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The values of stray environment magnetic fields of the Uragan-2M torsatron have been determined using local magnetic sensors, and
also, the electron beam injection in the additional toroidal magnetic field (16 coils, making up 60% to 76% of the total toroidal field).
In the stationary toroidal magnetic field, the turns of the electron beam have been visualized by scanning the poloidal vacuum
chamber cross-section with a luminescent rod. The measurements have made it possible to determine a decrease in the ratio of stray
environment vertical magnetic fields to toroidal-coil magnetic field down to b,/Br ~ 1x107 at magnetic fields Br = 0.0225 - 0.15 T,
and also, to estimate the prospect of the ratio decrease to b,/B; ~ 1x10™* as the toroidal magnetic field increases up to Br > 0.45 T.
KEYWORDS: stellarator, torsatron, tokamak, magnetometer, electron beam, particle orbits, magnetic surfaces, stray environment
magnetic fields, environment magnetism, nonmagnetic stainless steel

PO CHIBBIAHOIIEHHSA BEJITMYUH OTOYYIOUHUX ITAPASUTHHUX ITOJIIB
JIO TOPOITHOI'O MATHITHOT'O ITOJISAA B TOPCATPOHI YPATAH-2M
I'.I'. JlecusikoB, A.M. lllanoBax
ITnemumym ¢hizuxu nnasmu, Hayionanenuii naykosuti yenmp “Xaprigcokuii ¢izuxo-mexuiunuil incmumym”
61108, Xapxis, eyn. Axademiuna, 1, Yrpaina

BenuunHu PO3CISIHMX NapasUTHUX MOJNIB OTOYYIOUOTO CEPEAOBHUINA TOpcaTpoHa Yparan-2M Oynu BHU3HA4eHi JIOKaJIbHUMHU
MarHiTHAMH JaTYUKAMH, a TAKOX 32 IOIIOMOTOI0 1HXKEKIii eIeKTPOHHOTO MyYKa B JOAATKOBE TOPOiJHE MarHiTHE moJie (B MarHiTHe
noie 16 KOTymIOK, siKi yTBOPIOIOTE Bix 60% mo 76% cymapHoro TopoigHoro moust). Bisyamizamist 00epTiB €I€KTPOHHOTO IydYKa B
CTaI[iOHAPHOMY TOPOITHOMY MarHiTHOMY IIOJIi BUKOHYBAJacsl CKaHYBAaHHSM IIOJIOITHOTO MOIEPEYHOro Mepepisy BaKyyMHOI KaMepu
3a JIONOMOTOI0 JIFOMIHECIIEHTHOTO CTPWXKHS. BuMipH pmanmu MOXIMBICTP BU3HAYHTH 3MEHIICHHS CIIBBIJHOIICHHS BEIHINH
OTOYYIOUNX MAPASHTHHX TMOJNIB O MATHITHOTO TOJS TOPOIMHMX KOTYIIOK J0 BETHUMHH b,/Br ~ 1x107 B MarHiTHHX momsx By =
0,0225 — 0,15 T, a TakoX OLIHUTH MEPCIIEKTUBY 3MEHIICHHS CITiBBiIHOMIEHHS 10 b/Br ~ 1x10* B Mipy TOTO, K MarHiTHE IOJie
30inpITyBaTUMeThCs 10 Br > 0,45 T.

KJIIOYOBI CJIOBA: crenaparop, TOpcaTpoH, TOKaMaK, MarHITOMETp, €IeKTPOHHHUIT ITy4I0K, OpOiTH YaCTHHOK, MarHiTHI IMOBEPXHI,
TIapa3uTHI MarHITHI 1TOJIsI, MAarHETU3M OTOYYIOYOTO CepeIoBHIla, HEeMarHiTHa HepiKaBiloya CcTajb

