iSSN 09i5-633X

NATIONAL INSTITUTE FOR FUSION SCIENCE

Some Features of Particle Orbit Behavior
in LHD Configurations

A.A. Shishkin, K.Y. Watanabe, K. Yamazaki, O. Motojima, - e
D.L. Grekov, M.S. Smirnova and A.V. Zolotukhin b z

(Received — Feb. 3, 1993)

This report was prepared as a preprint of work performed as a collaboration
research of the National Institute for Fusion Science (NIFS) of Japan. This document is
intended for information only and for future publication in a journal after some rearrange- |
ments of its contents. ‘
Inquiries about copyright and reproduction should be addressed to the Research
Information Center, National Institute for Fusion Science, Nagoya 464-01, Japan.

NAGOYA, JAFPAN




Some Features of Particle Orbit Behavior
in LHD Configurations

A.A.Shishkin*, K.Y.Watanabe, K.Yamazaki, O.Motojima

National Institute for Fusion Science,
Furocho, Chikusaku,
Nagoya 464-01, Japan

and

D.L.Grekov, M.S5.Smirnova, A.V.Zolotukhin
Kharkov Institute of Physics and Technology,
Plasma Physics Depariment, Kharkov 310108,

Ukraine

* Permanent address: Kharkov Institute of Physics and
Technology, Plasma Physics Department, Kharkov 310108,
Ukraine



Abstract

Localizations of helically trapped particle losses on the last
closed magnetic surface in different LHD configurations are
studied. The effects of electric field, finite B and bootstrap
current are taken into account. It is shown that the angular
location of the helically trapped particle iosses may be
controlled by the change of vertical field coil currents.

keywords: helically trapped particles, radial electric field,
heliotron/torsatron, ion orbit loss.



1.Introduction

The paper is devoted to the analysis of the localization of
trapped particle losses on the last closed magnetic surface in the
LHD ( Large Helical Device ) configurations [ 1 ]. The knowledge of
distribution of the lost particles might be important for
understanding edge plasma phenomena and the divertor-related
physics. Here we want to underline two aspects of this problem.
One of them is connected with the possible transition from the
electron root condition to ion root condition. The changes of the
sign and amplitude of electric potential may have a strong effect
on the confinement of trapped particles and the localization of
trapped particle losses. To improve the confinement the
modification of the magnetic configuration ( the type of magnetic
field modulation ) by changing VF ( vertical field ) coil currents
may be desirable. Another aspect is connected with the RF heating
using the ion cyclotron resonance in which the improvement of
the confinement of trapped particles becomes particularly
important. The behavior of high energy particles is also important
under NBI heating and in fusion plasmas. The finite p plasma

pressure and bootstrap current can change the harmonic content
of magnetic field and particie orbit properties. That is why it is
important to take both these effects into account.

For the study of above mentioned questions we use the
combination of the analytical methods and numerical procedures
for analysis of the particle orbits ( section 2 ) developed in Ref.
[ 2 ]. We apply this approach to the main configurations realized
in LHD [ 3,4 ], particularly two configurations with different
character of the magnetic field modulation: A) favorable and
B) unfavorable configurations for the trapped particles
confinement ( section 3 ). The resulis of this analysis are
presented in the section 4. The changes of the magnetic
configuration due to finite § and possible physical consequences
are analyzed in section 5. The particle orbit characteristics in
the LHD configurations including finite B and bootstrap current

effects in combination with electric field is given in section 6.
The conclusions are made in section 7.

