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The database for the coils of the U-2M magnetic system which was formerly used in computations of magnetic surfaces with taking
into account the influence of the current-feeds and detachable joints of the helical winding is transformed to a new form which is
valid for the already existing Biot-Savart code for computations of the magnetic field strength, and its spatial derivatives. With this
code, using the transformed database, computations are performed for the geodesic curvature of the magnetic field lines for few
configurations of U-2M. These computations are considered as a preliminary work for future transport computations.
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INTRODUCTION

Among big number of computational works related to
a study of the magnetic field of the Uragan-2M (U-2M)
torsatron an important place belongs to computations of
magnetic surfaces with taking into account the influence
of the current-feeds and detachable joints of the helical
winding [1], [2]. The magnetic surfaces found as a result
of such computations are the closest to real magnetic
surfaces of the device. The numerical code used in the
quoted works computes the magnetic field strength, B,
from all elements of the helical winding using the Biot-
Savart law. This is sufficient for the computation of the
magnetic field lines as well as magnetic surfaces. At the
same time, computations of many other confinement
characteristics (e.g., transport processes, charged particle
drift, etc.) are accompanied with computations of spatial
derivatives of B, and a possibility to compute these
quantities should be realized in the corresponding codes.

In this respect, the following study is carried out in the
presented work. The database for the coils of the U-2M
magnetic system used in computations of [1], [2] is
transformed to a new form, which is valid for the already
existing code for computations of B and its spatial
derivatives. With this code, using the transformed data- base,
computations of the magnetic surfaces are made for several
sets of parameters of the magnetic system. Also, computations
of the geodesic curvature of magnetic field lines, k¢ are
performed for few configurations of U-2M. Computation of
this quantity is a necessary step in further computations of
transport processes and charged particle drift for stellarator
configurations.

COMPUTATION OF MAGNETIC SURFACES

In a model of the magnetic system of U-2M used in Refs.
[1], [2] the helical winding is split into a set of filamentary
conductors. Additionally, each of the filaments is split into 200
short straight conductors. The Biot-Savart law is used for
calculating the magnetic field of every such an element. By
the analogous way, the magnetic field of the current feeds and
the detachable joints is calculated. Now, the currents and the
coordinates of the above mentioned straight elements
calculated by the code of Refs. [1], [2] are written into a
special data file of a standard form which is often used in
calculations of the magnetic field of various stellarator devices

(see, e.g, in Ref. [3]). Such a new database can be
conveniently used for the data input into the already existing
code for computations of B and its spatial derivatives. With
this code, using the new database, computations of the
magnetic surfaces are made for the sets of parameters of the
magnetic system corresponding to k,~0.31 and ks~0.295,
where k, is connected with the toroidal components of the
magnetic field produced by the helical winding, By, and the
toroidal field coils, By, respectively, ks= Bu/ (By+ Bu). Note
that the magnetic field and its spatial derivatives from the
toroidal field coils as well as the poloidal field coils are
calculated using the complete elliptical integrals (as it has been
done for the magnetic field in Refs [1], [2]).

Integration of the magnetic field lines is performed for
the intervals corresponding to 250 (or even more) turns
around the major axis of the torus. Cross-sections of the
magnetic surfaces obtained as the results of these
computations are presented in Figs. 1 and 2. These cross-
sections as well as the rotational transform, / , are in good
agreement with the corresponding results of Ref. [2]. It is
seen from the figures that major parts of the magnetic
configurations inside the vacuum chamber have regular
magnetic surfaces. For k,~0.295, island surfaces of
moderate sizes corresponding to ! = 1/3 are seen in Fig. 1.
For ky=0.31, | is within the limits 1/3</ <1/2 and islands
corresponding to = 2/5 are also present in Fig.2.
Magnetic surfaces numbered in the figures are those for
which the geodesic curvature of the field lines is
calculated in the next section.