OB OTHOIEHUHA BEJIMYHWH IMMAPABUTHBIX OKPYKAIOIIUX MOJIEMA
K TOPOUJAJIBHOMY MATHUTHOMY IIOJIIO B TOPCATPOHE YPAT'AH-2M
I'.T'. JlecusikoB, A.H. IllanoBan
Hucmumym ¢usuxu niazmul, Hayuonanvhoiii Hayunsiil yenmp “Xapvxkogckutl ¢pusuxo-mexnuueckuu uncmumym”
61108, Xapvkos, yi. Akademuueckas, 1, Ykpauna

BenmunHbI paccessHHBIX Mapa3UTHBIX TOJICH OKpYIKAIOIIEH Cpelibl TopcaTpoHa YparaH-2M omnpeieneHbl TOKaTbHBIMA MarHUTHBIMA
JaTYMKaMH, a Taloke IIPH ITOMOINM HHXKEKIMH JJIEKTPOHHOTO ITydka B JONOJHUTENHHOE TOPOMIAIBHOE MarHWTHOE moie (B
MarHuTHoe mone 16 karymiek, cozmaromux ot 60% mo 76% CyMMapHOrO TOPOMAAIBHOIO MoJisi). Busyamusamus 000pOTOB
OJICKTPOHHOI'0O IMy4YkKa B CTallMOHApPHOM TOPOMWOAJIbHOM MArHUTHOM IIOJIE BBIINOJHAIAChE CKAaHUPOBAHHUEM IOJIOUAAIBHOI'O
MIONIEPEYHOT0 CEYEHUs] BaKYyMHOW KaMepbl IIPH MOMOIIN JIFOMHHECLIEHTHOTO CTepxHA. V3MepeHus naiu BO3MOXXHOCTh OIPEIETUTh
YMEHBIIIEHHE OTHOIICHHS BEIHUMH [MAPA3HTHBIX OKPY)KAIOUIMX MOJeil K MACHHTHOMY IOJI0 TOPOMIANBHBIX KATymieK a0 b,/Br ~
1x10™ B MarHUTHBIX OMAX Br=0,0225 — 0,15 T, a TakKe, OLIEHUTh MEPCIEKTUBY YMEHBIIEHUS OTHOLICHUS 10 EZ/BT ~ 1x10* mo
Mepe TOro, Kak TOPOUAaIbHOE MarHUTHOE I10JIe yBeauuuBaercs 10 Bt > 0,45 T.

KJ/IFOYEBBIE CJIOBA: cremnaparop, TOPCaTpOH, TOKaMaK, MarHETOMETp, JIEKTPOHHBIA Iy4OK, OPOMTHI YacTHIl, MarHUTHBIE
TTOBEPXHOCTH, TIaPa3UTHBIE MATHUTHBIE TIOJISl, MATHETH3M OKPY XKAaIOIIel cpellbl, HEeMarHUTHAasi Hep KaBeIOIas CTallb

In toroidal nuclear fusion facilities the stray environment magnetic fields may have an appreciable effect on the
quality of magnetic surfaces, e.g., see refs. [1-6]. The value of these fields is determined by many factors such as the
assembling accuracy of the magnetic system and magnetization of coil casings, the load-bearing toroidal framework of
helical windings, the elements of the toroidal vacuum chamber and diagnostics, under-installation structures, the
reinforced concrete floor of the experimental hall, etc.

It is known that the efficiency of the magnetic confinement of plasma is sensitive to relative magnitude of the
magnetic field disturbance b/B, where b is the toroidally averaged magnetic field disturbance, and B is a toroidal
magnetic field, in which the plasma confines. Containing b/B to values low enough would lead to much higher energy
confinement times. For example, the studies of [7] pointed out that the confinement time 7 in a device with b/B is
characterized as 7 ~ (b/B)”. Therefore it is believed that the b/B ratio is one of the qualitative features of the
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thermonuclear devices. However, it would be to keep in mind that the stochasticity of magnetic field lines which
correlates with b/B is not necessarily catastrophic for the magnetic plasma confinement.