2. The Approach to Particle Orbits Analysis
2.1. Helically trapped particles.



The analysis of the particle orbits is based on the study of
the singular curves of the differential equations of the single
particie motion in the gquiding center and banana center
approximations [ 2 ]. We shall use the longitudinal adiabatic
invariant of helically trapped pariicle of the foliowing form
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where B, is the magnetic field value at the geometric axis of the
helical winding, R is the major radius of the helical winding, m
is the magnetic field period number, E and K are the complete
elliptic integrals of the first and second kind; g is the modulus
of elliptic integrals of the form
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Here E, is kinetic energy of the particle, 1 is the adiabatic

transverse invariant; this expression includes the Fourier
coefficients of the magnetic field along the force line
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where ¢ and ¢ are the poloidal and toroidal angular variables.
The Fourier coefficients of B/B, and ¢ are entered in Eq.( 2 )
through
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We shall use two kinds of curves: so called transition and
“ forbidden ” curves. The equations for them may be obtained
from two conditions for the well-depth parameter q°

q> =1 ( transition curve ), (6)
and
E,—uB v
@®=q% under ZX—20=_'0—0 ( forbidden curve ), (7)
KB vio

where ¢ is described by Eq. ( 2 ). Inside the region surrounded
with the transition curve ( q*=1 under the given value of

the Ay=—— parameter ) the particles have the well-depth

parameter q®>1; these are the passing particles. Outside the
region there are the particles with a well-depth parameter

q2<1; these are helically trapped particles. Those particles which
cross the transition curve change their state.

if we want to treat only deeply trapped particles (qzzoj it
would be sufficient to use min B-contours; if we have only barely
trapped particles (qzzl) it would be sufficient to use the

transition curves. But there is so called “ middle ” class of
trapped particles which do not follow the min B-contours. For
their description the forbidden curves are useful. The particles,
which are not deeply trapped, in the drift process go away rather

5



far from the min B-contours. That is why the more adeguate
description of the trapped particle orbit topology is given with
the contours of the forbidden curves [ 2 |, which are the
geometrical places of stopping points of the trapped particle in
poloidal direction. The fraction of the forbidden contours
unclesed in the confinement volume corresponds with the fraction
of trapped particles escaped. The trapped particle trajectory
during its drift is placed between the two adjacent contours of
the forbidden curve. Near the stopping points of the trapped
particles its motion is slow and the radial deviation is
accumulated. If the major part of forbidden curves are unclosed
one may say that the angular coordinates of the trapped particles
escaped are placed between the angular coordinates of the
intersection of the forbidden curves with the boundary magnetic
surface.

2.2. Superbanana orbit particles.

In general, it is necessary to analyze the loss of helically
trapped particles and superbanana orbits. The family of
* forbidden " curves for the superbanana orbits with stopping
point angular coordinates can be obtained from the equation

dJ, 8
ar_o—o, (8)

which with taking Egs. (1), { 2 ) into account takes form
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Here ry and ¢, are the radial and angular coordinates of the
banana orbit center.

Further we shall use the equation (7) for the analytical
estimate of angular coordinates of helically trapped particle
fosses in some specific cases.

3. Magnetic Configurations and Magnetic Field Model
For the first simplified analysis we have chosen two
magnetic configurations, which have the following magnetic axis



position A and quadrupole magnetic field By [ 3, 4]

A) A=-02m and B) A=0m

(10)
Bq =100% Bq = 0%.

Here in the case A) By =100% means that the quadrupole field

produced by the axisymmetric poloidal coils is equal to that by
the helical coils and cancels it; this configuration corresponds
approximately to a toroidally averaged plasma with a circular
cross section and an inward shift of 0.2m. In the case B) the
quadrupole field produced by the axisymmetric poloidal coils is
zero that corresponds to a toroidally averaged plasma with a
vertically elongated cross section and no magnetic axis shift. We
pay attention to these two configurations because of the
different character of the magnetic field B/B, modulation. In the

case A) this modulation is favorable to reduce the toroidal drift
of the helically trapped particles [ 5 | and the neoclassical
transport loss [ 5-7 1. In the case B) the situation is opposite: the
magnetic field B/By modulation is unfavorable for the

neoclassical transport reduction.

