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In the framework of optimization of confinement prop-
erties of Uragan-2M, neoclassical transport in the 1/n
regime and the pertinent stored energy are studied. A
rather wide range of device configurations is considered.
For the computations the field line following code NEO
for computation of transport measures is used. Compu-
tations are performed in real-space coordinates using
the magnetic field produced by the device coils. The dif-
ference of currents in adjacent groups of toroidal field
(TF) coils as well as the current in the TF coils and the
additional vertical magnetic field are used as varying
parameters.

Some possibilities for improving the 1/n transport
corresponding to optimum values of the varying param-
eters are presented.

KEYWORDS: stellarator optimization, neoclassical trans-
port, Uragan-2M

I. INTRODUCTION

The Uragan-2M ~U-2M! device1 is an l�2 torsatron
with an additional toroidal magnetic field. In the design
phase of this device, various studies have been carried
out. The results are summarized in Ref. 1. Because of the
flexibility of the magnetic system of the device, further

investigations of possibilities for an improvement of con-
finement properties are possible and desirable.

Numerical calculations of the 10n transport ~effec-
tive ripple, eeff ! are of big importance for assessing the
general confinement properties of the device. Here, the
10n neoclassical transport is studied for U-2M using
the field line following code NEO ~Ref. 2! for computa-
tion of transport measures. Additionally, an optimizing
procedure with respect to the stored energy in the 10n
regime is carried out using the SORSSA code3 for opti-
mizing stellarators with fixed coil design. According to
the general concept of stellarator optimization,4 just the
10n regime of transport in stellarators should be opti-
mized. The 10n transport is characterized by the effective
~or equivalent helical! ripple eeff . It follows from Ref. 4
that for the W7-X configuration, which is well opti-
mized, this ripple is ;1.5%. For new optimized stellar-
ator devices @e.g., HSX ~Ref. 5!, NCSX ~Ref. 6!, CHS-qa
~Ref. 7!# , conditions corresponding to such or even smaller
values of eeff have been a design goal. For existing stel-
larators, a decrease of eeff can be achieved by changes
in coil currents. As examples, inwardly shifted con-
ffigurations8–10 for CHS and LHD can be quoted. With
such a shift so-called s optimized configurations11 can
be achieved. The inwardly shifted configuration is favor-
able for drift orbit optimization, but formation of a
magnetic hill instead of a magnetic well is possible. Never-
theless, it follows from experimental results8,10 for CHS
and LHD that magnetohydrodynamic stability and good
transport properties are compatible in the inwardly shifted
configuration.

For optimizing the energy confinement, the plasma
volume is included in the criterion for the optimization.*E-mail: Bernhard.Seiwald@itp.tugraz.at

FUSION SCIENCE AND TECHNOLOGY VOL. 50 OCT. 2006 447



The energy content is directly linked to the energy con-
finement time, which is one of the main characteristics of
an experimental device. If one optimizes an existing de-
vice with a fixed coil system and limitation due to the
vacuum vessel, it should be always kept in mind that the
improvement of the transport coefficients can be achieved
at the expense of the loss of plasma volume. The total
effect of optimization on the energy confinement time
might then be negative; for this reason, an inward shift
of the configuration that leads to a reduction of transport
coefficients may lead also to a reduction of plasma vol-
ume and, therefore, has to be limited by a certain com-
promise value. It can be checked by varying temperature
at the plasma boundary, that the energy content is weakly
sensitive to this value as long as the core plasma is deeply
in a collisionless regime and, therefore, the influence of
outer regions where plateau or Pfirsch-Schlüter regimes
are important, is small. A relatively simple parameter
like the energy content in the 10n regime allows one to
limit the scope of optimization to the optimization of the
magnetic field geometry, which is a demanding problem
from the viewpoint of the computer time.

The presented computations are performed for mag-
netic fields produced by the coils of the U-2M magnetic
system without taking into account the current-feeds and
detachable joints of the helical winding. For this study
the currents in adjacent pairs of toroidal field ~TF! coils
are varied.12 In addition, possibilities for improving the
neoclassical transport by changing the value of the cur-
rent in the TF coils and by changing the resulting vertical
magnetic field are considered.