In the present work the values of the stray environment magnetic field in the Uragan-2M torsatron have been
measured. When studying, the motion of a low-energy electron beam injected into the toroidal magnetic fields of values
ranging from Bt = 0.0225 to Br = 0.1536 T (the field on the geometric torus axis) the beam trajectories and deflection
distances along toroidal transits were determined. On the basis of these data the value of the stray environment magnetic
fields-to- toroidal-coil magnetic field ratio (the degree of magnetic disturbance) and its variation were found, and, thus,
the evaluation was provided of the quality of an additional toroidal magnetic field and, in the whole, the quality of
confinement toroidal magnetic field in the URAGAN-2M torsatron.

DESCRIPTION OF THE TORSATRON AND GENERAL FEATURES OF STRAY ENVIRONMENT FIELDS
MEASURED WITH A FLUX-GATE METER SENSOR

The Uragan-2M torsatron with an additional toroidal magnetic field (major torus radius R = 1.7 m, minor vacuum
chamber radius a,. = 0.34 m) comprises: a helical winding with / = 2 multipolarity and a number of magnetic field
periods m = 4; 16 coils of the additional toroidal magnetic field; 8 coils of compensating- and 4 coils of correcting
vertical magnetic field. The multipolarity (in our case, / = 2) denotes the number of independent identical helical
windings (helical poles), which are used to generate the helical magnetic field. The helical winding is placed on the
surface of load-bearing toroidal framework with the minor radius a,. = 0.395 m. A closed magnetic configuration with
the helical winding cannot be made without an additional toroidal magnetic field. The part of the toroidal magnetic field
of 16 coils in the total toroidal field of such torsatron can vary between 60% and 76% and it depends on the chosen
structure of magnetic surface configuration.

The structure of embedded closed magnetic surfaces can be created in a wide range of operating modes [8-11],
which make it possible to vary the average radius of closed magnetic surfaces, the profile of the rotational
transformation angle of the magnetic field lines, the magnetic well value, the position of the closed magnetic surfaces
relative to the vacuum chamber, and also, to get rid of the island structures at the magnetic surfaces. Each operating
mode is characterized by two parameters. The first parameter is the interrelation between helical toroidal magnetic field
By, and the additional toroidal magnetic field B, K, =By/(Bn + Br) = 0.28-0.4, where (B, + Br) = B, is the magnetic field
on the geometric torus axis. The second parameter is the average vertical magnetic field <B,>/B, on the geometric torus
axis of the compensating/correcting coils that control the magnetic axis position.

The general arrangement of the toroidal device and experimental equipment is schematically represented in Fig. 1.

Fig. 1. Schematic of Uragan-2M — top view.

Experimental equipment of the device includes: 1 are the helical windings; 2, 6 are the coils in the casing and in
section, respectively (16 toroidal field coils are labeled by small numbers); 3 are the current feeds, 4 are the bandage
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fastenings at the separation of the vacuum chamber and the helical winding into two moveable halves; 5 are the
detachable joints of helical windings; 7 are the vacuum ports for measuring magnetic surfaces (2007, 2012 and 2014) by
the scanning fluorescent rod mounted between coils Nos. 8-9, the butt-end glass to take the image of magnetic surfaces
in the tangential direction (to the rod) is situated between coils Nos. 6-7; 8 are the 8 coils of compensating- and 4 coils
of correcting vertical magnetic field, 9 is the location of the electron gun during measurements, 10 is the butt-end glass
window.

The value of stray environment magnetic fields around the installation is quite readily determined through local
measurements using a flux-gate meter sensor placed, for instance, between the toroidal magnetic field coils. Similar
measurements have been carried out in 1994 and 2014 on the minor radius, a;=0.4075 m, nearby the toroidal load-
bearing framework of helical windings, Fig. 2.
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Fig. 2. Changes in the values of stray magnetic field components measured between the coils of the additional toroidal field in
the equatorial plane of the Uragan-2M torsatron in 1994 and 2014.

