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I ntroduction

In numerical studies of collisionless charged particleséss(in particularg-particle losses) in
stellarators the most consistent approach is realizeddeswhich perform a direct computa-
tion of particle losses using the guiding center drift egured to follow trapped particle orbits
until such particles are lost. Such an approach has bedana@ain particular, in [1] in which

a huge sample of particles is followed with random startio{s as well as random values
of pitch angles on an initial magnetic surface. It should bted that computations in [1] are
performed in magnetic coordinates. A final conclusion alpyaperties of the pertinent con-
figuration can be only made when taking into account the inflteeof islands and stochastic
regions which may exist in a real magnetic field and which caaralyzed only in real space
coordinates. Therefore, for this study a code analogousatodf [1] is worked out for the case
of a stellarator magnetic field given in real space coorémaln this case calculations can be
made in a magnetic field with three-dimensional inhomoggrieipresence of stochastic re-
gions and island magnetic surfaces. This field can be caézlia real space from coil currents
using the Biot-Savart law as well as from three-dimensionagmeto-hydrodynamic (MHD)
finite B equilibrium codes such as PIES or HINT. Calculations witls ttwde are performed
for the life time of a-particles in magnetic configurations of U-2M (Uragan-2Nidan7-X
adapted to reactor plasma parameters.

Computational procedureand initial conditions

In the proposed approach a sample of 1000 particles (trappeduntrapped) is followed with
random starting points as well as random values of pitcheangh an initial magnetic surface.
The guiding center drift equations are solved with help eftbde used in [2]. Every patrticle
orbit is followed until the particle reaches some limitingface with the plasma confinement
region inside it. In particular, the inner surface of thewam chamber as well as the boundary
surface of the confinement region or outer boundary of thehststic region can be used as
such limiting surface. This surface is called "a virtual clhani. The particle is recorded as a
lost particle when it reaches this virtual chamber. Fromgéeeral sample odt-particles the
sample of trapped particles gives the principal contrdouto the collisionless particle losses.
In the calculations all classes of trapped particles arertakto account, i.e., particles trapped
not only within one magnetic field ripple but also trappedhivitseveral magnetic field ripples.
The influence of an ambipolar radial electric field is not takeo account because it has only
negligible effect oma-particle motion. As in [1], guiding center orbits are stéatat an aspect
ratio A of ~ 40 and~ 20, respectively.
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Calculations are performed for the life time ob3MeV a-particles in a number of stellarator
magnetic configurations of U-2M and W7-X. As a test case, ¢aficuns are carried out using
the W7-AS configuration as an example. All the considered gardtions are adapted to re-
actor plasma parameters= 1.6 m andB =5 T (see in [1],a is the plasma average radius,
B is the magnetic field). The magnetic field for W7-AS is calcethtising decomposition in
Dommaschk potentials [3].

For U-2M the magnetic field is calculated using the Biot-Saiaw code with taking into
account current-feeds and detachable joints of the helicading [4]. Two different magnetic
configurations of U-2M are considereded. For both configomatmagnetic field parameters
are chosen to provide magnetic surfaces which are well rEhtgith respect to the vacuum
chamber. For the first configuration the toroidal magnetid iechosen in such a way that the
rotational transform is within 1/3 <1 <1/2 (ks = 0.31, see, in [4]). The second configuration
(kg = 0.295) has a slightly larger toroidal magnetic field arwlithin 0.31 < 1 < 0.383. For this
configuration the resonant magnetic surfaces with1/3 are inside the confinement region.
Under the influence of current-feeds and detachable jdwetstellarator symmetry of the U-2M
magnetic field is violated and considerable island magrsetitaces arise in the central region
of the magnetic configuration. For comparison, also catmiria are performed where such an
influence is neglected.

For W7-X a vacuum high mirror configuration obtained usingBina-Savart law code (see,
e.g. in [5]) as well as three-dimensional MHD finfeeequilibrium high mirror configurations
obtained with help of the HINT2 cod@ (= 2% and 4%, see, e.g., in [6]) are studied. Further, the
configuration obtained using the Biot-Savart law code is @effims the case f@ = 0. In some
calculations the role of the stochastic region surrounthegonfinement region is analyzed. To
accelerate computations, the Lagrange polynomial intatipm of the magnetic field is applied
for both last devices.

Computational results

The computational results for the life time of trappegbarticles are presented in Figs. 1 and 3
in form of plots for the collisionless evolution in time o&ppeda-particle fractions. A decrease
of these fractions corresponds to an increase of the camelspy losses.