II. BASIC PARAMETERS

The magnetic system of U-2M is basically defined
by the big radius of the torus with RT �170 cm and by the
number of field periods along the torus with np � 4. The
additional toroidal magnetic field in U-2M is produced
by a system of 16 TF coils uniformly distributed in angle
along the major circumference ~four coils in each field
period!. The mean current in such a coil, ITFC , is ex-
pressed in units of the helical winding current. In accor-
dance with Ref. 1 for the standard configuration, this
current is ITFC � 5012. In this case the parameter kw �
Bth0~Bth � Btt ! is kw � 0.375, where Bth and Btt are the
toroidal components of the magnetic field produced by
the helical winding and TF coils, respectively. For the
so-called fat configuration, the mean current in a TF coil
is ;9014 ~kw� 0.28!. The additional control parameter
for improving the effective ripple is the difference of
currents in adjacent pairs of TF coils.1,12 An exact defi-
nition is given below.

The vertical field ~VF! coil system plays an impor-
tant role in formation of the magnetic configuration of
the torsatron. The total vertical magnetic field B4 is pro-

duced by the VF coils and the vertical magnetic field of
the helical winding. The desired vertical field is achieved
by adjusting the current in the VF coils. In the computa-
tions the VF coil system variant13 is used, which allows
one to suppress significantly the island structure of the
magnetic surfaces.

The magnetic field produced by the helical winding
and its spatial derivatives are calculated on the basis of
the Biot-Savart law, where each helical coil is modeled
with 24 current filaments distributed in two layers. The
magnetic fields produced by the TF and VF coils are
calculated using elliptic integrals ~fields obtained in the
local coordinate systems of each coil are transformed to
general cylindrical coordinates!. The model of the field
used in the present work is somewhat incomplete since
the influence of the current-feeds and detachable joints
of the helical winding is not taken into account. Never-
theless, the model is close to realistic conditions and
allows one to analyze possible ways for decreasing 10n
transport.

Preliminary computations of the magnetic field from
each part of the coil system are performed separately on
a three-dimensional grid to minimize computer time ex-
penses for computations of the stored energy. For calcu-
lations of the stored energy, the magnetic fields are found
using the Lagrange polynomial interpolation on this grid
and superposition of the results.

Appropriate for the optimization are the following
three control parameters, which are related to the cur-
rents in the helical winding and in TF as well as VF coils:

1. ITFC , the mean current of TF coils, in units of
helical winding current. It is directly connected to
the aforementioned parameter kw ~used in Refs. 1
and 12! by the ratio kw � 10~1 � 4ITFC ! as it
follows from the kw definition.

2. DI, which is introduced in view of the results of
Ref. 12. The currents in the TF coils are presented
further in a form ITFC6DI with a plus sign for the
inner two coils in each field period and with a
minus sign for the outer two coils ~DI is also
expressed in units of the helical winding current!.

3. fVFC , a multiplying factor for the currents in the
VF coils. This factor is connected to an additional
vertical magnetic field. It enters linearly into the
expression for the magnetic field of the VF coils
in a way that for kw� 0.375 it results in B40B0 �
2.5% for fVFC � 1, B40B0 � 0 for fVFC � 1.166,
and B40B0 � �2.5% for fVFC �1.332. Here, B4 is
the resulting vertical magnetic field, and B0 is the
mean toroidal magnetic field.

III. COMPUTATIONS FOR CONFIGURATIONS

WITH kw = 0.375

First computations are performed for the standard
configuration ~kw� 0.375, ITFC � 5012! with a resulting
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vertical magnetic field B4 of B40B0 � 2.5%. The stan-
dard configuration is well centered with respect to the
vacuum chamber. For the used model of the helical wind-
ing ~see Sec. II!, the rotational transform changes from
i� 0.62 ~near the magnetic axis! to i� 0.8.

