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Ohm’s law for plasmas in reversed field pinch configuration
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An analytical relationship between current density and applied electric field in reversed field(Rifeh
plasmas has been derived in the framework of the kinetic dynamo theory, that is assuming a radial field-aligned
momentum transport caused by the magnetic field stochasticity. This Ohm’s law yields current density profiles
with a poloidal current density at the edge which can sustain the magnetic field configuration against resistive
diffusion. The dependence of the loop voltage on plasma current and other plasma parameters for RFP
experiments has been obtained. The results of the theoretical work have been compared with experimental data
from the RFX experiment, and a good agreement has been fp8hA63-651X97)06706-9

PACS numbd(s): 52.25.Fi, 52.55.Hc

I. INTRODUCTION inside the reversal surface/@<0.8—0.9) is certainly sto-
chastic, the stochasticity of the outer region is a matter of
Generally speaking, devices for magnetic confinement oflebate.
fusion plasmas are characterized by transport processes In this paper the problem of Ohm'’s law in RFP plasmas is
which are anomalous, in the sense that they are not deteaddressed within the framework of KDT. In order to treat the
mined simply by interparticle collisions. As an example, in problem analytically, an ansatz is made concerning the shape
tokamaks transport of the moments of order 0 and 2 of thef the electron distribution function, on the ground of theo-
electron distribution function, namely, particle number andretical considerations and experimental results. Other as-
mean energy, is anomalous. On the other hand, the first ordsumptions are then made about the density and temperature
moment, current density, is not transported, but rather gerprofiles, and a particular model is adopted to describe the
erated and absorbed locally in a classical fashion. The relanagnetic field profiles. Under these hypotheses, and assum-
tionship between current density and electric field is thering low-collisionality conditions, a relationship between cur-
given for a stationary tokamak plasma by a simple Ohm’srent density and applied electric field is derived from kinetic
law with Spitzer conductivity1]. theory in Eq.(29), and from that the relationship between
Not so simple is the situation for plasmas in reversed fieldolasma current and loop voltage in a RFP experiment is ob-
pinch (RFP configuration[2]. Besides the fact that particle tained in Eq(37). These two formulas are the main results of
and energy transport are anomalous as in the tokamakhis paper.
Ohm’s law itself is not classical. This is mandatory if the  The paper is organized as follows. In Sec. Il the problem
configuration is to be sustained against resistive diffusion, ais formulated, and the basic kinetic equation to be solved is
experimentally observed: in fact the toroidal field reversalwritten. In Sec. Il the method used to solve it is described.
requires a poloidal current density in the outer region, whichn Sec. IV the first two moment equations of the kinetic
according to the Spitzer Ohm’s law cannot be driven by theequation are deduced, and are then solved in Sec. V to yield
toroidally applied electric field. the required Ohm’s law. In Sec. VI this Ohm’s law is used to
The process which allows the sustainment of the toroidabbtain a relationship between loop voltage and plasma cur-
field reversal is called dynamo. Different mechanisms haveent in RFP plasmas. Finally, conclusions are drawn in Sec.
been proposed to explain it. One of them, the magnetohydrdvll.
dynamic (MHD) dynamo, suggests that the current density
results form a local balance between the dissipation, which is
collisional as in Spitzer theory, and a generation given by the Il. FORMULATION OF THE PROBLEM
applied electric field and an additional term, the dynamo ) _ o
electric field, resulting from coherent MHD fluctuations of ~ We shall consider a plasma in cylindrical geometry, for
velocity and magnetic fiel3]. On the contrary, the kinetic which the only not ignorable coc_)rdlnate is 'Fhe radial one.
dynamo theoryKDT) suggests that generation and dissipa—The symbolsa andR denote the minor and major radii of the
tion are both classical, but there is in addition a significantmachine. The plasma has on-axis electron temperafyre
transport of field-aligned current density caused by the stoand on-axis electron density,. The ion population, de-
chasticization of the magnetic field lines induced by the highscribed by an effective chargé is supposed to have tem-
magnetic fluctuation leveld]. Presently, the MHD dynamo Perature and density equal to the electron ones throughout
is supported by three dimensio8D) MHD simulations[5]  the plasma. The on-axis magnetic field is denotedpy
and by direct measurements of the dynamo fiéldwhereas Some useful derived quantities are the on-axis electron
in favor of KDT there are simulations made with a 3D thermal velocity
Fokker-Planck cod¢7] and the observation in the edge re-
gion of all RFP experiments of a superthermal electron popu-
lation[8]. It is to be mentioned that, while the magnetic field vo=+To/m, (1)
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wherem is the electron mass, and the on-axis collision timewhere the alternative coordinate systemd) for the veloc-