Fig. 1 shows the computational results obtained for W7-AS @M in case of particles
started at magnetic surfaces corresponding 4048. Here, the boundary surface of the con-
finement region is taken as a virtual chamber for W7-AS. FolUt2e virtual chamber coin-
cides with the inner surface of the vacuum chamber. Fromekelts for W7-AS follows that
an essential part of trapped-particles is lost with an approximate loss time of 16, These
results are in a reasonable agreement with the corresppnesults of [1] obtained in mag-
netic coordinates. The life time of-particles for U-2M is somewhat smaller than for W7-AS.
It is found that there is no essential difference in the iissioir both configurations of U-2M.
Also, the presence of magnetic islands caused by a violafitire stellarator symmetry has no
essential influence on the life time afparticles.

Fig. 2 shows cross-sections of some surfaces which are targdior computations in the
magnetic field of W7-X. The figure contains the starting maigreetrfaces at aspect raties40
and~ 20 as well as the boundary magnetic surface of the confineregidn and the outer
boundary of the stochastic region surrounding the confimemegjion. The plots relate to the
case offf ~ 4%, however, the topology of the corresponding plots forctees of3 ~ 2% and
B =0 is the same.

The computational results obtained for W7-X for the casg$ ®4% andB=0 are presented
in Fig. 3. For every of these cases computations are pertbfanea virtual chamber determined
by the boundary surface of the confinement region as well ahdyputer boundary surface
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of the stochastic region. This allows one to assess the fioteeostochastic regions of the
magnetic field in confinement of the trappeeparticles. It is found that the difference in the
results corresponding to both kinds of the virtual chambeather small. In particular, @@ ~
4%, A ~ 40 the results practically coincide. This means that thdicement properties of the
stochastic regions are insufficient. It is also found thdependently of the choice of the virtual
chamber, the cases with~ 4% are better than the cases wgh= 0. Such an improvement
correlates with the analogous results obtained for W7-X inuding magnetic coordinates.
However, in Fig. 3 forA =~ 20 this improvement decreases to the end of the integrattervial.

As it follows from the plots, during the time.0s the trappedr-particle fractions become
approximately 16, 27, 32 and 36 times less than at the beginning of integration for the £ase
of (B ~ 4%,A~ 40), B =0,A~40), (B ~4%,A~ 20) and 3 =0, A~ 20), respectively. So,
for finite B the life time of trappedr-particles found here for W7-X is somewhat smaller than
it was obtained in magnetic coordinates in [1].

Computational results for the casef 2% are not presented in Fig. 3 to avoid overloading
of the figure. If these results would be presented the cooretipg plots would be located
between the analogous plots for the casg ef 4% and for the case @ = 0.

Summary

In this analysis ofo-particle confinement, the guiding center drift equatiores solved with
help of the code used in [2]. Calculations of the life time & 81ev a-particles in a number
of stellarator magnetic configurations of U-2M and W7-X botlajgted to reactor parameters
are presented. For U-2M the magnetic field is calculatedyusia Biot-Savart law code taking
into account current-feeds and detachable joints of thedielinding [4]. Under this influence
considerable island magnetic surfaces arise in the ceefyadn of the magnetic configuration.
Calculations are also performed without taking into accauch an influence. From the results
it follows that the presence of magnetic islands has no éssénfluence on the life time of
a-particles in U-2M.

For W7-X a vacuum high mirror configuration obtained usingBia-Savart law code (see,
e.g. in [5]) as well as the three-dimensional MHD finfeequilibrium high mirror configura-
tions obtained with help of the HINT2 cod@ & 2% and 4%, see, e.g., in [6]) are studied.
The role of the stochastic region surrounding the confinémegion is also analyzed. From the
results it follows that the cases with finjfieconfinement are better than cases with the vacuum
magnetic field. It is also found that the confinement propsrtif the stochastic regions are in-
sufficient. The life time otr-particles in W7-X is essentially better than in U-2M. Howeer
finite B this life time is somewhat smaller than it was obtained in n&ig coordinates in [1].
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Fig. 1. Collisionless evolution of trappea-particle fraction for W7AS and U2M adapted to reactor
parameters. 1. W7AS (black points), 2: U2M with current feeds andcHatde joints of the helical
winding (blue points), 3: U2M without the influence of the indicated elemests |foints) (stellarator
symmetry, insignificant sizes of the magnetic islands). For @M 0.295 (left) andk, = 0.310 (right).
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Fig. 3. Collisionless evolution of trappeatparticle fraction for W7-X adapted to reactor parameters.
Particles are started at aspect ratfos: 40 (left) andA ~ 20 (right); 1 and 2 (upper pair of curves):
magnetic field from the HINT2 code f@ ~ 4%, 3 and 4 (lower pair of curves): magnetic field from the
Biot-Savart law code3 = 0; 1 and 3 (red) boundary surface of the stochastic region is takewidaal
chamber, 2 and 4 (black) boundary surface of the confinement regiaken as a virtual chamber.



