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The paper presents a highly sensitive “e-beam” method of determining misalignments of elements in the ITER-like magnetic system
on the base of magnetic measurements. It is suggested to make a “tokamak-stellarator” hybrid by means of addition to the ITER-like
magnetic system of a new, not helical Saw Tooth-shaped Coill (STC) in order to provide the creation of “resonance” magnetic
surfaces with the angles of rotational transform ¢ = n/m = 1/2 or ¢ = 1/3. In one of variants the STC parts can be introduced into the
vacuum vessel through the largest port and assembled into a single coil. The calculations of the ITER-like magnetic configuration
show that due to the turn of the poloidal field coil PF3 around the axis X direction at an angle o = 1’ the resonance structure is
formed with # = 1/2 and the maximum island width 3y~50 mm. Under this tilt the maximum misalignment of coil elements from the
design position Aa. is only 3.5 mm. So, we have found the means for identification of misalignments in the case of magnetic system
elements deviation from the design position to the values Aa = 1 mm that leads to the values of perturbing fields /By = 3 10 -,

KEY WORDS: misalignments, magnetic configuration, saw-tooth coils, ITER, magnetic measurements.

PO OJJUH METO/I BUSHAUEHHS HETOUHOCTENM B KOTYIIKAX MATHITHOI CHCTEMH TOKAMAKA
B.A. Pynakos, |A.B. r eoprieBCLKm‘ill
Inemumym ¢izuxu nnasmu HHL XDTI, YKpafHa, 61108, Xapxis, eyn. Akademiuna, 1
Mpuncmoncoka nnasmenna isuuna nabopamopis, CLLIA

Pobota mpencraBisie BUCOKOUYTIMBUI EIEKTPOHHO-IIYYKOBHII METON BH3HA4eHHs HeroyHoctedl B enemeHTax ITEP - momiGHOT
MarHiTHOI CHCTEMH 3a JOIIOMOTOI0 MarHiTHUX BUMipiB. Lle 3aifiCHIOEThCS IIUITXOM CTBOPEHHS TiOpHOy "Tokamak-creimapaTop” 3a
JIOTIOMOTOI0  T0JJaTKOBOi HerBHHTOBOI muikononionoi kotymku(STC), mo CTBOPIOE pEe30HAHCHI MarHiTHI IOBEPXHI 3 KyTaMH
obepTansHOro neperBopeHHs ¢ = n/m = 1/2 a6o t = 1/3. Y oxnomy 3 BapiantiB STC Moke po3milyBaTHCsl yCepeanHi BaKyyMHOT
kamepu Tokamaky. Pospaxynku ITEP-noniGHOi MarHiTHOT KOH(}irypauii mokasaiau, II0 MpU MOBOPOTI KOTYIIKH I10JIOiAAIBEHOTO
marditHoro nons PF3 maBkono oci X Ha OJHy KyTOBY XBHJMHY 0 = 1’ yTBOPIOETBCSI pe30HaHCHA CTpyKTypa 3 ¢ = 1/2 i
MaKCHMAaJBHOIO LIMPUHOI0 &) =~ 50 MM. IIpM TakoMy Haxuili MakCHUMaJbHE 3MIIICHHS €JIEMEHTY KOTYLIKH BiJl HOTO MPOEKTHOro
nonoxeHHs (Aa) mpopiBHioe 3,5 MM. TakuM yuHOM, OyB 3HAWICHWI METON BH3HAUYEHHS HETOYHOCTEH y BHTOTOBJICHHI €IEMEHTIB
MarHiTHOI CUCTEMH, 1[0 XapaKTEPU3YEThCS 3MIILIEHHAMHU MOPSAIKY OJHOro MM i 30ypenHamu nons b;/By = 3-10 -,

KJIIOYOBI CJIOBA: po3perynboBaHHs, MarHiTHI KoH(pirypanii, nuiakononiona korymka, ITEP, maraitHi Bumipw.

