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Abstract

The effect of ellipticity and triangularity will banalyzed for
axisymmetric tokamak in the collisional regime. Ani@yforms for the
magnetic field cross sections are taken from those atbnecently by
other authors. Analytic results can be obtained liptel plasmas with
triangularity by using a special system of tokamakrdmates recently
published. Our results show that triangularities smaflan 0.6 increases
confinement for ellipticities in the range 1.2 toThis behavior happens
for negative and positive triangularities, howeves effect is stronger for
negative than for positive triangularities. The maxm diffusion velocity
IS not obtained for zero triangularity, but for smadigative triangularities.
Ellipticity is also very important in confinement,utb the effect of
triangularity seems to be more important. High eledhductive fields
Increases confinement, though this field is difficiat modify once the
tokamak has been built. The analytic form of theenirproduced by this
field is like that of a weak Ware pinch with an adbhal factor, which
weakens the effect by an order of magnitude. Theengnce of the
triangularity effect with the Shafranov shift is@snalyzed.



Introduction

The tokamaks (toroidal magnetic camera) seem tdéartost
promising alternative for the future fusion reactonscontrolled nuclear
fusion [1]. The nuclear fusion of the nuclei of dewm and tritium
produceso particles (nuclei of helium), neutrons and energyd an this
process there is not heavy radioisotopes of large lifalf-High
temperature is required in order to produce thideangeactions in a large
scale, which in the hydrogen bomb is obtained withualear fission
bomb. It is also required adequated densities andr@mént time for the
fuel particles in the thermonuclear fusion. Thestfitokamaks were
toroides of circular cross sections, but the futureegsion of tokamaks
(,e. ITER) are like ellipses with triangularity andther types of
deformation.

Most of the theories on confinement and instabilitigere
developed for circular cross sections at the beginning later the
analysis were extended to more general configuratio@snly through
computer simulations.



In this work plasma tokamak confinement is study fgeaeral
kind of plasma configurations including ellipticityné triangularity, as
well as, nonlinear flows, in the low vorticity appnmation. This new
treatment seems suitable for the H-mode, where trstedxe of internal
barriers and shear produce a large scale decreasingbumlence. The
analysis has been also extended to plasma configuratith current
holes, since has been recently found that this patiuappears in most
of the large tokamaks in operation.

It Is interesting to point out that whilst vorticitpuld be
Important within an internal barrier, however ougsiof the barrier,
turbulence is low, and therefore vorticity, which associated with
turbulence, will be also low, then in some way dam neglected.
Axisymmetric tokamaks will be considered here.



THEORETICAL TREATMENT
The starting point is the steady state non-linear MidDation
N
pv.lv=— | xB-0Lp,
C

w=L1xV

with the auxiliary function F defined as
2

FWV, o, T) = V; +W(p, T) |



whereW(p, T) is the enthalpy given by

This integral is performed along a magnetic lineere T can be considered
constant, since as is well known, the heat transferalmng a magnetic lines

Is very fast. Now, if the vorticity is neglected th#re previous equation
becomes

oOF=|xB

and from here

B.OF=0



This last equation shows th&(V, o, T, V) is constanigadomagnetic
line, and therefore is constant on a magnetic surtaaeis,

FV, 0 T, v)= F@) ,

OFW, o T, V) = dg;‘m Oy

where ¢ is the well-known poloidal flux functiolm the case where the

geometrical orthogonal curvilinear coordina@gs S, @) are used, the
previous equation can also be written as

F(V, p, T, v)= F(0)

OFWV, o, T, v) = OF(0) = - 1 dFS&) :_0F(5) n,

h, do 00

where ha IS the corresponding scale factor inctin@ilinear coordinates

~

g,S, and ¢ , thatiflo = ha(ﬁ,g) do.
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Figure 1: Cross section of the
tokamak magnetic surface
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text.
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The function F(¢) orF(E) IS a conservedcfion around a magnetic
surface, in the same sense that pressure is a consemveitbri on a
magnetic surface, if the nonlinear terms in the mdomanequation were
neglected. The new feature is that nb(W, 0, T, V)  is a comioinatf
velocity and position-dependent functions.

Now from the condition

Ox OF@)=0 ,
and
. {GF(J) ﬁ}:o |
00
It iSs obtained

00 00

0 F(5) {GF(ﬁ)} expl ~[*x ds)
o [k, ds)



Here the subscript 1 denotes one point on the miagsetface,
which would be conveniently taken as the most oudvparint in the middle

plane. The integration has to be performed along rmagnetic surface
curve in ag-constant cross section.