) 3 ity space has been introduced. The electron-electron collision

_ , Mg term is not specified, because it is not necessary for the rest
7e=(4méo) 4me*nglnA’ @ ofthe paper.
wheree is the elementary charge and\Ithe Coulomb loga- I1l. RESOLUTION METHOD
rithm. Finally, the on-axis critical electric field for runaway
generation i§9] Equation (4) is a three dimensional partial differential
equation, which can be solved numerically with a consider-
4e3nginA 1 able computational effoft7] or through simplifying hypoth-

c ) eses, as, for example, id]. In this paper the aim is to obtain

an analytical expression for Ohm’s law in a RFP, and there-
In the rest of the paper, unless explicitly indicated, tem-fore we adopt the approach of deriving the moment equa-

magnetic fields td,, velocities tov,, time to 7., and the bution function. o o
radial coordinate is intended normalized ta. Distribution The assumed distribution function is a Maxwellian with a

functions are normalized too/vg. drift parallel to the magnetic field and with equal parallel and
The starting point to attack the problem is the KDT equa_perpendlcular temperatures, that is,

mvé (47Tfo)2'

tion [4], a drift kinetic equation for the electron distribution 2,2
function which considers the effects due to the applied elec- fog,v, Fiu)= n exp( _ (v)—u)"+oi ©)
tric field, to collisions, and to diffusion caused by the mag- 1EL (27T)¥? 2T ’

netic field stochasticityhereafter called for simplicity sto- _ . . _
chastic diffusion. The distribution functionf depends on Whereu is the drift velocity. The parallel current density
r, on the parallel velocity, and on the perpendicular ve- associated to this distribution function, normalized to

locity v, . eNgvg, is jj= —nu. Expression(9) will be simplified with
The KDT equation assumes, in stationary conditions, théhe further assumption that<1 (verified in practical situa-
general form tions), which gives
E(f)=C.(f)+C.Jf)+D(f), 4 uv
( ) e|( ) ee( ) ( ) ( ) foo(l—?”), (10)

where the Ohmic ternk(f) represents the toroidally applied

eIectric_fieId effectCq;(f) is the elec_tr_on-ion collision te_rm, wherefo=f(v,v, ,r;0) is the nondrifting Maxwellian.
Cedf) is the e_Ie_ctron-eIectro_n chI|S|_on term, amyf) is Assuming givenn(r) and T(r) profiles, the only un-
the term descr.|b|ng stochastic dlﬁuslon. It is worth noting  nowns of the problem are(r) and the ambipolar field
that, without this last term, the solution of E@) obeys the EA(r), which is nota priori known. To determine these two

classical Ohm’s IaW,W'th Spitzer conductivity. quantities we have used the first two moments of &,
The Ohmic term is given by obtained multiplying the equation respectively by 1 and by
of v| and integrating over the velocity space. The two ensuing
E(f)= _E”E’ (5) equations are two ordinary differential equations in the un-
l

knownsE,(r) andu(r).
. . . In principle, one could think to extend the method to the
whereE(r) is the magnetic field aligned component of the geong order, keepinf(r) as a further unknown, thus gain-

applied electric field, normalized . . ing information not only about momentum transport but also
The stochastic diffusion term has the fofdo)] about energy transpotassuming electrostatic contributions
o to be negligiblg¢. However, such an approach would not take
D(f)= (i} (rDyLf), (6)  into account effects such as the anomalous ion heating,
r which is known to be important in RFP plasn{@3. There-