OB OJJHOM METO/IE ONPEJIEJIEHASI HETOYHOCTEM B KATYIIKAX MATHATHOM CUCTEMbBI TOKAMAKA
B.A. Pynakos, |A.B. r eopmechnﬁll
Hucmumym ¢usuxu naazmor HHL XDOTHU, Yrpauna, 61108, Xapvkos, yi. Akademuueckas, 1
'Mpuncmoncras naasmennas gusuueckas ra6opamopus, CLIA

Pabora mpexcTaBisieT BHICOKOUYBCTBHTEIBHBIN AJIEKTPOHHO-ITyYKOBBI METOJ| ONpefeneHus HeTodHocTed B anementax UTOP —
1o700HO MarHUTHOW CHCTEMBI IMPH ITOMOINM MarHUTHBIX M3MEPEHHH. DTO OCYIIECTBIISIETCS IyTEM CO3JaHUs THOpHIa «TOKaMaK-
CTEJIapaTop» C IOMOIIBIO JOIOJHUTENbHON HEBUHTOBON nmiiooOpasHoit karymku (STC), co3naromieil pe3oHaHCHBIE MarHUTHBIE
MIOBEPXHOCTH C YIJaMH BpaIlaTeNIbHOro InpeoOpasoBanus ¢ = n/m = 1/2 wm ¢ = 1/3. B omnom n3 BapuantoB STC moxer
pasMemarhcs BHYTPH BaKyyMHOU Kamepa Tokamaka. Pacuersl UTOP-mono0HOW MarHUTHOW KOH(PUIYypaliy MOKa3aiu, YTO MPH
HOBOPOTE KATYIIKHU MOJOMAaIbHOro MaruutHoro mnoisi PF3 Bokpyr ocu X Ha ofHy yriioByio MUHYTY o = 1’ o6pa3yercsi pe3oHaHCHast
cTpyKTypa ¢ ¢ = 1/2 u MakcumanbHOU mMpHUHOI 8y=~50 MM. IIpy TakoM HaKJIOHE MaKCHMalbHOE CMEIICHHE DJIEMEHTAa KaTyLIKH OT
ero mnpoekTHoro mnonoxxkeHus (Aa) paBuserca 3,5 MMm. Takum oOpazom, ObUT HaliieH METOX ONpeNeNieHHs HETOYHOCTEH B
M3TOTOBJIICHHN JIEMEHTOB MAarHUTHON CHCTEMBI, XapaKTEPH3YIOMINXCS CMEIIEHUSIMH TIOPSIIKa OAHOTO MM M BO3MYILICHUSIMH ITOJIS
b/By=310".

KJ/JIIOUEBBIE CJIOBA: pa3peryiupoBaHHOCTH, MarHUTHBIE KOH(QUTrypanuu, mmiooOpasHas karymka, WTOP, marauTHbe
HU3MEpPEeHHUs.

Experience in research of closed magnetic system, intended for confinement of plasma, testifies to their high
sensitiveness in relation to different kinds of magnetic field perturbations. Areas with the rational values of angles of
rotational transform are especially sensitively to magnetic perturbations. Formation of magnetic islands is thus possible
with their ceiling and subsequent stochastisation of force lines [1-4]. Such violations of structure of magnetic field can
cause the enhanceable losses of plasma. One of reasons, of magnetic field perturbations there are inaccuracies in
making and montage of current-carrying elements of the magnetic system. The aim of the paper was to offer for
tokamaks method of exposure of misalignments in the elements of the magnetic system, essence of that consists of
creation of stellarator magnetic configuration and measuring of their resonant structures.

The paper presents “e-beam” method of determining misalignments of elements in the ITER-like magnetic system

© Rudakov V.A., Georgiyevskiy A.V., 2013
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on the base of magnetic measurements (MM). For the period of MM experiments it is suggested to make a “tokamak-
stellarator” hybrid (ITER-S) by means of addition to the ITER magnetic system [5] of a new, not helical Saw Tooth-
shaped Coil' (STC) in order to provide the creation of “resonance” magnetic surfaces with the angles of rotational
transform ¢t =n/m = 1/2 or t = 1/3.

