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ABSTRACT

A power balance model of the RFP has been developed on the
assumption that electrons are heated ohmically while the power
associated with the fluctuations, E+<j-nj?, is responsible for heating
the ions. Anomalous diffusion due to turbulent convection is assumed
to be the dominant loss mechanism for both ions and electrons and a
single diffusion coefficient is used to describe both particle and
energy losses. On making various assumptions of plasma behaviour, the
model can account for the experimentally-observed diffusion
coefficient, the ion and electron axial temperatures and radial
profiles, as well as the scaling of electron temperature with density
and current. The variation of the ratio of axial electron and ion
temperatures with the insertion depth of the mobile lTimiter is HBTX1B
is also quantitatively reproduced by the model.

Submitted to the ‘Physical Review A’






INTRODUCTION

It is general finding in RFP's that ions are heated by
non-collisional processes. This is clearly the case when Ti exceeds Te
[Carolan et al, 15987a; Wurden et al 1988]. For experiments where
typically T].O'\-Teo [Bunting et al, 1985 and Carolan et al, 1988],
collisional heating was also ruled out because the electron-ion

equipartition time greatly exceeded the energy confinement time.

Another common observation in RFP's is that the total input power
of the plasma (NI¢ V¢ where I¢ is the toroidal current and V, the loop
voltage) generally exceeds the total joule power (=fnsj2d3x, where N
is the Spitzer resistivity and j is the current density) by typically a
factor of ~2 to 3. This factor can be increased by the introduction of
Timiters into the plasma, or reduced by the removal of edge
obstructions [Alper et al, 1988].

A clear association between the supra-joule power and ion
temperature, at constant density, was found in the HBTX1B experiment.
In other experiments [eg Wurden et al, 1988] where the electron density
increases with plasma edge perturbation, the more general result is
that the ratio Tio/Teo increases with the loop voltage V¢.

Experimental observations thus provide a prima facia good case for ion
heating being at least partly driven by the supra-joule input powers
found in present RFP's.

In formulating an jon power balance model we make various
assumptions which we attempt to check separately with experimental
data. For example, the assumption made here that the ion and electrons
are collisionally decoupled is generally found in experiment, given the
observed Ti' Te and Ng values. Other assumptions are more difficult
to check experimentally, especially relating to spatial profiles and
internal behaviour of, for example, the magnetic and fluid velocity
fluctuations and how all of these depend on the plasma parameters. In
such cases we attempt to show that the assumptions are at least
internally consistent. We also allow the experimental results to guide

the physics modelling; for instance, it is the ratio Tio/Teo that is
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most closely associated with the loop voltage, rather than Tio or TeO
separately, which suggests similar confinement physics for both

particle species.

The approach here is to provide a general framework in modelling
the ion power balance which proceeds from electrical measurements of
plasma current, voltage, F and 6 values to predictions of Tio/Teo‘

(F = B¢(a)/[B¢}, B = Be(a)/[B¢] where [B¢] = IB¢(r) 2rdr/a?® and B¢(a)
and Be(a) are the edge values of the toroidal and poloidal magnetic
fields). We propose solutions, or modelling, of the various elements
in the framework but we do not claim that our choice of models is the
only one justified by theory and experimental results. Since we get
broad agreement between our model and many experimental results (eg.
Tj(r), Te ¢ and ne) then if it is shown that the
modelling of a particular aspect is inadequate (eg. ion heating power

scaling with I

modelling) there must be a corresponding correction to another element
in the framework which can be further investigated.

The outline of the model is as follows (i) the electrons and ions
are heated separately with, in most cases, only classical ohmic heating
of the electrons (from nsjz) and the remaining power exciting fluid
velocity fluctuations which heat the ions; (ii) both the ion and
etectron losses are dominated by convection with the same diffusion
coefficient for both species and for both energy and particle
transport; (iii) the relative diffusion coefficient is calculated from
particle balance obtained from ionisation of the neutral particle
density distribution as obtained from Monte-Carlo calculations; (iv)
the diffusion coefficient on axis D(0) is obtained from electron power
balance and from (iii) D(r) is obtained; (v) in calculating power
losses we assume profiles of Te' Ti and Ne remain substantially
unchanged; (vi) plasma j and B profiles are calculated from external F
and 8 measurements using global helicity balance models and including
finite B effects.