III.A. Computations of effective ripple

It follows from Refs. 1 and 12 that for the U-2M
standard configuration, the helical winding produces a
significant “geometrical” toroidal mirror ripple along the
magnetic field line ~nearly 3% on axis!, which is essen-
tially larger than the geometrical helical ripple near the
axis. This results in rather large eeff on axis ~;5%!. Using
differing currents in adjacent pairs of TF coils had been
proposed in Ref. 12 for improving this result. As follows
from Ref. 12, a proper alteration of the currents results in
a nearly vanishing toroidal mirror term and leads to an
essential decrease in eeff ~see also Ref. 1!.

In contrast to Ref. 12, here, this way of optimization
is analyzed using methods2 that are valid in entire mag-
netic configurations. In Ref. 12 a decrease in the effec-
tive ripple was found for U-2M for certain values of
DI � 0 and an increase for the case when DI � 0. Here,
the dependence of the effective ripple eeff on DI is ana-
lyzed using methods described in Ref. 2. It should be
noted that the usage of eeff

302 gives a better figure of
merit than eeff since for the 10n transport regime, the
transport coefficients are proportional to eeff

302 directly.
For computing eeff

302 the following expressions2 are
used:
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ZIj ��
sj
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B �1 �
B
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where

B0 � reference magnetic field

c � magnetic surface label

R � major radius of the torus

kG � ~h � ~h{¹!h!{¹c06¹c6� geodesic curvature
of a magnetic field line with the unit vector
h � B0B.

The quantity eeff
302 is calculated by integration over the

magnetic field line length s, over the sufficiently large
interval @0, Ls#, and by integration over the perpendicular
adiabatic invariant of trapped particles J4 by means of
the variable b ' . In Eq. ~1!, Bmin

~abs! and Bmax
~abs! are the min-

imum and maximum values of B within the interval
@0, Ls# .The quantities sj

~min! and sj
~max! within the sum

over j in Eqs. ~2! and ~3! correspond to the turning points
of trapped particles. Note that for the classical stellarator
model,14 eeff calculated with help of formula ~1! co-
incides with the helical ripple eh.

Figure 1 shows cross sections of magnetic surfaces
for DI � 0 in the w� 0 plane and after half of the field
period. A circle with a radius of 34 cm shows the inner
boundary of the vacuum chamber. A magnetic field line,
which forms an island and belongs to a stochastic zone or
a near-rational flux surface, is marked “field line with
error code.” These marked field lines are not used for
computations of the total stored energy ~see Sec. III.B!.
Nevertheless, they are shown to obtain as realistic a pic-
ture of the cross section as possible. Magnetic islands
with rotational transform i� 405 can be seen close to the
chamber boundary. Islands of such a kind had been al-
ready observed in Ref. 15. Cross sections for DI � 50144
and DI � �50144 differ from those in Fig. 1 mainly by
the respective sizes of the outermost magnetic surfaces
and, therefore, are not shown. For DI � 0 ~DI � 0!, these
sizes are smaller ~bigger! than those in Fig. 1. The posi-
tions of the islands for these magnetic configurations
differ only slightly from that for DI � 0. For DI � 50144
in the region outside the i � 405 islands, the magnetic
configuration has entirely a structure of island chains
consisting of very big numbers of small islands.

Results of computations of eeff
302 for DI � 0 and 650

144 are presented in Fig. 2 for non-island magnetic sur-
faces as functions of the mean radius r of a magnetic
surface. This mean radius is calculated as r � reff using
the formula3

reff �
2

3
lim

Lsr`
��

0

Ls ds

B
r{¹c���

0

Ls ds

B
6¹c6��1

. ~4!