Results of flux-gate meter sensor measurements

The stray magnetic fields were measured in the equatorial torus plane, Fig. 2: B, is the component parallel to the
major torus axis (perpendicular to the torus plane); B, and By are the tangent and normal components directed to the
outer torus circumference. Here, it should be noted that the average value Bx®¥ = -0.014x10* T is very small. It turns
out that BR(ZOM) ~ BR(94) and the behavior of these components is very similar. So, not to overload Fig. 2, BR(ZOM) 1S not
shown in the figure. The average values of B,”"'¥ ~ -0.057x10* T and B,*¥ ~ -0.05x10* T are close to each other, too.
After years of torsatron operation, the value of B(p(zm‘” changed insignificantly. During measurements, the B, value
changes its sign when the measurements go clockwise, following the numerical order of the toroidal coils, Fig. 1. At the
beginning of the measurements, B, shows concordance of signs with the geomagnetic field sign. Then B, changes its
sign, as it should be in the case of the torus pass-around by. The geomagnetic field direction is shown by S-N in Fig. 1.
For the time interval between the above-mentioned years the average value of component B, has increased by a factor of
2.4; B,""" % 1.354x10™* T and B,”* ~ 0.57x10 T. The length of stray magnetic field decay in the radial direction from
the installation up to the geomagnetic field level (Bz(g)aom) 0.45x10™* T) is ~ 4.5 m.

The geomagnetic field in the experimental hall both before installation assembly and at the present time has the
value ranging from B, ~ 0.4x10™ T to B, ~ 0.62x10* T. In the experimental hall under the installation, there is no floor
with a reinforcement bar. The principal reinforcement of the installation is located under the device, in the basement,
much below the level floor of the experimental hall. Therefore, it is considered that the principal reinforcement and the
reinforcement bar floor of the experimental hall practically little affect the stray magnetic fields of the device.

The structure of the toroidal magnetic field coils is according to the project. The accuracy and reliability of their
fastening at the assembly of the device, as well as positive results of their power tests in a high toroidal magnetic field
are well known for the maintenance Team of the Uragan-2M torsatron and for the authors of the given studies.
Therefore, it is difficult for the authors even to surmise the presence of the toroidal coil shape distortion. Besides,
additional preventive maintenance and control of the device give no grounds for that surmise.

So, the average value of the vertical stray magnetic field B,**'¥ ~ 1.354x10™ T is a reference quantity in this study
(at By =0, By =0, B, = 0, <B,>=0).

It should be noted that all the casings of magnetic system elements and installation components of new devices
around the Uragan-2M torsatron are made of nonmagnetic stainless steel 12Cr18Nil0Ti, which has a low magnetic
susceptibility [12], <3 in relative units. Also, as it has been indicated in paper [12], the magnetic susceptibility of such
stainless-steel products, having the welding seams, can increase with their service life, in general, by an order of
magnitude. In the LHD [13], the experimental result suggests the existence of another field error source in addition to
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the terrestrial magnetism, the influence of which increases with Bt. One of the candidate of the error field is the
unsaturated ferromagnetic materials near the machine. Furthermore, the unsaturated ferromagnetic materials near the
machine may also contribute to the estimate of the error field, e.g., the magnetic shield for the neutral beam injector
and/or diagnostics, stainless steel deteriorated by welding, etc.

MEASUREMENT OF STRAY ENVIRONMENT FIELDS USING THE ELECTRON BEAM

The values of stray environment fields of the installation inside the vacuum chamber were also determined using
the electron beam injection into the toroidal magnetic field, Bt (at By = Br, By, = 0, <B,>=0). The magnetic field, Br, is
the field only from 16 coils with an internal radius of their casings a. = 0.54 m. The turns of the e-beam in the stationary
toroidal magnetic field were visualized by scanning the poloidal vacuum chamber cross-section with a luminescent rod.
The luminescent-rod scanning method [11,13-22] is very convenient and comparatively simple for performing the
measurements of this sort. The scanning luminescent rod (pos.7, Fig. 1) was placed between the toroidal field coils Nos.
8-9, where the elliptic magnetic surfaces are vertical. The e-gun moving in the horizontal direction (pos.9, Fig. 1) was
installed in the vacuum chamber between coils Nos. 12 and 13 to inject 40 — 50 eV electrons along the magnetic field
lines. Previously, the authors have used this method to investigate the magnetic surfaces structure in the Uragan-2M
torsatron under the total stationary toroidal magnetic field, By = 0.1 T, see e.g. refs. [11,19-22].

