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Abstract
In framework of optimization of the confinement properties of Uragan-2M (U-2M)
[1] the normalized stored energy is analyzed for various configurations of this device
in the 1/ν transport regime. Using the NEO code [2] for computation of the heat
conductivity, optimization runs [3] are carried out with an energy source which is
localized at the magnetic axis. The additional vertical magnetic field is used as a
varying parameter.

Introduction
The U-2M device (IPP, Kharkov) is an l=2 torsatron with an additional toroidal
magnetic field (mp=4, RT =170 cm, mp is the number of the field periods along the
torus, RT is the big radius of the torus). In the design phase of this device various
studies were carried out whose results are summarized in [1]. Due to the flexibility
of the magnetic system of the device, further investigations of possibilities for an
improvement of confinement properties are possible and desirable.

The additional toroidal magnetic field in U-2M is produced by a system of
16 toroidal field coils (TF coils), uniformly distributed in angle along the major
circumference (4 coils in each field period). In accordance with [1] for the “standard”
configuration, which is considered here, the mean current in such a coil is ITFC=5/12
(in units of the helical coil current). In this case the parameter kϕ = Bth/(Bth+Btt) is
kϕ=0.375 (Bth and Btt are the toroidal components of the magnetic field produced by
helical and TF coils, respectively). The additional control parameter for improving
the effective ripple is the difference of currents in adjacent TF coils [1,4].

The vertical field coil (VF coil) system plays an important role in formation
of the magnetic configuration of the torsatron. The total vertical magnetic field is
produced by the VF coils and the vertical magnetic field of the helical coils. The
desired vertical magnetic field is reached by adjusting the current of the vertical
field coils. These currents can also be used as control parameters.

For the helical coils the magnetic field and its spatial derivatives are calculated
on the basis of the Biot-Savart law modeling each helical coil by 24 current filaments
distributed in two layers. The magnetic fields produced by the TF and VF coils
are calculated using elliptic integrals (recalculating the fields obtained in the local
coordinate systems of each coil to the general cylindrical coordinates).

Optimization of energy confinement
In [3] an optimization procedure for the stored energy in the plasma had been worked
out to analyze the confinement properties of the TJII device [5] for the 1/ν regime.
For the calculations of the heat conductivity, κ⊥, the NEO code [2] was used. In
[6] this procedure had been used for the corresponding computations in U-2M using
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the difference of currents in adjacent toroidal field coils as a varying parameter.
Here the analogous computations are performed using the change in the resulting
vertical magnetic field, B⊥, as such a parameter. The interval of B⊥/B0 ≈ is ≈-
2.5% to ≈2.5% (B0 is the mean toroidal magnetic field). Figs. 1, 2 and 3 show
examples of cross-sections of magnetic surfaces used for the following computations
of the neoclassical transport which correspond to B⊥/B0 ≈2.5%, B⊥/B0 ≈0 and
B⊥/B0 ≈-2.5%, respectively.

In the optimization procedure [3] the total stored energy in the plasma volume
is used as fitness parameter with an energy source, Q(r) = Q0

r
δ(r), which is localized

at the magnetic axis. It is assumed that the temperature profile is defined by the
heat conductivity equation
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can be obtained by integrating the temperature profile resulting from (1) (n̂ is a
normalized plasma density).

In view of the results [4] the currents in the TF coils of U-2M are presented in
a form ITFC±∆I with sign plus for the inner two coils in each field period and with
sign minus for the outer two coils (∆I is expressed in the units of the helical coil
current). The optimization run with varying the ∆I parameter within the interval of
-0.1÷0.1 had been performed in [6] for the initial “standard” configuration which is
well centered with respect to the vacuum chamber and is characterized by a resulting
vertical magnetic field B⊥ of B⊥/B0 ≈ 2.5%. The corresponding magnetic surfaces
for the case of ∆I=0 are presented in Fig. 1. The optimization results for the
calculations [6] are presented in Fig. 4 in form of the normalized stored energy (2)
as a function of ∆I. The results correspond to a model of the particle density where
constant and parabolic profiles are assumed. A maximum in the stored energy is
seen for ∆I ≈0.035 that is rather close to the ∆I value 5/144. Note that surfaces
outside the islands are not fully inside the vacuum vessel and, therefore, suppressed
for computations of the total stored energy. The optimum value of ∆I correlates
qualitatively with results of [4] where the effective ripple for U-2M was analyzed for
rather small r/a (with r being the mean radius of a magnetic surface and a being
the mean radius of the outermost magnetic surface).