The above mentioned configurations with the different
character of the magnetic field B/B; modulation have the
different spectrum of magnetic field harmonics. The Fourier
coefficients of harmonics in the magnetic field strength along
the magnetic field line as represented for the cases A) and B) in
Ref.] 3 ] may be approximated with the following expressions

A) B)
€310 =0.265 x° €510 =0.278 x2
£310=— 0.04 x> €310 =0.102 x>
e110 =~ 0.07 x €110 =0.01 x*+0.01-0.1 x*
£19=0129 x eL0 =019 x (11)
gg10 = 0.025 x* £0.10 =~ 0.06 x*
€r9=—0.36 x

€410 =0.0125 x

where x=rfa and a=0.6 m is the averaged radius of the last closed
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magnetic surface. Here specific parameters of LHD are taken into
account, particularly ¢=2, m=10. The opposite signs of the
Fourier coefficients on the nearest sidebands of the main helical
harmonic component indicate different characters of the B/Bg

modulation.
4. Particle Orbit Analysis
4.1. Analitycal estimates.
First of all we can make some simple analytical estimates

of particle orbit features from the singular curve equations ( 6 )
and ( 7 ). For this purpcse we assume that

2
60 = do(a) (i) )
o =¢1(a) {i]ﬂ and take n=1, (12)
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When we introduce the variables x=ZXcos® and y=Lsin®, we
a a

can write down the equations ( 6 ) and ( 7 ) by Eq.( 2 ) to the form
2 2,
(x —Ax) +(y +Ay) =R~ (13)
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For our qualitative simplified estimates we assume that
eo=e,0L. In expressions ( 14 )-( 17 } we introduce the o
a

parameter where ¢ is the measure of the satellite harmonics [ 5 [:

+ .
c=EHTEL From the expression ( 11 ) for e;,, we can see that
£y ’

in the A) configuration 6<0 and in the B} configuration ¢>0. Let
us note that the sign of ¢ here is opposite to the sign
of o parameter defined in Ref{ 5 1.

First of all let us consider the effect of ¢; on the transition

curve; we can say that in the case of negative electric potential



First of ali let us consider the effect of oy on the transition
curve; we can say that in the case of negative electric potential
{ ¢pa)<0 ) the displacement of the transition curve center
outside the torus { A, ) is larger and the radius of the transition
curve { R, ) becomes larger too. So the fraction of passing
particles increases. in the case of positive electric potential
( 9g@)>0 ) all these tendencies are opposite: the displacement of
the transition curve center { A, ) is smaller and the radius of the
transition curve ( R, ) is smaller oo, that is the decreasing of
the passing particle fraction. Therefore we can conclude that
during the transition from the positive potential ( ion root ) to
the negative potential ( electron root ) the fraction of the passing
particles becomes larger for the certain A, value.

It is important to clarify that it is possible to compensate
any changes in A, and R, with ¢ parameter control. We can see
from Eq.( 13a ) that the change in ¢, from ¢3<0 to ¢>0
corresponds to the change in ¢ from ¢>0 ( B type configuration )
to o<0 ( A type configuration ). For the radius R, the tendency is
the same. In the case of the “ forbidden " curves the conclusions
remain the same only for the particles with q%>%. But for the

particles with g3 <% the consequences are opposite.

if the “ forbidden " curves are unclosed it is possible o
estimate the angular coordinate of the intersection of the
forbidden curves with corresponding magnetic surface with the
use of such expression '

Sg(zq% — 1)—%
cost = H%

: (18)
eE(qu - 1}0’—8[

which is derived from Eq.( 7 ) under the assumption that

égq,:eg[no cosf}J and ¢;=0. This equation is valid for helically

trapped particles.
For the superbanana orbits under the assumption of

§g¢=8£(1+0 cosﬁ) we can obtained the expression for the stopping

point angular coordinates
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where
e 4o
y=tan~ HBo & (20)
dr,

From Eqgs. ( 18 ) and ( 19 ) we can see that different
combinations of electric field and magnetic field parameters can
affect the angular location of helically trapped particle losses.
Below we consider the specific cases.