The properties of the confining magnetic field are determined, first of all, by the geometry of the magnetic field
lines and the character of the B= | B| coordinate dependence. The equation of the magnetic field lines

dc dy dz dl dr

— = —— = — =— can be written as — = E, where dl is the element of the magnetic field line length.

Bx By Bz
Under the action of disturbances, the radii-vectors get the addition. If B= By + b, then r=r;+ Ar and, to a first

approximation, taking into account the first-order corrections to the smallness in —, we have ﬂ = m

B, d B,
[ref. 23, page. 52]. If the magnetic field strength B is the local quantity, then the magnetic field lines are the integral
characteristics, and they can serve for determination of the average relative field on the magnetic axis.

The axially symmetric vortex-free toroidal magnetic field is an example of the field with closed field lines. When
a small, practically arbitrarily directed uniform field is imposed on the toroidal magnetic field, the closed magnetic field
lines turn into the spirals moving away from the initial plane [23, page 14]. It is convenient to judge the behavioral
pattern of the toroidal field line from the points of intersection of the field line under consideration with an arbitrary
poloidal plane of the torus, which is perpendicular to the line direction (i.e., with the torus cross-section ¢ = const in
r, 6, ¢ coordinates). The cross point is identified as an imaging footprint. If most of the field lines of the toroidal field
are closed after one turn along the torus (they have one footprint), then the field lines are the lines of the axially
symmetric toroidal field and are annular. However, if the field line does not close on itself, then in the image plane there
is a multitude of footprints from a single field line. This trajectory of the field line becomes similar to an open spiral and
can cross the torus surface. The multitude of imaging footprints from one field line, which crosses the torus surface, can
correspond to the unsymmetrical toroidal field or to the presence of the disturbance fields, which affect the structure of
the toroidal magnetic field.

Note, that the measurement procedures using the e-beam, but only for the poloidal harmonics of disturbance fields,
have been elaborated at stellarators in [1,2] and applied to several tokamaks [3-6]. In axial torus, the harmonics of the
field can suffer toroidal distortions. But, and in this case, too, the registered, non-zero radial displacements of the
footprints are caused only by poloidal harmonics, since there exists the zero toroidal harmonic with #»=0. By recording
the e-beam footprint coordinates after each turn in any of the poloidal torus cross-section, it is possible to determine the
geometric characteristics of the field under investigation. In refs. [2,3], the vector deflection field for disturbance fields
from the installation structural parts has been first obtained by connecting the initial and end points of each turn of the
Ar(Az,Ax) b

2mR Br
[1-6] integrally represents the disturbance level allowing us to determine the toroidally averaged disturbance field b and
its ratio to the toroidal magnetic field, and to estimate its radial change.

electron beam. The toroidal e-beam drift (vertical and/or horizontal displacement for one toroidal turn)