Another way of improving the 1/ν transport in stellarators with helical wind-
ings is connected to changes of the resulting vertical magnetic field in a way which
leads to an inward-shifted configuration (see, e.g. in [7, 8]). Further, the calculations
are performed for the changed value of B⊥ in the interval from B⊥/B0 ≈-2.5% to
B⊥/B0 ≈2.5% in case of ∆I=0 (the positive (negative) B⊥ value corresponds to the
somewhat under-compensated (over-compensated) vertical field of the helical coils).



For these changes the necessary B⊥/B0 value is obtained by the corresponding in-
crease in the currents of the VF coils. Due to the changes in B⊥/B0 the magnetic axis
turns out to be inward shifted with respect to its position for B⊥/B0=2.5%. Figs. 2
and 3 show the magnetic surfaces corresponding to the changes in B⊥ obtained by
increasing the currents of the VF coils for B⊥/B0=0 and B⊥/B0= -2.5%.

For the optimization calculations under these conditions the factor fV FC con-
nected with an additional vertical magnetic field is considered now as a varying
parameter. This is a multiplying factor for the currents in the VF coils. It enters
into the expression for the magnetic field of the VF coils in a way, that B⊥/B0=2.5%
for fV FC=1, B⊥/B0=0 for fV FC=1.166 and B⊥/B0=-2.5% for fV FC=1.332.

Two cases are carried out with varying this parameter within the interval of
1÷1.332. In the first case a limitation of the useful plasma volume by the vacuum
chamber is taken into account. In the second case this limitation is ignored. The
optimization results for the model with the constant particle density are presented
in Fig. 5. An optimum value of the vertical magnetic field is found in the first case
were a maximum in the stored energy is seen. This maximum is approximately 1.4
times bigger than the corresponding maximum in Fig. 4 where ∆I is the varying
parameter. The optimum fV FC corresponds to B⊥/B0 ≈0 and is determined by
opposite roles of decreasing the neoclassical transport coefficients and increasing the
limiting role of the vacuum chamber with increasing inward shift of the plasma. As
it follows from the second case, when ignoring the limitation of the vacuum chamber,
the maximum in the stored energy is still higher and is realized for fV FC close to a
value corresponding to B⊥ ≈-2.5%.

Conclusions
The initial “standard” U-2M configuration is well centered with respect to the vac-
uum chamber. It is found that for this configuration the 1/ν transport is essentially
bigger than that which is desirable from the viewpoint of the stellarator optimiza-
tion [9]. Some improvement in this transport can be achieved by a certain difference
of currents in adjacent TF coils. Markedly smaller 1/ν transport can be obtained
by changing the resulting vertical magnetic field in a way which leads to an inward-
shifted configuration. In U-2M, such a shift leads to a decreasing of the useful
plasma volume because of a limitation role of the vacuum chamber. Nevertheless,
due to a still bigger decrease of the 1/ν transport the stored energy can increase as
it follows from the obtained results. Inward-shifted stellarator configurations may
be of interest although they can posses a magnetic hill (instead of a magnetic well).
From the recent experimental results [8] for LHD it follows that the MHD stability
and good transport properties are compatible in the inward-shifted configuration
with a magnetic hill.
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Fig.1. Cross sections for the “standard” configuration (B⊥/B0 ≈2.5%).
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Fig.2. Cross section for B⊥/B0=0. Fig.3. Cross section for B⊥/B0 ≈-2.5%.
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Fig.4. Normalized stored energy (in
a.u.) vs. ∆I.

Fig.5. Normalized stored energy (in
a.u.) vs. fV FC (for a constant particle
density profile).
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