COMPUTATION OF k¢ FOR U-2M

Computation of the geodesic curvature of a magnetic
X

field line ke = % (M
is an important step in transport computations and
computations of charged particle drift (see, e.g., Refs. [4],
[5]). The ¢ quantity in (1) is the magnetic surfaces label.
The Oy vector (which is normal to the magnetic surface)
is calculated using a field line following code. Because of
the non-symmetric arrangement of the current feeds and
detachable joints the stellarator symmetry of the resulting
magnetic field of U-2M is violated and there are no cross-
sections of the magnetic surfaces with an up-down symmetry.
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Fig.1. Magnetic surfaces of U-2M for ks= 0.295 inside the
vacuum chamber. A circle with a radius of 34 cm shows an
inner boundary of the vacuum chamber. Island surfaces that
correspond to | = 1/3 are seen at moderate distance from the
magnetic axis. Small scale islands of | = 3/8 are present not far
from the vacuum chamber

This complicates a determination of starting conditions
that are necessary for the further computation of using the
integration along the magnetic field line. Now, a
preliminary computation of the corresponding magnetic
surface is necessary to find these conditions. After their
determination, the consequent calculation of [ is
performed using an approach of Ref. [6] that is based on
simultaneous integration of close magnetic field lines.
This differs from the O calculations in Refs. [4] and [5]
where the differential equations for ¢ are solved and
where the starting values of O, (Oy),, are easily
determined with high accuracy due to the presence of
magnetic surface cross-sections with the up-down
symmetry. The approach [6] is less sensitive to possible
inaccuracy in the starting conditions that can take place
because of the lack of the magnetic surface cross-sections
with the up-down symmetry.
According to this approach ¢ can be represented as
s _(n@)-rn@)xB

0¢ = lim
S e [ )~ 7@ ¥ BE ) @)

Here, in the cylindrical coordinates p,¢,z the curves 7i(¢#)
and 7(#) satisfy the field line equations dr/d$ = pB/B,

with starting points %#(#,) and 7(#,) , respectively, which
are on the same magnetic surface and on the same

meridian plane @o; B(#,) is B for the starting point
(8 4) . Such a representation of (¢ corresponds to ¢
=1 for the starting point.
Following Ref. [6], to explain formula (2), let us consider
in coordinates ¥ ,0,,¢ , the infinitesimal distance, dr
dr=ed +e,dl,+ edp 3)
with _ _
e = g@8,x09)e, = Je@hx0p),

“4)
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Fig.2. The same as in Fig.1 for k= 0.31. Island surfaces

corresponding to | = 2/5 are present not far from the vacuum
chamber

and 0, being an angle-like variable which labels a field
line on a magnetic surface and satisfies the Clebsch
representation of the magnetic field strength,

B=0yx08,. )
From (4) and (5) one finds
Oy =e,x B, (6)

To calculate e, let us consider a particular value of dr
from (3), dr , which corresponds to fixed ¥ and ¢

dr, = e,dfl,. (7)
Since dr corresponds to % (#) - (¢ ) one obtains (2) from
(6) and (7).

In the preliminary computation of any magnetic surface
under consideration, integration of the magnetic field line
was performed for a staring point 7(#,) for an interval
corresponding to 250 turns round axis. A Poincare plot
for this field line was made in the ¢, plane and the
nearest to 71(§ ) point of this plot was taken as a point
19 ,). After this, new simultancous field line tracing
computation of two field lines was performed with
starting points %(#,) and (¢ ,) . With this, O and kg
were calculated using formulae (2) and (1), respectively.

The computational results for k; are presented in a
normalized form in Figs. 3 and 4 for non-island magnetic
surfaces. These figures show the quantity Rk, as a function of
/' at the magnetic surface cross-sections ¢ = ¢, . Here, R is
the major radius of torus and quantity }/ is defined as
y =9/(21), where § is the angle which is counted around
the center of the cross-section of each magnetic surface from
the direction of the normal to the circular axis of the torus.
From the benchmarking of the obtained results with the
analogous results for the case where current-feeds and
detachable joints are ignored one can conclude that these
elements of the helical winding do not affect strongly the
distributions of k¢ over U-2M magnetic surfaces. Therefore,
for non-island magnetic surfaces, one can expect that
neoclassical transport coefficients for the case where the
current-feeds and the detachable joints are taken into account
will not differ strongly from those corresponding to the case



where these elements of the helical winding are ignored.
However, more detailed study of this question is necessary to
make confident conclusions.
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Fig.3. Normalized quantity ke as function of 'y in the case of ky
=0.295 for various magnetic surfaces. The plots 1 (squares), 2
(crosses), 3 (open circles), 4 (triangles) and 5 (thick points)
relate to the magnetic surfaces of corresponding numbers in
numbers in Fig.1. The curves with small amplitudes correspond
to @=112 cross-section (vertically elongated), the curves with
bigger amplitudes correspond to §=174 cross-section
(horizontally elongated)