DESCRIPTION OF THE METHOD
The STC has a view of a circular saw with different number of teeth [6]. In one of variants the STC parts can be
introduced into the vacuum vessel (VV) through the largest port attached to the inner part of the VV wall and assembled
into a single coil (Fig. 1).

10 At this case the number of “saw teeth” is equal 18. The
STC elements have as a straight view, so an arc view repeating
6 the first wall shape. Note three interesting peculiarities of the
STC that can be used in equipment design for magnetic
measurements:
c 2 1. Number of saw tooth like pieces of the STC can be not
N only 18, but also 9 or 6, or even 3.
-2 2. Tilted pieces of the STC can be lain by a special manner,
providing in particular, bending of vacuum ports.
5 3. There is possibility to create the STC in modular view
(Fig. 2). Currents in tilted and vertical pieces of neighbouring
STC flow in one direction. Horizontal pieces of the modulus
-10 2 8 4 0 4 s 1o can play role of poloidal field coils. Such STC operates similar

to a continuous STC.
R, m Proposed “e-beam” method using the luminescent rod is
Fig. 1. ITER_S. Toroidal coils system and Saw tooth coil.  the fastest and most accurate method giving direct pictures of
magnetic surface structure. In the method the basic component of the equipment is a small diameter (J=1.5mm) metal
rod coated with a thin phosphorus layer. In other poloidal cross-section the electron gun, movable along the minor
radius of the torus, is placed. The pictures of many “magnetic surfaces” are obtained by photographing the light emitted
by phosphorus due to electrons striking the rod. Experiments on the Uragan-3M torsatron have shown that up to 15
contours of “magnetic surfaces” can be registered. The typical resolution §; along the minor radius is of the order of
&~ (3-5) mm [7,8].
[ In the course of calculations we have considered a
b d resonance case of ITER-S with the angle of rotational
|i transform =1/2. The basic configuration in two cross-sections
N is shown in Fig. 3. In the figure we used the next designations:
4“! Is2 Rgt — radial position of STC, Ry- main radius of torus, /By —
|
IC c

3]

=

i

=

ratio between amplitude of perturbation field b and toroidal
field By, Ngt — saw teeth quantity, Ny —number of toroidal
field coils (TFC}, Zgt — half altitude of STC, Ztc — half
x altitude of TFC, Itc =1- current in TFC, IgT — current in STC

Fig. 2. Modular view of Saw-tooth coil (three angular . . _ . .
contours) and toroidal field coil. with respect to Itc; IPO1, IPO2, IPO6 — currents in poloidal

Pieces ac and bd are parts of poloidal field currents (PFC).  field coils, #, fmax — rotational transform angles in the center
Arrows show current directions. and in the edge of the configuration.
The stellarator configuration is created with the use of
STC with 18 teeth. As a result of the tilt of the upper poloidal field coil (PF-3) with angle a°® per one minute
(Ao=3.5mm, the turn around the direction of X- axis) there appears an island structure n=1, m=2 (2 islands) with a
maximum value of the island width 5y = 5.1 cm (Fig. 4). The coil parameters are: R=12.1 m, Z = 3.06 m, Ic = 4530 kA.
Direct calculations have shown that the maximum values of the horizontal and vertical magnetic field components

of this coil bg and b, corresponds to the position of the toroidal angle ¢ = n/3. In the point R=6.7 m, Z = 0, that

0

approximately corresponds to the centre of the resonance structure, the relative values of the radial (Br) and horizontal
(B2) magnetic field components were the following:
B2/ By =0.054259664, Br /By = -0. 0156872567, where By = 4.63 T (case a=0)
B,/ By =0.0542706062, BR / By =-0. 0156741147 (case a=1").
The differences in components before and after the coil inclination (Aby/ By = (bj; — bj2)/ By) are equal:

! The STC winding was proposed and investigated for the first time by A.V.Georgiyevskiy and V.A.Rudakov together with the
scientists of Wisconsin University in 1995 [6].
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AB,/ By =1.094-10 2, hence AB, =-1.094 10 ~-4.63-10 *=-0.5066 G.
ABR /By =1.314-107, hence A Br =+ 1.314 107-4.63-10 *=0.6085 G.
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Fig. 3. Base configuration without misalignments. Fig. 4. Magnetic configuration with two islands at resonance
Field period cross-section (right), half field period (left). n/m =1/2. PF-3 coil tilted by angle 1'.

Rs=7.3, R=6.3 m., Ng;=18, N;=18, Z;=5.14, Zs; =2 m,
By(6.3)=5.3 T, (BpwtB,st =+0.53% at R=6.0m). lyc=1(9275
kA), Ist=-0.5, #,,x=0.493, IPO1=IPO6=-0.305.
If we use the formula of [5]:
80="4 (bmn Ro/mBo 1)),
then we obtain for 8, =5.1 cm, Ry=6.7m, m=2, ¢’ = 1.4 107, By=4.63 T, byyn = 0. 314 G. Here ¢ = &/ is shear.
Substituting as by, the quantity AB; =0.5066 G, we obtain:
80 =4 (0.5066 670/ 2-46300-0.0014")""* = 6.5 cm.
The analogous estimation with b,,,, = ABr = 0.6085 G give gives the value &, =7.1 cm.

So, the perturbing action of poloidal field coil (PF-3) misalignment in the form of the angle of tilt a=1" leads to the
perturbing field of the order b,,,/ By ~ 10° and provokes forming of the resonance structure in the form of two island
n=1, m=2 with the maximum width of the island 8, = 5.1 cm. Taking into account the degree of approximation of the
island structure size estimation, it can be said that the observed scale of the island structure does not contradict to the
values of the perturbing field arising as a result of the coil tilt.

We would remind, that at the above-mentioned tilt of PF-3 (a=1") the maximum coil misalignment Ao=3.5mm,
and dp = 51 mm. As a result, the perturbation b,/ By = 1-107 creates the islands with the maximum width 8, ~ 51 mm
that exceeds by an order of magnitude the above-mentioned value of the resolution of the proposed method
(8; ~ 3 - 5 mm).? Therefore, we can assert that the minimum misalignment can be fixed at a level Ao ~ 1 mm, b,,,/By
~3-10°. This is confirmed by the below-given results of the calculations at the angle of tilt a=1/4".

For the case a=1/4' the magnetic field components have the values:

b,/ By =0.05422573762, br / By =-0. 0156839726,
that gives the following values of their differences:
ABz/ By=-2.88-10 , hence ABz = -2.88 10 °-4.63-10 *=-0.133 G. -
ABR /Bg=3.2810°, hence ABR =+ 3.28 10°-4.63-10 *=0.151 G.

The calculations of the magnetic configuration for this case enabled to obtain the resonance structure m=2, n=1
with &y = 25 mm (Fig. 5), that does not contradict to the above given root dependence do on the amplitude of resonance
magnetic field amplitude b,y;,. The value of the resolution (5;) of the proposed MM method is (3 — 5) mm, i.e. &, <<J.
Thus, a possibility was found for identification of misalignments in the case of deviation of the position of magnetic
system elements from the design position by the value Aow ~ 1 mm. Besides, it is possible to observe the influence of
coil misalignments leading to the relative values of perturbing fields of b, / Bo =~ 3-10 -,

The results of calculations of toroidal field coil misalignment influence on the formation of resonance structure are
presented in Table. In particular, inclination of the plane of the toroidal field coil #10 at the angle 1/4’' (maximal
displacement of the coil part is 0.4mm) leads to forming of two-island resonance structure with &, = 22 mm. In this case
the perturbation field value equals to b, / Bo= 2.6:10 _6.