The curves presented in Fig. 2 show gaps corresponding
to regions with islands. Different total ranges of reff cor-
respond to different sizes of the outermost magnetic sur-
faces. For DI � 50144, the eeff

302 values at the inner flux
surfaces are smaller by one order of magnitude than those
for DI � 0. However, this difference vanishes when ap-
proaching the vicinity of the islands. For DI � �50144,
the eeff

302 values are bigger than for DI � 0. It also follows
from the computations that eeff

302 reaches the values 0.2 to
0.3 in the islands for all examined configurations. The
obtained results are in qualitative agreement with the
results of Ref. 12 for rather small r0a, with a being
the mean radius of the outermost magnetic surface. The
rather large eeff

302 values of 0.01 to 0.1 ~eeff' 0.05 to 0.22!
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are characteristic in the range from reff � 7 cm up to the
island position. An increase in eeff

302 for the island surfaces
indicates that inside the magnetic islands, local magnetic
configurations are formed for which the confinement
properties can differ from those for the basic non-island
surfaces.

Another way for decreasing the 10n transport in stel-
larators with helical windings is connected to inwardly-
shifted configurations ~see, e.g., Refs. 8 and 10!. To
achieve inwardly-shifted configurations, the resulting ver-
tical magnetic field has to be modified in a certain way.
In addition to B40B0 � 2.5%, calculations are performed
for B4� 0 and B40B0 � �2.5% for DI � 0. The positive

~negative! B4 value corresponds to the somewhat under-
compensated ~overcompensated! vertical field of the
helical winding. Two different scenarios of these modi-
fications have been studied. In the first case an additional
homogeneous vertical magnetic field of the necessary
value is used. This is an idealized case and the simplest
way for obtaining the desirable configurations. In the
second case, which is closer to the practice of experi-
ments, the necessary B40B0 value is obtained by increas-
ing the currents of the VF coils instead of using the
additional homogeneous magnetic field. Because of the
changes in B40B0, the magnetic axis turns out to be in-
wardly shifted with respect to its position for B40B0 �
2.5%. Figures 3 and 4 show magnetic surfaces corre-
sponding to the modifications in B4 obtained by increas-
ing the currents in the VF coils for B40B0 � 0 and
B40B0 � �2.5%. These pictures differ only slightly from
analogous pictures where the additional homogeneous
vertical magnetic field is used.

Computational results for eeff
302 corresponding to the

new values of B40B0 for the configurations obtained for
the increased currents in the VF coils are presented in
Fig. 5 ~curves 1 and 2!. These results are very close to the
analogous results obtained in the case of using the addi-
tional vertical homogeneous magnetic field, which are
not presented in Fig. 5. For better comparison Fig. 5 also
shows some results from Fig. 2 ~curves 3 and 4!.

It follows from Fig. 5 that the new magnetic config-
urations have markedly smaller values of the effective
ripple than the configurations with B40B0 � 2.5%. To
comment on these results, some plots of B along field
lines corresponding to reff ' 11.5 to 12 cm are shown in
Fig. 6. Together with features corresponding to the toroi-
dal and helical inhomogeneities of B, frequent small

Fig. 1. Standard configuration of U-2M for DI � 0 ~B40B0 � 2.5%!.

Fig. 2. Parameter eeff
302 as a function of reff for various DI;

1: DI � 0; 2: DI � 50144; 3: DI � �50144 ~gaps in
curves correspond to the island surfaces!.
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ripples from the TF coils are seen in the plots. From
Fig. 5, it follows that B for the standard configuration
~B40B0 �2.5%!, which has the highest transport, in some
measure resembles B corresponding to an opposite case
of the s optimized configuration.11 This correlates with
the fact that the standard configuration is actually a con-
figuration with an outwardly shifted magnetic axis and
corresponds to an enhanced radial ¹B drift of locally
trapped particles. This is unfavorable from the viewpoint
of 10n transport. Slight improvement can be achieved
only for the inner region by alteration of the TF coil
currents,12 as is shown above. The configuration corre-
sponding to B4�0 is actually not an inwardly shifted one
but is a configuration for which the vertical field of the

helical winding is fully compensated. The B plot differs
markedly from that for the configuration with B40B0 �
2.5%. The eeff

302 results are close to the analogous results
for the stellarator field corresponding to one toroidal
harmonic in Ref. 2. The minimum of eeff

302 is obtained
for B40B0 � �2.5%. This corresponds to an inwardly
shifted configuration, but s optimization11 is not reached
in this case as is seen from the plot of B in Fig. 6. The
condition of nearly the same B values for all minima of
the helical ripples is not fulfilled. With further increase
of the inward shift, s optimization might be realized,
but such a shift has no relevance for U-2M because of a
strong limitation of the plasma volume by the vacuum
chamber.