Results for electron beam measurements

From trajectory recordings shown in Fig. 3, one can see that e-beams make 4 to 11 turns and are cut off by the HF
antenna installed inside the vacuum volume. It is characteristic that the slope angle of radial displacements of turn
footprints @ (radian) = arc tangent(Az/Ax) remains almost unchangeable, 8 ~ 0.77 rad, as the beam start points are
changing. Using the measured values of Az and Ax for one turn of beam, it was found that b,/Br = 1x10° (b, =
1.345x10* T) and b,/Br = 1.1x10° (bg = b, = 1.49x10™* T). Since the measurements are performed in the toroidal
magnetic field, it is more convenient to redefine the poloidal component b, in the terms of the toroidal component by.
The unchanging slope angle of radial displacements of turn footprints indicates that the field b, is practically uniform in
the toroidal vacuum chamber volume. In this magnetic field we have no way of extracting spatial harmonics from some
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other sources of perturbations, e.g., the induced distortion of magnetic coils shapes by the electromagnetic force, or the
magnetization of devices installed around the Uragan-2M torsatron. The average slope angle of radial displacements of
turn footprints includes the effect of the geomagnetic field. This field can be represented as the stray environment
magnetic fields-to-toroidal-coil magnetic field ratio. At By = 0.1 T we have B,/Br = (4-6)><10'4, but at Bt = 0.5 T the
ratio is By/Br = (0.8-1.2)x10™. Practically, the contribution of the geomagnetic field is always lower than the total value
of the stray environment magnetic fields.

AX=2.2 cm

‘ ‘ AZ=6.6 cm

AZ=1.0 cm

Fig. 3. The e-beam drift footprints in the toroidal Fig. 4. The e-beam trajectories at different magnetic fields.
magnetic field Br=0.1355 T when changing the beam
position along R.

Fig. 4 shows how the magnitudes of Az and Ax are defined. It is essential to note that Fig. 4 also illustrates that the
slope angle 6 of the beam drift footprint radial displacements in the direction along R in the torus equatorial plane
decreases with the toroidal magnetic field increase.

For beam drift trajectories shown in Fig.4 the Br, I;Z, b,/Br, BR, b./By values were determined, see the Table I.

Table I
The By, b, b,/Br, bg, b,/Br values for beam drift trajectories shown in Fig.4
Beam drift
trajectory Br, T b,,[10* T] b,/Br br,[10*T] by/Br
number
2 0.0225 1.23-1.39 (5.47-6.2)x10° 0.394-0.43 (1.75-1.93)x107
not shown 0.0678 1.29-1.43 (1.9-2.11)x10° 0.92-0.95 (1.36-1.42)x107
in the figure
3 0.1355 1.23-1.56 (0.91-1.15)x107 1.32-1.346 (9.8-9.9)x10™*
4 0.1536 1.39-1.6 (0.9-1.05)x10° 1.6-2.06 (1.05-1.34)x107

The e-beam drift trajectories (Fig.4) show that the field lines of the resultant magnetic field look like spirals
rotating in the direction of the major radius R increase. The spirals are formed under the action of the magnetic field
vector components lying in the poloidal cross-section of the torus. The particularities of the spirals suggest some
conclusions about the properties of the poloidal components b, and bg. The data show (Table I) that b, weakly grows
with Br increase, and has the values very close to those that were determined with a flux-gate meter sensor. In
consequence of magnetization, the component by increases more than fourfold with By increase. The b,/Br and by/Br
values show the degree of magnetic disturbance at the toroidal magnetic field Br. The observed constancy of the spiral
slope angle points to constancy of b,/by ratio value. The reduction of spiral trajectories pitch, when By increases, it is
possible well to see on Fig.4 by comparing the trajectories 2 and 3. The correspondence of ratio b,/Br with spiral is
determined in Table 1. The ratio b,/Br defines spiral pitch. Principally, spiral pitch can be determined by the number of
e-beam turns along the torus (by the number of spiral turns), which are packed on the length of the minor torus radius.
Parallelism of spiral trajectories points to both the homogeneity of b,, and a sufficiently high quality of the toroidal
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magnetic field, including its inverse proportionality to the torus major radius (Bt ~ 1/R). In the case under
consideration, because of a noticeable difference between the radius of the vacuum camera and the internal radius of the
toroidal magnetic field coil casings (a,. = 0.34 m < at. = 0.54 m), we can not, unfortunately, register the e-beam drift
footprints in the vicinity of the toroidal magnetic field coil casings. As By increases and b,/Br decreases, the planes of
spiral trajectories with small slope angles approach the plane surfaces that are parallel to the torus equatorial plane.
With considerable increase in By, both b, and bg will show the magnetization saturation of the surrounding materials. If
b,/Br becomes very small and approaches zero with the finite by/By, then, in principle, the spirals can be transformed
into the plane spirals (the plane curves), which become parallel to the torus equatorial plane. The behaviour of such
spirals (as an example of similar studies) is well substantiated by numerical simulations in the papers [24 (see
Appendix A), 25 (see Fig.2¢c)].