The above exponential appears very often in the seption and it
Is useful to denote it byt , thatis,

= exp(—joS K, ds)

To study diffusion in the scrape off-layer (SOL) suodathe normal
velocity will be

- -1 oF i
v:(§Rds) §(—/7D£—Ep B,+E,B,) B2 Rds

By using the continuity equation

0.j=0



as well as the univaluation for the electric ponf(r.t) , the value of the
parallel velocity can be obtained as

i =-P5 F 558,
: cBB,do

where

E. B 2
G(F) = [@p / azd +,71§ Ep‘”ds] /(§§—pds)

Here the density around a magnetic surface is diffitn determine,
however for some simplified caseg(¢/) iegily

PW) = po() exp(afy” 12T)



where is the poloidal magnetic flux. df isghected as we did at the
beginning, then® will be constant on a magm&irtace.

In any case © could be also treated as an avege Y for each
magnetic surface, that is

6(e)= 7§ 5 aF ds+ §E¢|’38¢ ds] /(§§—2ds)

Finally using all our previous approximations theer@age normal
velocity v will be

V:—'B”D(aFji ¥+ ,7”~ T—Ivf
B, \og) I, | RZ . pR:| 7 |




whereR  is the major radius of the minor axis, and

~ R . _ds
yy=—%  R=—— , ds=— .
B, R, R,
All the previous integrals are written in a dimensa®sl way as
=fRd5 |,
I, = §F~z uE©™ds,

= $REQW+ 72 HO) o
=§RH+ZZM»Yﬁ@*$ ,
=PA+F EOHAQT R
:§§(1+~2 1()?) i) R ds ,
~=§ﬁ@‘R‘£ ,
= $A+ 7 AO) AT RS



RESULTS
As in previous work in order to perform the diffusioalculation including
non-linear flows, the family of selected magnetidaces will be identify by
the equations

R(,6=R4.9)

a T()

=1+a) cos@- N [Z + (1—00829)} ,

m

2(1,6) FEEQTE)

7(),0)= =3 E(@)sing - 20 |

m

WhereA IS a parameter identifying each magnetifase, and here all the

guantities and variables with tilde are dimensionlisg,is

-3 z.0@
R R

m m

The symbol E(a) and T(a) denote the elliptic andntgularity distortion,
respectively.

As in a previous work it is convenient to define alsmensionless
velocity as

_V
VOC



whereV . is the normal velocity when ellipticéipd triangularity are zero,

that is, _
oc 2 0 ’
B, \00/,

and a, is defined by

0
a,= 1,(0) ’7H 21~2[3() (O)j

RZ  p, R* |, (0)

Circular magnetic surface are denoted with the rermabro.

Dimensionless inductive electric field is also used d@fthed as

~ E
E — ¢1

1 _nmﬁ(aF)
B, \00),




Figure 2: lllustrative figure showing the
| main parameters used in the equations for
e 5 . 3 -z the family of magnetic surfaces.
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Figure 3: Dimensionless geodesic
curve K, Vvs. normal curvature,
scales with the factoAakx (@) and
ao(a) , respectively. The points
show values ofd every 30°
starting with 4=0° . The arrows
llustrate the rotation sense.
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In figure 4, the dimensionless velocities are showaalinction of the
triangularity for three different values of dimendess electric field and for
a given elliptic elongation,which are 1.2 and 1ir6,Figure 3a and 3b,
respectively.

These results show that positive and negative triangdges
Increases confinement. Since confinement corresponuegttive values of
diffusion velocity. The points where the velocitiag @ero, correspond to
marginal confinement, that is, to zero diffusion v The worst situation
is just at the maximum of the curves, which is usuatar 0(@) LO |
thought not always exactly for zero triangularityrefe are in general better
confinement with negative triangularities than wibsitive ones, since for
the same absolute value of triangularities the alsealue of the negative
velocities are larger in the negative sidedd@) Furthermore the
triangularity tends to a plateau for positive largéues of 0 (@) , and that
plateau does not appear in the negative sidé (@) ast fer the range
of parameters here investigated.