Fig. 3. Configuration of U-2M ~kw� 0.375! for DI � 0 and B40B0 � 0.

Fig. 4. Configuration of U-2M ~kw� 0.375! for DI � 0 and B40B0 � �2.5%.
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Actually, the confinement regions are smaller than
those seen from Figs. 2 and 5 because of islands and the
restrictions by the vacuum chamber. The regions where
confinement is achieved can be characterized by the cor-

responding maximum values of reff , which equal reff '
15.4 cm for B4� 0, reff ' 11.8 cm for B40B0 � �2.5%,
and reff � 11.7 for B40B0 � 2.5%, DI � 50144.

In Figs. 2 and 5, only results for typical cases are
shown. The detailed parameter survey is presented in
Figs. 12 and 13.

III.B. Optimization of Energy Confinement

In Ref. 3 an optimization procedure for the stored
energy in the plasma was worked out to analyze the con-
finement properties of the TJ-II device16 in the 10n re-
gime. The code for optimization uses the NEO code2 for
the calculations of the heat conductivity k4. This proce-
dure is used for analogous computations for U-2M.

In the procedure the total stored energy in the plasma
volume is used as a figure of merit with an energy source
localized at the magnetic axis, Q~r!� ~Q00r!d~r!. It is
assumed that the temperature profile is defined by the
heat conductivity equation

1

r

d

dr
rk4

dT

dr
� Q~r! � 0 , ~5!

with the boundary conditions T ~a!�0 and limrr0~r~dT0
dr!!� 0, where a is the boundary of the plasma. The heat
conductivity is proportional to eeff

302 T 702, and computa-
tion of eeff

302 for sets of computed magnetic surfaces is an
essential part of the optimization procedure. The normal-
ized stored energy

ZW ��
0

a

dr r [n~r!��
r

a dr '

r 'eeff
302~r ' !

�209

~6!

can be obtained by integrating the temperature profile
resulting from Eq. ~5!, where [n is the normalized plasma
density. The energy content W scales with ZW and device
parameters as follows:

W � CP 209B0
409 R1109n0 ZW , ~7!

where P and n0 are total input power and central density,
respectively, and C is a constant that is weakly dependent
~via a Coulomb logarithm! on the plasma parameters.

It should be noted that the energy content is weakly
sensitive to the temperature Ta at the plasma boundary. In
the presented model Ta is fixed to Ta � 0. As long as Ta

does not exceed 50% of the temperature at half of the
plasma radius, the energy content changes ,5%. There-
fore, the main energy content comes from the regions
where 10n transport is still dominant.

First, computations are performed for the standard
configuration as well as for configurations where the
parameter DI is varied within the interval @�0.1,0.1# .
The results, corresponding to models where constant and
parabolic profiles @ [n �1 �a~r0a!2, with a� 0.8# for the
particle density are assumed, are presented in Fig. 7 in
form of the renormalized stored energy,

Fig. 5. Parameter eeff
302 as a function of reff for various B40B0;

1: DI � 0, B4 � 0; 2: DI � 0, B40B0 � �2.5%;
3: DI � 0, B40B0 � 2.5%; 4: DI � 50144, B40B0 �
2.5%.