Thus, it is possible to do the main conclusion, that proposed for ITER tokamak (with additional, rather simple -
non helical winding STC) method, of vacuum “resonance” magnetic measurements using the luminescent rod, allows to

% Note, that a similar result is obtained in the calculations of the magnetic configuration for the case of misalignment of the same
winding by 3mm along the Y axis direction (see Table 1 - 05061001, 05061002) (dyp,; =0.003)
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identify error magnetic fields up to b,/ By = 3:10 ’6, caused by PFC or TFC misalignments with value = 0.4 — 1 mm.
All results presented above calculated at resonance ¢ = n/m = 1/2. There is resonant structure obtained at the case
t=n/m = 1/3 (Table, 6 position). For these case three-island structure obtained as a result of the PF-3 coil inclination by
the angle 1'.

Table
The misalignments in ITER-S coils
N Files Coil o Aa, 3 b/By
mm mm

1 05041301 PF-3 i 35 51 ~110°
05041302

2 05051301 PF-3 1/4' ~1 25 ~310°
05051302

3 05062701 TF-10 1 1.6 30 ~1.04 107
05062702

4 05063001 TF-10 /4 0.4 22 ~2.6 10
05063002

5 05061001 PF-3 O** 3 52 610°
05061002

6 05040502* PF-3 1 35 16 ~110°
05040503

*) resonance ¢ =1/3.
**) displacement along Y axis.
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Rm ITER tokamak (with additional,

Fig. 5. Magnetic configuration with two islands at resonance n/m =1/2. PF-3 coil ~ rather simple - non helical winding

tilted by angle 1/4". STC) method, of vacuum “resonance”

Turn around of the X-axis direction magnetic measurements using the

luminescent rod, allows to identify error magnetic fields up to byn/ By = 3:10 °, caused by PFC or TFC misalignments

with value ~ 0.4 — 1 mm. All results presented above calculated at resonance ¢ = n/m = 1/2. There is resonant structure

obtained at the case t = n/m = 1/3 (Table, 6 position). For these case three-island structure obtained as a result of the PF-
3 coil inclination by the angle 1.

There is problem to make TF and PF systems symmetric with respect to the toroidal axis (elimination of the main

n=1 component). Recommended level of compensation is 10 Remind for comparison, that the achieved level of

toroidal error field compensation by a saddle loop method is of about 3-10™ (that is not enough) and for the poloidal

field coils 107 [10]. But before compensation there is necessity to identify the error field. Proposed method of MM
gives reliable means to solving this problem.
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CONCLUSION
So, the paper presents a highly sensitive “e-beam” method of determining misalignments of elements in a tokamak magnetic
system on the base of magnetic measurements. Note that using the proposed resonance MM methods one can determine,
with a high accuracy, other magnetic field errors too. For example, at the first stage of MM it is possible to find, and, in

a great measure, to compensate the averaged, by ¢, summary (nonlocal) additional magnetic field components AB, and
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ABR. Their sources can be, in particular, a value of magnetic permeability (1) of metalwork not taken into account. The

proposed MM makes it possible to detect “surprises” which cannot be foreseen by any calculations. As a rule (not as an
exception) different “surprises” took place in many cases when starting large-scale installations. Let us show, also, other
(potential) possibilities of the suggested MM method (see, also, [11]).

There is an opportunity to perform a highly sensitive control of the accuracy by retaining the currents in PFC and
TFC coils according to the rearrangement of the “resonance” island structure related with the change of these currents
(AI/T £ 0.38%, the estimation was shown in calculations for NCSX magnetic system [11]). The offered method of
measuring of inaccuracies in the elements of the magnetic system has higher exactness as compared to the known
methods of the magnetic measuring in tokamaks.

Proposed is the method for detecting the errors of the average vertical (AB;) and radial (ABR) magnetic fields.

Note that potential possibilities of the proposed MM method are not limited by the above list. Future work will be
focused on developing the methods applied to identify specific types of coil misalignments.
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