
configuration (R,=92.1 cm) and 3) outward shifted
configuration (R,=100 cm). The magnetic field
produced by a helical winding current was computed
with the use of the Biot-Savar law for the helical
conductor modeled with 8 filaments in 3 layers (2+3+3,
from the inner side of the conductor). The distribution
of the filaments was roughly uniform within of
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conductor cross section. Calculations were performed
over the interval L, comresponding to 250 magnetic
field periods. Figs. 2-4 illustrate results of these
calculations for all 3 configurations. Note that small
islands for the rotational transform t=1 are not shown
on Fig.2 and the island surface in Fig.3 corresponds to
1=4/5.

The results of £ and € computations for
configurations 1) and 2) are shown in Fig 5. The results
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of E;ﬁ, computations for all 3 configurations are

shown in Fig.6.

From the results follows that for the standard
configuration of CHS for the magnetic surfaces at
moderate distances from the magnetic axis (0.5<r/a<1)

the S:ﬁfrz value is greater (by a factor up to 2) than that
for the standard stellarator. For the drift-orbit-
optimized configuration the 8;,2 value turns out to be

approximately by a factor of 10 smaller than the value
for the standard stellarator. As pointed out in [6] this
configuration is very close to the omnigenuous
configuration and, therefore, has improved
confinement of locally trapped particles. Our results
give a qualitative evaluation of commesponding
improvement of plasma transport.

We also obtained simple analytical
approximations for effective ripple coefficient

Es and rotational transform t as functions of
magnetic axis position R,, {Appendix I). They can be
used for interpolation of data on g, 7 and t in the
region of R,, = 87.7-100 cm.
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APPENDIX I
Interpolation of rotational transform 1(r/a) and effective

ripple modulation amplitude £ . in the range of Ry,

=87.7 —100 cm for CHS can be calculated from the
next formulas:

10TA(X)=1.0/(AIOTA+BIOTA*X**CIOTA)

AIOTA=-254.08606+5.463299*rax-0.028972158* rax
**2_@
BIOTA=287.55786-6.1595955* rax +0.03270849* rax
**2.0
CIOTA=158.4092-3.3598228% rax +0.017942902* rax
**2.0

EPSH{X)-AEPSH/A 1 0+BEPSH*EXP{-CEPSH*X)



AEPSH=13.263028-0.15140422% rax
BEPSH=43016.912-922.17493* rax +4.9121912% rax
**2.0
CEPSH=-221.5679+4.8387577* rax -0.025895053%
rax **2.0
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Figure Captions

Fig.1 Rotational transform and harmonics of
magnetic  field in CHS  (standard
configuration)

Fig. 2 Magnetic surfaces (a) and mod B
along magnetic field line (b) for drift-orbit-
optimized configuration of CHS

Fig.3 Magnetic surfaces (a) and mod B along
magnetic field line (b) for standard
configuration of CHS

In these formulas X- normalized magnetic surface
radius r/a {g-radius of last closed magnetic surface),
rax = R, (cm) - the magnetic axis position in the ¢=0
plane, IOTA-rotational transform, EPSH -

Fig.4 Magnetic surfaces (a) and mod B along
magnetic field line (b) for outward shifted
configuration of CHS

Fig.5 &, and .4 radial profiles for standard
(@ and drift-orbit-optimized (b)
configurations.

Fig.6 3;,2 versus normalized radius for CHS

configurations (1- drift-orbit-optimized; 2 —
standard; 3 — outward shifted)
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