Fig. 6. Variation of the magnetic field strength along the mag-
netic field line for three configurations corresponding
to kw� 0.375: ~top! B40B0 � 2.5%, reff �11.35 cm, i�
0.753; ~middle! B40B0 � 0 ~fully compensated vertical
field!, reff � 12.03 cm, i � 0.634; ~bottom! B40B0 �
�2.5% ~inwardly shifted!, reff � 11.43 cm, i� 0.68.
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Wn � ZW0 ZWS , ~8!

as a function of DI, with ZWS the normalized stored energy
for the standard configuration and the constant particle
density profile. As it turned out in Ref. 3 the energy for
the model with parabolic particle density scales as 0.7 of
ZW for the constant particle density profile. Hence, the

model for the particle density [n � const is used for all
other computations of the total stored energy. A maxi-
mum in the stored energy is seen for DI � 0.035, which
is rather close to DI � 50144 considered above. Surfaces
outside the islands are not fully inside the vacuum vessel
and, therefore, suppressed for computations of the total
stored energy ~nevertheless eeff

302 is shown for such sur-
faces for DI equal to 0 and �50144 in Fig. 2!. Close to the
configuration with a maximum in the stored energy, a
configuration with markedly smaller energy is seen for
DI � 0.0375. For this configuration the plasma radius is
significantly smaller than for the neighboring configura-
tions because of islands and stochastic zones.

Further, calculations are performed for DI � 0 with
the changed value of B4 corresponding to inwardly shifted
configurations.Again, as described at the end of Sec. III.A,
the inward shift can be obtained by either an additional
homogeneous vertical field or an increase of the currents
in the VF coils. Because of the small difference, the
following calculations are performed only for the case of
increasing the currents in the VF coils.

The study of ZW turned out to be convenient for Wn

being a function of fVFC within the interval @1, 1.332# ,
where fVFC is connected to B4 in a way indicated in Sec. II.
In this and Sec. III, the consequence of the limitation of
the usable plasma volume by the vacuum vessel is briefly
discussed for various configurations. The total stored en-
ergy is presented in Fig. 8 for computations where the
limitation due to the vacuum chamber is taken into ac-
count as well as for computations where it is ignored.

Taking into account this limitation of the plasma volume,
an optimum value of the vertical magnetic field has been
found. The maximum of the stored energy is approxi-
mately 1.501.06'1.4 times bigger than the correspond-
ing maximum in Fig. 7, whereDI is the varying parameter.
The optimum fVFC corresponds to B40B0 � 0 and is de-
termined by opposite effects of decreasing neoclassical
transport coefficients and increasing limitation due to the
vacuum chamber for increasing inward shift of the plasma.
For the case when ignoring the limitation, the maximum
in the stored energy is higher and is realized for fVFC

close to a value corresponding to B40B0 � �2.5%.

IV. CONFIGURATIONS WITH DECREASED PARAMETER kw

The flexibility of the magnetic system of U-2M al-
lows operating in regimes with decreased parameter kw.
Decreasing this parameter, compared to its value for the
standard configuration, corresponds to some increase of
the ratio of the total toroidal magnetic field to the field
produced by the helical winding. This may reduce the
helical ripple and increase the confinement volume of the
configuration if the limitation due to the vacuum cham-
ber is not taken into account. Both of these factors may
lead to an improvement of the stored energy in the 10n
transport regime. In addition, decreasing kw can also be
useful in U-2M for reducing the magnetic island struc-
ture produced by current-feeds and detachable joints of
the helical winding ~see, e.g., Refs. 17 and 18!. Note that
reduction of kw decreases also the rotational transform in
the confinement region.

Because of these reasons it is of interest to study the
10n transport for decreased values of kw. Such a study is
performed in the present section for kw in the range of

Fig. 7. Renormalized stored energy @see Eqs. ~6! and ~8!# for
B40B0 � 2.5% versus change of DI.

Fig. 8. Renormalized stored energy @see Eqs. ~6! and ~8!# for
DI � 0 versus change of B40B0 ~ fVFC ! with the limi-
tation by the chamber ~“with vessel”! and neglecting
this limitation ~“without vessel”!.
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kw� 0.28 corresponding to the fat configuration to kw�
0.375. The parameter fVFC ~connected to B4! is varied in
the same way as described at the end of Sec. III.B. Most
calculations are performed for DI � 0 ~identical currents
in the TF coils! except for the case discussed at the end of
this section.