4.2. Numerical results.

Now we present the results of particle orbit analysis for
the A) and B) type configurations in the absence of electrical
field, but including effects of satellite harmonics ( see formula
( 11 ) ), and present numerical solution of equations ( 6 ) and ( 7 ).

The forbidden curves are interesting because they give us
the region where the trajectories of trapped particles with
different value of q% are concenirated. From Fig.1 a) and b) we can
see that the deeply trapped particles are confined better in the A)
configuration than in the B) configuration. This conclusion is
approved by the family of Jy=const contours. The fraction of

Jy=const contours are closed in the confinement region in A)

configurations larger than in B) configuration { Fig. 2 ). The
noticeable displacement of the transition curve center ( Fig. 3 )
outside the torus and the decrease of the transition curve radius
in the A) configuration mean the reduction of the passing particle
fraction. So, the improvement of the confinement of the helically
frapped particles ( the increase of the fraction of the closed
forbidden curve contours ) leads to the decrease of the passing
particle fraction. The particle starting from the outside of the
torus as untrapped either remain untrapped ( forming the blocked
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trajectories ) or become trapped inside the torus transforming
into the well confined passing helical bananas. In B} configuration
the increase in the dimension of the region, limited by the
transition curves, means the increase in the passing particles
fraction and the decrease in the fraction of the transition
trajectories outside the torus. As a whole the number of the
helically trapped particles is not large but their confinement is
worse. It should be remarked that the trapped particles with the
well-depth parameter q% values from 0.2 up to 0.6 belong to the
loss region ( Fig. 2b ).

More exact picture ( with similar conclusions ) is followed
from the numerical integration of banana center equations with
Monte-Carlo techniques ( Fig. 4 ). One consequence due to
decreasing fraction of the transition trajectories is the increase
in the particle number forming the superbanana orbits. Their
deviation from the initial magnetic surface in B) configuration is
small in comparison with A) configuration. We can conclude that
the particle confinement in these two ( A and B ) configurations
are rather opposite.

In A) configuration the absolute fraction of passing
particles is small and the fraction of the transition and blocked
trajectories is large. The width of the loss region is larger in 8
direction, and the Ilocalization in ¢ is higher than in B)

configuration ( Fig. 5 ). In B) configuration the absolute fraction
of passing particles is large. The deviation of the trapped
particles from the magnetic surface during the motion is larger
than in the A) configuration. This leads tc higher localization of
loss regions of trapped particles in 6 direction ( Fig. 5 and 6 ).

For better physical understanding we show the pictures of
distribution function of lost helically trapped particies in
torsatron/heliotron systems with small and large magnetic field
periods: Uragan-2M ( m=4 ) and Heliotron-E ( m=19 ) { Fig. 7-9 ).
Unclosure of the most part of min B-contours in the confinement
volume of Uragan-2M [ 8 | leads to the characteristic spread of
the trapped particle loss region in ¢-direction ( Fig. 8 and 9 ). In

the loss region the trapped particies with all values of q% ( well-
depth parameter ) ( Fig. 7a ) are found and almost independent of
the toroidal coordinate of their starting point. In Heliotron-E the
good confinement of the passing helical bananas leads to the
losses of the smali part of trapped particles ( Fig. 7b ).
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Coming back to LHD configurations we can say that the
divertor fluxes { more exactly the fluxes of trapped particles to
divertor } are located at the small inclination angle to helical
conductors. Passing particle usually follows the magnetic field
line. The following direction of escaped trapped and passing
particles becomes close ( Fig. 5 ). This situation leads to the
improvement of the trapped particle confinement.

5. The Change in Configurations under Finite f

Till this section we consider two configurations with
opposite character of B/B; modutlation but now we want to expand
our consideration to the study of five main configurations
( see Table 1 ) which can be realized in LHD under different value
of currents in VF and HF coils. In these configurations it is
possible to obtain different types of B/By; modulation
( Fig. 10-14 ).