) o ] o o fore we have chosen to impo3€r) and to concentrate on
whereD y(r) is the magnetic field line diffusion coefficient, {he momentum balance.

normalized toa?/(v,7.); the operatotl is

9 Ex 0 IV. MOMENT EQUATIONS

L= ————, 7 . ) ) .
ar v dy @) In this section the first two moment equations of E4).
are evaluated, without making any hypothesis about the dis-

whereE(r) is the radial ambipolar electric field, normalized tribution function, except that it goes to zero fast enough

to aelT,. when the parallel and perpendicular velocities go to infinity.
The electron-ion collision term, restricted to pitch-angle  The zero order moment @&(f) is zero, and so are those
scattering, is given by11] of the collision terms, since electric field acceleration and

collision processes both conserve particle number and do not
yield radial transport. The only nonzero contribution stems

nz o of
Ceilf)= _< smea—), ®  from the stochastic diffusion term, yielding the equation
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1d
C g (T =S, (11 I}=—1[DMWWMLan (19
Here the particle flux is given by 9 .
Su:EAJ' |UH|E“(DM‘Cf)d v. (20)
F”:_f Dylvjl£fd (12
The electron-electron collision term does not contribute to
and the source term is Eq..(.18), since momentum is conserved in like particles
collisions.
_ oyl 4 3
Si=Ba 5 Gu, (PueHd. (13 V. OHM'S LAW

. . e Once the equation fdE, has been solved, E(18) gives
As already pointed out if10], the stochastic diffusion u(r). To do this, one must first solve the integréls). Al-

term (6) is obtained in the non-collisional regime, and is . . .
7 though this can be done exactly, the resulting solutions are
therefore not correct for low-energy electrons. This is the,

reason for the appearance of the spurious source & too complex. Therefore we have adopted the simplifying hy-

This term vanishes under the assumption Bt dpepends pot_hesis thatygn/4T?<1. This indicates a I_ow collision_ality

ono: and qoes o zero as—0. As indicated by the authors regime throughout the plasma. The resulting expressions for
I g ag—o. d by ou fthe integrals are

of Ref.[10], such dependence stems out if the derivation o

the stochastic diffusion term is carried out including in the

equation a Krook collision term. In such a case, the form of = —Ei( _ “0n> n 21)

Eq. (6) remains unchanged, provided that 227T
1
Pu=Pu i a9 ls==n\352 22
au
In this equationDY, is the magnetic field line diffusion co-
efficient according to the usual definition, is the magnetic l-=n ET3/2 (23)
fluctuations’ longitudinal autocorrelation length, axds the ! T
particles’ mean free path. Considering the dependence of
onn andv|, Eqg.(14) can be rewritten as 2
lg=4n~\/=T%2 (24)
4 a
_no Yl
Du=Dy—2 (15 . . . ,
v t+agn With these solutions, the expression for the ambipolar

electric field resulting from the zero order moment equation
having introduced the on-axis collision parameteris the same as that obtained in papkd] that is,
ap=AlvgTe.
As a consequence of Eql5), the zero order moment Ea n T
equation reduces tb,=0. Plugging the assumed distribu- T o (25)
tion function into this expression leads to

T The insertion of this solution into Eq18) leads to a
ls+D =17,=0, (16) ~ second order differential equation fo(r). In order to solve

T it, we shall now make the hypotheses of uniform density and
temperature profiles. The first one is in agreement with ex-
perimental results from the RFX experiméhg], and should
be valid in large experiments as long as plasma refueling is

n T E
ol ___ LA
2DM<n T T

where the prime indicates differentiation with respect to
and the family of integral$, has been defined as

K due to neutral influx from the wall. The second one has been
l= f‘” Y f.d% 17) inspired by measurements of the edge superthermal electron
ovf+taon & distribution function made on the MST and TPE-1RM20 ex-

periments with electrostatic energy analyzegEgAs), which
Equation(16) does not contairu(r) and can therefore be are well fitted assuming a drifting Maxwellian with tempera-
used to evaluat&(r). ture comparable to the on-axis electron temperdtli8sl4.
A similar procedure for the first order moment gives the The hypotheses made lead to the equation
equation