As is seen from the photo the start coordinates of the e-beam originate in the equatorial plane of the torus and
move in the direction from the torus geometric axis (marked by +) inwards. The average slope angle for all e-beam drift
trajectories is @~ 0.77 rad. A smeared image of the e-beam footprints is caused by ~<1% fluctuations of the current in
the field coils. The figure also shows two base points from LEDs (indicated by arrows) with the known distance
between them. The LEDs were mounted in the measurement section on the inner surface of the vacuum chamber, in the
equatorial torus plane on the inner circumference and at the top. The major torus radius is directed from left to right.

The trajectories 1 and 2, marked at Fig.4, were measured at By = 0.0225 T (the beams have different starting points
and are shown here as examples of the trajectories measured at more favorable conditions than for Fig. 3). The
trajectory 2, measured at Br = 0.0225 T, and the trajectory 3, measured at By = 0.1355 T, have one and same starting
point of the e-beams. The trajectory 4 was measured at Br = 0.1536 T. At this field value the starting point of the e-
beam was slightly changed because of some technical troubles that caused current fluctuations of the generator
energizing the field coils.

Theoretically one can assert that the average angle @is equivalent to b,/bg. Using the measured slope angles of the
beam drift trajectories, the function & =f(Bt) plotted in Fig. 5 predicts the saturation magnetization field and the
prospect of b,/Br decrease as the toroidal magnetic field increases. As regards field by, a more exact determination of
the disturbance and spiral trajectory pitch specified by magnetization field by, is possible at By ~ 0.45 T.

1.50 -
1.25

1.0
0.75

1an

rad

0.50

6

0.25

0.0
0.0 0.1 02 03 04 05

Bt, T

Fig. 5. The average slope angle of the electron beam trajectory @ versus the toroidal magnetic field By (experimental data are
marked with black points).

In Fig. 5 straight line 1 is a linear extrapolation of the data until it intersects the By abscissa and curve 2 is an
exponential extrapolation of data in the direction of the Br abscissa.

The magnetic surfaces measurements in the Uragan-2M torsatron [9,11,19-22] have shown that the main
resonances of rotational transform angles and magnetic islands with /2w =2/7, 1/3, 3/8, 2/5, 1/2, 4/9, 4/7, 4/6, 4/5 result
from both the helical winding detachments and the geometry of compensation-field coils. The indicated resonances
have been determined numerically and experimentally [9-11, 19, 21-22, 26-33]. The numerical calculations of the
magnetic surfaces were performed using the code [26, 27], which describes the current geometry of all torsatron coils in
accordance with the design documentation of the device. In the code, special care was given to the simulation of
detachable joints of the helical windings [27-29]. The results of comparison between experimental and numerically
determined structures of the magnetic surfaces for many operating modes in the region with k, = 0.28-0.38 are
presented in refs. [8-11, 19, 21, 22, 26-33]. The field disturbances caused by the resonances are significant, and exceed
the disturbances that can be induced by the additional toroidal magnetic field and the stray environment fields.



98
EEJP Vol.3 No.32016 G.G. Lesnyakov, A.N. Shapoval

Therefore, in this paper we present both the magnetic surface at the edge and the full structure of closed magnetic
surfaces at two modes of configuration settings. At these modes, there are no islands of the above-mentioned
resonances, and hence, no other disturbances, except those, which pertain to the purposes of the given investigation.
The operating modes of the torsatron require the current powering of all the coils, which form the magnetic
configuration. For the indicated modes, the magnetic field values of all torsatron coils are given in the descriptions of
Fig. 6,7. It should be also noted that the Uragan-2M torsatron has a generally acceptable level of stray environment
fields, since at By = 0.1 T high-quality closed magnetic surfaces have been measured, see Fig. 6,7.