CONCLUSIONS

To check the validity of the new database, computations of
the magnetic surfaces of U-2M are performed. The results
are found to be in good agreement with the corresponding
results of Ref. [2]. An important consequence of the presence
of current-feeds and detachable joints is that the stellarator
symmetry of the magnetic field of U-2M is violated and
there are no resulting cross-sections of the magnetic surfaces
with an up-down symmetry. This fact essentially
complicates the computation of the k; quantity since in this
case a preliminary computation of the magnetic surfaces
should be performed to find the necessary starting conditions
for further integration along the magnetic field lines.
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Fig.4. The same as in Fig.3 for ky= 0.31

Calculated values of k¢ turn out to be not strongly different
from for the case where the influence of current-feeds and
detachable joints is ignored. Therefore, one can expect that for
the case where current-feeds and detachable joints are taken
into account the neoclassical transport coefficients will not
differ strongly from those corresponding to the case where
these elements of the helical winding are ignored. A more
detailed study of this question is necessary in future to make
confident conclusions.
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PACUYETHI TEQJIE3NUYECKOM KPUBU3HbI CUJIOBBIX MATHUTHBIX JIMHUM JJISI TOPCATPOHA YPATAH-
2M IIPH YUETE BJIUSAHUS TOKONOJIBOJI0OB U TOKOPA3BEMOB BHHTOBOI OBMOTKH

B.B. Hemos, B.H. Kamoxcuvii, C.B. Kacunos, I'.I'. /Iecusaxkos, H.T. beceoun

baza naHHBIX U1 IPOBOJHUKOB MarHUTHON CHCTEMbI TOpcaTpoHa Y-2M, HCIoIb30BaBIIAsACs paHee Ul BBIYMCICHUS] MArHUTHBIX
MOBEPXHOCTEl C y4YeToM BIMSHHS TOKOMOJBOJOB M TOKOPa3beMOB, NpeoOpa3oBaHa K HOBOMY BHAY, KOTOPBIH MOXET
HCTIONB30BAThCA B yKe CYIIECTBYIOIIEM KOJie Ha OCHOBE 3akoHa bro-CaBapa 171s1 BEIUMCIIEHNS HANPSHKEHHOCTH MarHUTHOTO TOJIST U
€e MPOCTPAHCTBEHHBIX MPOM3BOAHBIX. C HMCIONIB30BaHMEM 3TOTO KOAA M IMPeoOpa3oBaHHOW 0a3bl TAHHBIX BBHIOTHEHBI PACUETHI

reoie3nYecKOd KPHUBU3HBI CHJIOBBIX MArHUTHBIX JIMHUH Ui HECKOJbKMX KOH¢urypaumuii Y-2M. DT pacueTsl SABISIOTCA
MpeIBApUTENILHBIM 3TAllOM MOCHIEAYOMNX PacyeTOB MPOLECCOB IepEeHOCa.

PO3PAXYHKH T'EOJE3NYHOI KPUBU3HA CHJIOBUX MATHITHHUX JITHIA 11 TOPCATPOHA YPATAH-2M
3 YPAXYBAHHSIM BIUIMBY CTPYMOIIIJIBOJIB TA CTPYMOPO3HIMAHb 'BUHTOBOI OBMOTKH

B.B. Hemos, B.M. Kanioscnuii, C.B. Kacinos, I'.I'. Jlecuakos, M.T. Becedin

basa gaHuX JUisl IPOBIHUKIB MarHiTHOI CHCTEMH TopcaTpoHa Y-2M, 110 BHKOPHCTOBYBAACS PaHillle IJIsi pO3paxyHKiB MarHiTHHX
MOBEPXOHb 13 ypaxyBaHHSM BIUIHBY CTPYMOIZBOIIB Ta CTPYMOpO3HIMaHb, MEPETBOPCHA 10 HOBOTO BHAY, SIKHH MOXe
BHKOPHCTOBYBATHCS y BXKE iCHYFOUOMY KOJi Ha OCHOBi 3akoHy Bio-CaBapa Juisi po3paxyHKiB Halpy>KEHOCTi MarHiTHOTO moJist ta ii
MIPOCTOPOBHUX MOXiTHUX. 3 BUKOPHUCTAHHSIM LBOTO KOy Ta IIEPETBOPEHOI 0a3 JaHMUX BUKOHAHO PO3PAXYHKH Ie€0JEe3MIHOI KPUBU3HH
CHJIOBHX MArHIiTHHX JiHIH A Aekinbkox kougirypauiit V-2M. Ili po3paxyHKH € MONEpeAHIM eTanoM HACTYIHHX PO3PaxyHKiB
IPOLIECiB TTEPEHOCY.
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