As an example, Fig. 9 shows magnetic surfaces cor-
responding to kw� 0.31 for fVFC � 1, i.e., with the same
B4 as for the standard configuration. It can be seen from
Fig. 9 that good magnetic surfaces fill up the vacuum
chamber to a larger extent than those for the standard
configuration in Fig. 1. Figure 10 illustrates the depen-
dence of effective radius reff , calculated using formula
~4!, of the outermost magnetic surface limited by the
chamber, on the fVFC parameter for kw � 0.31 and kw �
0.375. It can be seen that for both values of kw, the ef-
fective radius decreases when shifting the configurations
inward. The usable plasma volume is limited for kw �
0.375 and fVFC close to one by islands and stochastic
zones.

For most values of fVFC , the effective ripple is found
to be somewhat smaller than for kw � 0.375. Figure 11
shows the results for eeff

302 corresponding to kw� 0.31 in
cases of fVFC �1 and 1.166. The latter value corresponds
to full compensation of the mean vertical magnetic field
of the helical winding. In addition, curve 3 shows the
results corresponding to DI � 0 ~ fVFC � 1, kw � 0.31!,
which are discussed at the end of this section. For com-
parison, the results for the standard configuration ~ fVFC �
1, DI � 0! are shown. Some improvement of flux sur-
faces also takes place for the magnetic surfaces within
the part of the magnetic configuration limited by the
chamber, as is seen from Figs. 9 and 10.

The described strategies should lead to an increase
in the stored energy. Figures 12 and 13 present the results

of computations for this quantity. Figure 12 relates to
computations with taking into account the limitations of
the plasma volume due to the vacuum chamber, which
are neglected in Fig. 13. The presented results are ob-
tained for various values of ITFC and fVFC used as varying
parameters within the limits of 1 � fVFC � 1.332 and
5012 � ITFC � 9014. Together with ITFC the values of kw
connected to this parameter ~see Sec. II! are also pre-
sented in the captions of Figs. 12 and 13. It follows from
Figs. 12 and 13 that with decreasing kw the stored energy

Fig. 9. Magnetic configuration of U-2M for kw� 0.31 ~ITFC � 509! and fVFC � 1 ~B40B0 � 2.07%!.

Fig. 10. Effective radius of the outermost magnetic surface
~within the chamber! versus change of fVFC ~B40B0!;
1: kw� 0.31; 2: kw� 0.375.
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increases, and the maxima in the stored energy corre-
spond to some optimum values of fVFC ~B4!.

The results corresponding to ITFC � 509 ~kw� 0.31!
are of special interest because it follows from Ref. 18 that

for kw� 0.31 the magnetic configuration of U-2M is less
sensitive to the influence of current-feeds and detachable
joints of the helical winding. It has been shown that in
this case for the major part of the configuration, the ro-
tational transform stays within the range 103 � i � 102,
and big magnetic islands are absent.

For kw � 0.31 ~thick line in Fig. 12!, it follows
that the maximum in the stored energy is approximately
2.501.5 �1.65 times higher than the corresponding max-
imum for kw � 0.375 ~Fig. 8!. The optimum value for
fVFC ~ fVFC �1.07! is lower than the value for kw� 0.375
~ fVFC � 1.166! and corresponds to a higher value of
B40B0 ~B40B0 � 1.19%!. Note that for kw � 0.31, even
without an additional inward shift ~ fVFC � 1!, the stored
energy is higher than the maximum that can be achieved
for kw� 0.375 ~see Fig. 8!. The stored energy is slightly
lower than the maximum that is achieved for fVFC �1.07.
Therefore, it is of interest to analyze the effect of changes
of DI on the stored energy in absence of the additional
inward shift of the magnetic configuration ~ fVFC � 1!.