Fig. 6. The last closed magnetic surface with an average Fig. 7. The structure of the closed magnetic surfaces without
minor radius ¢ = 0.2 m magnetic island in the Uragan-2M torsatron

This mode of the magnetic configuration in the Uragan-2M torsatron (Fig.6) has the operating parameter K, =
0.31, and By = 0.1 T (where Br = 0.0691 T and B, = 0.0309 T), (<B,> + b,)/By =~ 1.85%, i/2n(0) = 0.32 and i/2n(a) =
0.415, the shift of the magnetic axis inward from the torus geometric axis (marked by +) is 5.7 cm.

As example, on fig.7 is shown the mode of the magnetic configuration with K, = 0.295, By = 0.1 T (where
Br=0.0705T and B,=0.0295T), (<B> + I;Z)/Boz 1.8%, the average radius of the last closed magnetic surface
a~0.166 m, i/21(0) ~ 0.31 and i/27(a) =~ 0.4, displacement of the magnetic axis inward from the geometrical axis of the
torus is 4.7 cm.

CONCLUSIONS

The results of local measurements with the use of a flux-gate meter sensor have shown that over the course of 20
years the average vertical component of stray environment fields has increased by a factor of 2.4, and near the load-
bearing toroidal framework of the helical winding amounts B,”"'¥ ~ 1.354x10* T. The stray environment field
measurements carried out with an electron beam around the geometric axis of the toroidal vacuum chamber have given
b, to range from 1.23x10™ T to 1.6x10™* T. Comparison shows that the stray environment fields measured by the two
methods have very close values.

For the fields with Br = 0.1-0.15 T the value of the stray environment field-to-toroidal-coil magnetic field ratio in
the Uragan-2M torsatron is b,/Br ~ 1x107. For the magnetic fields with Bt between 0.0225 T and 0.1536 T, the increase
of the by component of stray environment fields from 0.4x10™ T up to 1.6+2.06x10* T was observed. This increase
being most probably due to magnetization of welding seams in the coil casings. In spite of the fact that the field by
grows, ratios b,/Br and b, /By turn out to be close in values, e.g., at Br = 0.1536 T. According to the measurement data
the ratio b,/Br decreases and, probably, will be reduced, as extrapolation shows, by an order of magnitude to b,/Br ~
1><10'4, as the toroidal magnetic field increases up to By > 0.45 T.

The measured stray environment field values, which have changed with increase in the operating field, point to a
sufficiently high quality of the coil assembly for an additional toroidal magnetic field, and explain the constancy of the
slope angle of the e-beam drift trajectories.

In addition, the present studies call attention researchers of similar subject, like study of magnetization of the
Uragan-2M elements made from nonmagnetic stainless steel, such as casings of toroidal and compensating field coils,
the load-bearing toroidal framework of helical windings, the toroidal vacuum chamber and diagnostics, over a long
period of their operation in high magnetic fields. Out of the mentioned elements forming the torsatron, we identify only
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the coils for an additional magnetic field as a strong source of the magnetic disturbance, since they have larger
(geometrical) dimensions and significant stainless steel mass, long-length weld seams of the casings, and they are
located in immediate proximity to the toroidal vacuum chamber.

It has been shown that with the increase in the toroidal magnetic field By, a steady decrease of BZ/BT, ER/BT and the
slope angle of e-beam drift trajectories, can serve as evidence of the reduction of the magnetic disturbances in the
device.

Summation the stray uniform vertical field of the magnetization b, and the field of magnetization by to the vertical
magnetic field from 8 compensating coils <B,> does not cause noticeable disturbances of the Uragan-2M torsatron
magnetic configuration.
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