) 1 Z __\/EEmm
u’(r)+ Fu (r)—ﬂu(r)— EZD?A , (26)

nuz
327 T3
which in the limit of zero diffusion reduces to the Spitzer-
with like Ohm'’s law

1d
Fa(rFU)ZSU—EHn"‘ (18
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TABLE I. Typical plasma parameters for a 600 kA discharge in

6 T T T T
the RFX experiment.
5F
4t R 2m no 3x101 m3
R a 0.457 m D, 104 m
g3 Vioop 30 V b0 1.45
2 To 275 eV z 2
.,$ 1
0 ] Relationship(29) is Ohm's law for the RFP. An example
a1t L L ] of the current density profile given by it is shown in Fig. 1,
0 0.2 0.4 0.6 0.8 1 together with the Spitzer one. This figure is obtained with the

ta plasma parameters listed in Table I, which are representative

of a typical 600 kA discharge in the RFX experiment. The
parallel current density profile given by EqR9 does not
change sign in the outer region, and thus is able to sustain the
configuration. The on-axis current density is 10% less than
Ug(r) = — E\/EE (r) 27 the Spitzer value, while at the edge a current density of 230

0 z V2 IV kA/m? is found, consistent with measurements made in the
edge of RFX with an EEA16].

FIG. 1. Parallel current density predicted for RFX by the Ohm’s
law deduced in this paper, superposed to the Spitzer profile.

It is worth noting that the conductivity given by E@7) is
equal to that calculated with 2D Fokker-Planck cofl&$]
for the casez=1 and differs slightly from it ag¥ increases  v|. RELATIONSHIP BETWEEN LOOP VOLTAGE AND
(25% discrepancy foZ=>5). PLASMA CURRENT

In order to obtain from Eq(26) an explicit relationship o ) o ) )
betweenu (which is equal to— |, since we have assumed  Projecting Eq(29) in thez direction and integrating over
n=1) andEj, a model for the magnetic field profiles has to the plagnja cross section, the plasma current, normalized to
be assumed, although in principle E86) could be solved ©Novod", is obtained as
numerically self-consistently with Ampere’s law to calculate
such profiles. The model adopted here is the polynomial
function model(PFM) [15], which gives the magnetic field lp=lctlan, (32)
componentB,(r) andB(r) in terms of the single param-
eter 6,. Since the parallel electric field is still a nonlinear

function of BZ and BH! an approximate expression of the wherel cl is the contribution due to the Spitzer part of Ohm’s
form law, andl 4, is the rest. The classical current is given by

Ej=Eo(1+Ar?>+Br*+Cr® (29
0

has been adopted, with=1.789,—1.6302, B=—1.13d,, L= \@7 Po( o). (32
and C=0.946,. This expression reproduces very well the

exact one for allr and all values of the pinch parameter

0<2[0=By(a)/(B,] where

The boundary conditions chosen for E@26) are
u’(0)=0 andu’(1)=0. The first one is dictated by symme-

try considerations and the second one is in analogy to Ref. 1 A A?+2B BC C? AB+C
[4]. The resulting solution is Po(fo)=5+5+ 6 "6 Tt 2
= Ug(r) + al o Vx \F6EO A LB 64t 1612 ,Bir2ac 33
u(r)=u(r)+alo(vxr)— 271 % 7( XT°) T (33
+Eg(2304+ 576yr2+ 36X2r4)} (29
X ' The anomalous part is
wherel is the zero order modified Bessel function and the
parametery=Z/12D{, has been introduced. The integration m6E, Lo(\x)
constant is given by a= "\ 377 | ~P1x.00) +Pax,00) =1
X 2'1( \/;) (34
34

16B+72C 576C
A+2B+3C+— —+ xz)'

(30 having defined the two functions

\/; 12E,
Y s
2 Zx11(Vx)
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A%+ 8AB/3+2B%+3AC+24BC/5+3C? 8A2+64AB-+256B2/3+ 144AC+ 336B C+ 1512C?/5)