For this study the corresponding computations for
the stored energy have been carried out using DI as a
varying parameter within the interval @�0.1,0.1# ~kw �
0.31, fVFC �1!. As a result for the optimum DI�0.06, the
maximum of Wn is '2.64 when taking into account the
limitation of the usable volume due to the chamber and
'4.23 when neglecting this limitation. The stored energy
is 2.6402.5' 1.056 times higher than the maximum ob-
tained for the inward shift of the magnetic surfaces for
DI � 0 ~see Fig. 12, thick curve!. The reason for such
an improvement is a decreased effective ripple for the

Fig. 11. Parameters eeff
302 as functions of reff for kw� 0.31 and

various fVFC ; 1: fVFC � 1, DI � 0; 2: fVFC � 1.166
~B40B0 � 0!, DI � 0; 3: fVFC � 1, DI � 0.06; 4 ~stan-
dard configuration!: kw� 0.375, fVFC �1, DI � 0 ~see
Fig. 2, curve 1!.

Fig. 12. Renormalized stored energy @see Eqs. ~6! and ~8!# for
various fVFC ~B40B0! and ITFC ~kw! with taking into
account limitations by the chamber; 1: ITFC �0.41667
~kw � 0.375!; 2: ITFC � 0.43928 ~kw � 0.33627!; 3:
ITFC � 0.4619 ~kw� 0.3512!; 4: ITFC � 0.4845 ~kw�
0.3404!; 5: ITFC � 0.5071 ~kw � 0.3302!; 6: ITFC �
0.5298 ~kw�0.3206!; 7: ITFC �0.55555 ~kw�0.3103!;
8: ITFC � 0.5976 ~kw � 0.2949!; 9: ITFC � 0.62024
~kw� 0.2873!; 10: ITFC � 0.6429 ~kw� 0.28!.

Fig. 13. Renormalized stored energy @see Eqs. ~6! and ~8!# for
various fVFC ~B40B0! and ITFC ~kw! with neglecting
limitations by the chamber; 1: ITFC � 0.41667 ~kw�
0.375!; 2: ITFC � 0.43928 ~kw� 0.33627!; 3: ITFC �
0.4619 ~kw�0.3512!; 4: ITFC �0.4845 ~kw�0.3404!;
5: ITFC � 0.5071 ~kw � 0.3302!; 6: ITFC � 0.5298
~kw � 0.3206!; 7: ITFC � 0.55555 ~kw � 0.3103!; 8:
ITFC � 0.5976 ~kw� 0.2949!; 9: ITFC � 0.62024 ~kw�
0.2873!; 10: ITFC � 0.6429 ~kw� 0.28!.
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optimum DI � 0.06. These dependences of eeff
302 on r for

this optimum are shown in Fig. 11 with curve 3.

V. CONCLUSIONS

The standard configuration ~kw � 0.375! with B40
B0 � 2.5% is well centered with respect to the vacuum
chamber. Using a realistic model of the magnetic field
and computational methods that allow investigations over
the entire magnetic configuration shows an essentially
high 10n transport for this configuration.

Some possibilities for improving the 10n confine-
ment properties using optimization procedures for a set
of three varying parameters have been presented. The
parameters are connected to the TF coil currents, the
difference of these currents in adjacent pairs of coils, and
the changes in the vertical magnetic field.

Some improvement of the transport can be achieved
for the standard configuration using a certain difference
of currents in adjacent pairs of TF coils. Markedly lower
10n transport can be obtained for inwardly-shifted con-
figurations. Inward shifts lead to reduced usable plasma
volumes because of the limitation due to the vacuum
chamber. Nevertheless, the decrease of the 10n transport
leads to an increase of the stored energy.

Further improvement of the 10n confinement prop-
erties can be achieved by reducing the parameter kw. In
particular, in the case of identical currents in the TF coils
for kw� 0.31 and the optimum B4 value corresponding to
some inward shift of the magnetic surfaces, the maxi-
mum in stored energy is 1.65 times higher than the cor-
responding maximum for kw � 0.375. These results are
compatible with increased stability of the magnetic con-
figuration with respect to additional distortions in the
magnetic field.18 Note that because of the scaling law
@Eq. ~7!# , the same increase in the stored energy for a
standard configuration would require 9.5 times higher
input power P. Note also that for this kw a certain differ-
ence of currents in adjacent pairs of TF coils leads to an
improvement of the 10n transport in the same order of
magnitude, too.
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