A preliminary indication of the form of B/B; can be obtained
by overlaying the magnetic surface plots of two cross-sections.
When the magnetic surface boundary is smooth on the large-R
side of the torus ( outside the torus } and deeply corrugated on
the small-R side ( inside the torus ), the B/By modulation
favorable for compensation of the toroidal drift of the helically
trapped particles is expected. In contrast, when the magnetic
surface boundary is smooth inside the torus and deeply corrugated
outside the torus we have the opposite case, namely, unfaverable
B/By modulation.

Some expected changes in B/B; modulation under finite B
without net toroidal current [ 10 ] can be seen from Fig. 15 for
the three types of the main configurations of LHD. Under the
outward shift of the magnetic surfaces due to the finite B the
corrugation of the internal boundary decreases and the
corrugation of the external boundary increases.

These results are obtained with the use of VMEC code [ 9 ]
with the fixed plasma boundary.

6. The Effect of Finite §, Bootstrap Current and Electric
Field on the Properties of Trapped Particle Orbits
A) First of all we obtained the families of forbidden curves

in five main types of LHD configurations in vacuum case {[3(0)=0J
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and without electric field (¢:o) ( Fig.16 ). It is possible to
conclude that under q3=0.4-0.38 the “ forbidden ” curves intersect
the boundary magnetic surface and the angular open window
( angular location of intersection points ) depends on the type of
configuration. Particularly, this window is more narrow in the HE
( Horizontally Elongated ) configuration and wider in VE
{ Vertically Elongated ) configuration.

I
a

2
B) The addition of the electric field ¢=¢0( 1 with the
\a)

values of parameter eq’%BO:w.S or £1 (under B=0 ) considerably

changes the families of the “ forbidden ” curves. As an example
we take only the case of QC ( Quasi Circular ) configuration
( Fig.17 ). The change in the electric potential sign leads to
another orientation of the possible direction of helically trapped
particles losses: from inside ( Fig.17 a ) and ¢ ) ) of torus to
outside { Fig.17 b ) and d ) ) and even makes the forbidden curves
closed { Fig.18 ), that is possible in all configurations but with
rather high electric potential value. The neoclassical prediction
[ 11 ] ( Fig.18 and 20 ) gives the value of the eiectric field
e|ol/uBo~1. It is important to consider other ways to control the
possible directions of helically trapped particles losses. We mean
the change in the VF coil currents ( transition between different
cases of magnetic configurations ) in the case of plasma with
finite B and bootstrap current taken into account. That tendency
which takes place in vacuum configurations conserves under
finite B and bootstrap current taken into account. Namely, the
angular location of the intersection points of “ forbidden * curves
with boundary magnetic surface is narrow in the HE case and wide
in the VE case. It is possible to say that the change in currents of
VF coils particularly, the transition from VE to HE configurations
( see Table 1 ) is one of the ways to control the angular
distribution of the helically trapped particle losses.

C) When the strong electric field ( due to some effects in
addition to the ambipolar electric field ) arises, the location of
helically trapped orbit losses can be controiled { Fig.22 ).

We take into account not only radial electric field ( ¢, ) but
also some deviation of the electric potential from the magnetic
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surface ( non equipotentiality ) ¢; etc. In this paper we use the
ambipolar radial electric field and only the model electric
potential ¢;. But, of course, the ion losses will change the
electric potential and the fact that the ion losses have some
angular location in poloidal and toroidal direction as it can be
seen for example from JT-60 experimental and computational
results [ 12 ], indicating the dependance of ¢ on angular
coordinates.

After the main tendencies will be cleared it is possible to
improve the method namely to use more exact invariant form J

[ 13 ], and 7 including not only helically trapped but untrapped
particles [ 14 ] and, at last, to take the electric field value self-
consistently with ion losses [ 15 1.