Ellipticity is also important in confinement, asnche see
looking the previous Figures. There are better oemfient for elliptic
elongationk (@) = 1.6 than fork (@) = 1.2 . However, in this work the
analysis is carried out mainly on triangularity etfedHere, we are also
Interested on find out the differences on diffusioe tlcurrent holes. In
this case the Shafranov shift, triangularity andp®di elongation are
taken from the work of V. Yavorsky et al. . Their iéfons are

AN =0, (1-4)
A=A, N ,
k(1) =k, = (k, —k,)lL-2)>= 05k, A > (1- 1) .

where A\, denote the triangularity, insteachef wsual notatiod. The
parameter J denote as usual the magnetic suraueh is also

defined as

A=

o | Q

r
a



In the above paper, a parametef, IS introduce ieroim adjust the
analytic form to the experimental data. The cakooia here will be
carried out for the Japanese tokamak JT-60U, anchi®idevice a good
value of X . Is 0.6. This parameter determine anothearpater m by

(e
(1+x.)

which is used in the analytic form fq'r¢
. 2m
i = 1-27)(-a-2y)

This equation is well adjusted to the experimentdles Fig. 5 shows
this current along the cross section.
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Figure 5: Current density profile, elongation anghrgularity
along the major radius. The parametdr identifies each
magnetic surface and the value of the paramejers shawn on
upper-left corner.



The minor magnetic axis is as usually 40 , Bored current hole is about
1/10 of the plasma size measured by a. All tleeipus definitions allow to
determinex ., and from here oumparameter, corresponding to the elongation
k(@) = 1.7. The dimensionless normal velocity is determine fothbcases
without and with current hole.

The results given in Fig.(6a) and (6b) show thatehs a clear
Improvement in confinement for the hole effect. adgterns however are also a
little different, since when the current holes arespnt the plateau for large
positive triangularities are more ample than in theecwith no hole.

The comparison between the results without or withreciirholes is
better carried out using the marginal inductivedfi¢hat is, the values where the
normal velocity are zero. These curves separateoiftnement region from the
no-confinement region, characterized by negativeward diffusion velocities.

Figure 7, showsE¢ marginal @S a function of tridagty for elliptic
elongatiork(@) =1.7 . The improvement in confinement duthéhole current
IS actually very important. In the worst situation tbis elongation, the normal
velocity is about 20 and 25 % larger when theantrhole is present that where
there is not hole
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Figure 6. Dimensionless diffusion velocity
versus triangularity for elongation k(a) = 1.7, in
the scrape-off-layer surface, and three
different dimensionless inductive fields
5.2 (plain line), 5.3 (dash Line) and 5.4 (dash-
point line). Figure (6a) is for plain currents
with no-holes, and Fig. (6b), when current
holes are present.



4.6 r

| ;ﬂl.ﬁl | I—GI.4I | I—DI.ZI | U | Iﬂl.zl | Iﬂl.ail | ID:ﬁl |
S(a)
Figure 7: Marginal dimensionless inductive field asfumction of

triangularity for plasma configurations with currdmdles (plain line) and
without current holes (dash line)



CONCLUSION AND DISCUSSION

1.- Non-linear collisional transport in axisymmetric tokaks has been
analyzed including non-linear flows for toroidal ghaa configurations with
ellipticity and triangularity in the low vorticitlimit. This generalizes
previous linear treatments recently published. Thenab velocity in the

scrape-off-layer surface has been determine for aergkenplasma

configuration. The results are given as a functibseveral integrals around
some magnetic curves. Numerical calculations has baered out using

equations for the magnetic surfaces consistent withd-Shafranov

equations, which are nonlinear in the parametercharacterizing each
magnetic surface.

2.- Numerical calculations on diffusion velocities hawb also carried out
for plasma configuration with current holes, whichpea in the
experiments with large tokamaks. The present analysismainly
concentrated in the effects on diffusion due to daffe triangularities.



3.- Collisional confinement improves when triangulargypresent in the
tokamak plasma configuration. However, the effedt rmegative
triangularity is more significative than positive onds. the range of
parameters here analyzed (-0.6 to 0.6) a platealetey appears in the
diffusion velocity for positive triangularities, bubnhfor negative ones.
Ellipticity is also important in confinement but anaplete analysis of this
matter will be carried out in future works.

4.- The influence on confinement due to current siokethe plasma is
also analyzed here. The present results show slightovament in

confinement when current holes are present. In tg®,cthe pattern of
the curves looks as in the case where there isalet hut the plateau
formation for positive triangularities Is clearer amndth a larger

extension.This effect is complementary to the increpsi confinement.

Though the numerical calculations are carried autsome selected
tokamaks, however the present treatment is very gem&c not limited

to these cases. In our analysis dimensionless varialdegsed most of
the time in order of reach more general results, irskems that the
present work should be useful in future tokamaks dssig