P ,(9 = +
1(x,6o) X X2
32(8AB+24B?%+ 72AC+216BC+297C%) 1024 2B?+9AC+54BC+ 135C?)
+ 3 + T
X X
36864C(4B+27C) 265420872
X X
P,(x,00)=4(576C+16By+ 72Cx+Ax%+ 2Bx%+3Cx?)>2. (36)

Inverting the relationship betwedn and E, one finds the required dependence of the loop volt4gg, on the plasma
current, which is now given for convenience of useSiystene International(Sl) units:

Vioop= Rell p® (60, X) (37)
with the classical resistance
. T%2(4mep)? 1 @8
“" 42amze&RInA Pol6o)
and
D (6, x) = Pol%) (39)

Po(80) = P1(x, 80) + P2(x, 00)l o (X)X 1(Vx)1

The adimensional parametgris expressed in Sl units as  with A =a. This apparently high value can be justified con-

sidering the effect of locked modes, which are present in all

RFX discharges, forming a strong localized magnetic pertur-
X= _ (40) bation[17]. A local estimate oﬂDf\’,I obtained from energy

3DY To(47eg)? flux measurements taken away from the perturbation gives

values one order of magnitude lowds8]. If this is represen-
tative of the value attainable on the whole torus upon re-
moval of the localized perturbation, the model predicts that
such removal could lead to a reduction of the loop voltage of
the order of 5 V.

wZe*ngainA

Equation(37) shows that magnetic diffusion introduces in
the classical Ohm’s law a multiplicative anomaly factbr
which depends on the magnetic field lines’ diffusion coeffi-
cient throughy, and tends to 1 a@OM goes to zero.

Figure 2 shows the dependence of the loop voltage on the 45 , , ,
plasma density given by E¢37) in 600 kA RFX discharges :
for different values of the magnetic field lines’ diffusion co- 40
efficientD‘,i,, . These curves were obtained assuming a power T
law dependence of the electron temperature on plasma den- 7 g
sity, with coefficients deduced from experimental data. On §° 30
the same graph experimental values of the loop voltage are 2
plotted as solid points, each point representing an average g 25
over many shots, with error bars showing standard devia- 3 20
tions. Taking the lower ends of the error bars as an indication :
of the best performance achievable for each density, these 15 ¢ ! ! ! .
values show a good agreement with the model for 1 2 3 4 5 6
DY, =5x10"* m. The point at the higher end of the density Plasma Density [10' m™]
range tends to be higher, probably due to the effect of radia-
tion losses. FIG. 2. Loop voltage plotted against plasma density for 600 kA

The value required foDﬁA yields an average radial mag- discharges on the RFX experiment. Lines correspond to predictions
netic field fluctuation levelb, /B=3%, according to the 9iven by the model for different values of the magnetic field line
usual quasilinear relationship diffusion coefficientDY, : from bottom to topDy=0, 10°° m,

5X107° m, 1004 m, 2X10™* m, 5x10°% m, 10°% m. Circles
represent experimental values of the loop voltage: each circle is an

2 average over many shots, with error bars indicating standard devia-
J (41) tions.

w| &

D&=A(
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VIl. CONCLUSIONS wherever a simple analytical relationship between the ap-
, plied electric field and the resulting current density is
In the framework of KDT an Ohm's law has been de- needed, for example, in studies about poloidal current drive

duced for plasmas in RFP configuration. The resulting eX3 4 related wave propagati¢hg].

pression gives parallel current density profiles which do not ¢ relationship between loop voltage and plasma current
change sign in the outer region, and are therefore in agreggnich stems from this work has been shown to correctly
ment with the observed sustainment of the configurationeproduce a set of experimental results from the RFX experi-
against resistive diffusion and with observations concerningnent for a value of the magnetic field lines’ diffusion coef-
superthermal electrons. Even without making assumptionficient of the order of 510 * m, which can be justified
about the magnetic field profiles, the current density is detaking into account the effect of locked modes. The relation-
scribed by an ordinary differential equation which can beship could find an application for scaling studies in conjunc-
coupled to Ampere’s law to give a self-consistent model fortion with suitable scaling laws for the poloidgland for the

the magnetic field. The Ohm’s law could find applicationsmagnetic fluctuation level.
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