7. Conclusions

1. The analysis of the lost particle localization is important for a
better understanding of the edge plasma behavior and the divertor
physics. One of the step of above analysis is the estimation of the
angular distribution of lost trapped particles on the last closed
magnetic surface. The conventional approach to the solfution of
this problem is to observe the particle orbits from the starting
point on the magnetic surface till their intersection with the
boundary surface. It has been done by numerical integration of the
guiding center equations of many particles during many magnetic
field periods. Some preliminary conclusions may be done from the
* forbidden ” curves of trapped particles { with the use of the
adiabatic longitudinal invariant J; ) which permits one to evaluate

the toroidally averaged poloidal angular distribution of particle
losses directly on the boundary surface without the knowledge of
particle orbits during the whole motion.

2. LHD has the high flexibility in the changing of B/B; and particle
orbit properties with the change of the VF coil currents. The
transition from one to another case of magnetic configuration is
the way to control the angular location of the helically trapped
particle losses. When the electric field is absent, the losses have
the pronounced directions between ﬁzg and 37“ for the vacuum

configurations in Quasi-Circular and Horizontally Elongated
cases. The poloidal location of losses is much wider in Quter
Shift case and scatiers in almost all directions ( particularly,

15



inside and outside the torus ) in the Vertically Elongated case.

3. The role of the electric field may be very important. It is
possible to change the orientation of loss angular location from
outside to inside of torus with the change of the electric po-
tential sign. It is possible to have all forbidden contours closed
for all cases of the magnetic configuration under the
corresponding sign. of the electric potential. When the electric

potential is negative (eq)o/uBO:—l), the Outer Shift case is

preferable; when the electric potential is positive (ed)o/uBO:H),

the Inner Shift case is more suitabie for particle confinement.
Among the configurations with the various quadrupole magnetic
field the Vertically Elongated case has the closed forbidden
contours independent of the sign of the electric potential under
the value elggl/uBy =1.

4. The finite p with B(O)g 2.23% and bootstrap current taken into

account do not change the “ forbidden ” contours considerably and
all conclusions from the analysis of the vacuum configurations
remain almost the same.

These conclusions will be checked with the direct numerical
integration of the guiding center equations in some typical cases
in the near future.
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Figure Captions

Fig.1 The family of forbidden curves for the different values of
well-depth parameter q% (0; 0.2; 0.4, 0.6; 0.8; 1) for LHD A confi-

guration ( a ) and for LHD B configuration ( b ).

Fig.2  Jj=const contours, where J is the longitudinal adiabatic
invariant for the helically trapped particle for different values of
constant in the LHD A configuration ( @ ) and in the LHD B
configuration ( b ). All trapped particles have the same sign of
velocity ( these are positively passing bananas, corresponding to
the clock-wise direction ), the same value of the magnetic
moment p determined from the B value in the start point

4
'Le:O, 9=0, r/ap=0.5J and pitch angle value 4,=0 ( total energy
2keV ).

Fig.3 The family of transition curves for different values of
2

pitch angle K%z"zﬁ (0.05; 0.1; 0.2; 0.3 0.4) in LHD configurations
V1o

A{a)andB(b).

Fig.4 The distribution function of the lost helically trapped
particles on the well-depth parameter g in the LHD
configurations A) ( a ) and B) ( b ). The number of test particles
equals 500. The trajectories are obtained by integrating of banana
center equations iill the intersection the boundary surface; at
this moment the q° value is determined taking into account
A, fofaps =1, &, &, €, and & values. Only the particles remaining

the trapped are followed.

Fig.5 Angular coordinates of the helically trapped particles
crossing the boundary surface Ero/apg=1J in LHD configurations A

(a)and B ( b ).The number of test particles equals 500. All
particles initially were uniformly randomly distributed  over

both the poloidal and toroidal angles in interval (0,2 n} and pitch
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angle values interval ( -1, 1), that means negative and positive
passing bananas. Particle energy E=2keV. All particles started
from the magnetic surface of the radius ryfay,=0.7. The drift

banana center equations were integrated till the particle orbit
intersection the boundary surface or till their delocalization

(q?’:l). Solid lines correspond to the helical conductor traces.

Fig.6 The distribution function of lost helically trapped
particles versus both poloidai and toroidal angles at the boundary
surface in the LHD A configuration ( a ) and B configuration { b ).

Fig.7 The distribution function of trapped particles escaped on
the well-depth parameter ¢ in Uragan-2M ( a ) and Heliotron-E
( b} configurations. Particle energy Ex=0.5keV.

Fig.8 Angular coordinates of trapped ion orbits crossing the
boundary surface in Uragan-2M ( ¢£=2, m=4, R/fa=5 16 TF coils )
configuration ( the footsteps of 1000 particles ). Solid line
correspond to the helical conductor traces.

Fig.9 Lost helically trapped ions distribution versus poloidal
and toroidal angles in Uragan-2M.

Fig.10 The magnetic surfaces and the B/B; modulation for the
Inner Shift ( IS ) case in LHD.

Fig.11  The same for the Quasi Circular { QC ) case in LHD.
Fig.12  The same for the Outer Shift ( OS ) case in LHD.

Fig.13 The same for the Vertically Elongation ( VE ) case in
LHD.

Fig.14 The same for the Horizontally Elongation ( HE ) case in
LHD.

Fig.15 The magnetic surfaces over one half of the magnetic
period in the case of Inner Shift, Quasi Circular and Quter Shift
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cases with §(0)=0 (a)and p(0)=4.2% (b).
Fig.16 Fourier coefficients of B/B; in Boozer's coordinates

%Ozzan*cos(mﬁ-nq)) and the families of the “ forbidden ”
mnn

curves for IS, QC, OS { a ) and HE, VE ( b ) cases with B=0 and
$=0.

Fig 17  The “ forbidden ” curves in the QC case under =0 and
the electric field e¢g/uBg=-05(a), +0.5(b), -1 (c), +1(d).

Fig.18  The “ forbidden ” curves in the OS case under e¢y/uBy =1
( a) and in the 1S case ( b ) under edg/uBg=+1 (b ).

Fig.19 Neoclassical thermoconductivity coefficient for
electrons/A-axisymmetric case, 0-helical ripple, +-total/,
ions/0-axisymmetric case, x-helical ripple, T-total/. ( a ) and
ambipotar electric field ( b ) as a functions of the magnetic

surface radius under Te(0)=Ti(0)=5keV, n(0)=0.5*1020m“3

[B(O)=2.23%) and parabolic depedences of T(r), n(r).

Fig.20 The same magnitudes under the parameters

Te(0) == Ti(o) =10keV, n(0j=0.5%10"m"> [[3(0) = 4.5%).

Fig.21 The “ forbidden " curves in HE {( a ) and VE ( b ) cases
under B(O)=2.23%, bootstrap current taken into account and ¢=0.

Fig.22 The “ forbidden " curves in HE (aand b ) and VE (c and d )
cases under [5(0):2.23%, booistrap current taken intc account and
edo/uBy =—0.5 {a,c ) and 0.5 ( b,d ).
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Table 1

Operation [Quasi- Vertically [Horizontally Outer Inner
mode Circular|elongation |elongation shift shirft
. IV, 2.57 1.49 3.64 1.94 3.20
Coil
IS -1.07 1.17 -3.32 -1.44% -0.72
current
CMA> ovV| -2.94 -3.27 -2.62 -2.82 -3.048
HF 5.88 5.85 5.88 5.85 5.85
A <cm> -13 -15 ~-10 [¢] -28
aAX1La
Bpol
= %>| -103 -107 -101 -7 -110
Bhel
i
1
BP°
— o
ai‘ -102 -105 -99 -96 -108
Canalytic
approachd
Bpoi
—ﬁ{ 2>
B"® -84 -1 =167 -84 -84
a
Canalytic
approach)
Real 4] 0 Q ] [ ]
1.4 1.41 1.385 1.3 1.35 1.18
$3L03,
o 2.8 2.7¢ 2.795 2.56 2.69 2.33
4.2 4.15 4.09 3.7¢9 3.93 3.46
A =R -R
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