Several advances in the measurements of plasma parameters and in
understanding of RFP physics now provide the basis for constructing an
ion power balance model. Most important amongst these are:



(i) the observed increase in Tio/Teo' with the insertion of a limiter
in HBTX1B [Carolan et al, 1987a] and ZT-40M [Wurden et al, 19881, to
values well in excess of unity; (ii) the reduction in Tio/Teo below
unity found in HBTX1B with the removal of the edge carbon tiles and its
subsequent increase when the plasma is uncentred [Carolan et al,

1988]; (iii) the observation, first noted in HBTX1A [Carolan et al,
1985] and then more clearly shown in HBTX1B [Carolan et al, 1987b1,
that Zeff was too low to account for the plasma resistance, even at
relatively low values of I/N (5 x 10-** A.m); the scaling of loop _
voltage with current on HBTX1B also reveals an anomalous voltage, AV¢,
which increased with Timiter insertion and decreased with the removal
of the edge limiter tiles, [Alper et al, 1988]; (iv) the
incorporation of magnetic helicity loss at the plasma edge [Jarboe and
Alper, 1987; Tsui, 19871 in helicity balance considerations offered an
explanation for (iii); these treatments also revealed that only a small
fraction of the power I¢AVqb ohmically heats the electrons; (v) the
inclusion of finite pressure effects in the Modified Bessel Function
Model (MBFM) [Johnston, 1981] significantly alters the A-profile (A =
unaj“/B) [Ortolani, 19831 as deduced from the edge F and © values;

(vi) the measurements of the Ti profile in HBTX1B [Field, 1988] and
ZT-40M [Wurden et al, 1988] as inferred from Neutral Particle Analyser
(NPA) measurements and more directly from fluorescent scattering
[Forrest et al, 1988] and (vii) the measurements of the ion and
impurity diffusion coefficients in HBTX1B [Carolan et al, 1987bJ.

Notwithstanding these developments, a physics account of the ion
dynamics in an RFP plasma is still far from complete. Whilst there is
a wealth of data available on axial measurements of Ti' Te and Zeff’
and chord integrated electron densities, and global gquantities such as
the plasma resistance, only occasional profile measurements (e.qg.
Te(r)) have been made in RFP plasmas.

The need to make several physics assumptions is therefore
inevitable at this stage to obtain an ion power balance model which has
predictive attributes rather than just a simple energy accounting of
experimental results. While acknowledging the differences in the
various RFP's (e.g. Zeff) and the interpretation of the experimental



results we concentrate here on the HBTX1B experimental results and the
previous physics descriptions that were advocated to explain them.

The experimental evidence for the contribution of non-collisional
resistance and the non-collisional ion heating in the Reversed Field
Pinch naturally led to considerations that these effects may be
inter-related. Rusbridge (1969) was the first to assume that the 1link
between these effects arise from the fluctuations in the magnetic and
electric fields which may provide the ion heating and the resistance
anomally. Here we incorporate more recent advances in the
understanding of RFP's, as outlined above with several assumptions
about the fundamental processes e.g. diffusion and heating.

In obtaining power balance we model separately the power input to,
and the power loss from, the ions and the electrons, in a way
consistent with the physics of the RFP (including recent theories on
the helicity balance). Comparisons of predictions from the proposed
power balance model are made with experimental results, particularly
from the mobile 1imiter experiments and the plasma current scaling
results. Finally, we suggest that non-collisional electron heating may
become dominant at low values of ohmic heating i.e. low current and
Spitzer resistivity.

INPUT POWERS

In RFP plasmas the coherence in the fluctuations of the magnetic
field and fluid velocity are assumed to be important in maintaining the
magnetic field configuration by dynamo action. Plasma relaxation is a
continuous process in RFPs, so the associated fluctuations are always
present. These fluctuations give rise to a dynamo electric field which
must be included when deriving the current density distributions and
the dissipated powers.

Ohm's law in the presence of fluid velocity fluctuations in a
magnetized plasma is given by:

E=nj-UxB8, (1)



where n is the resistivity, j the current density, B the magnetic field
and ﬁ the fluid velocity. The power input associated with Egn.(1) is:

Piot = <E-d> = <ni> - <l x B.j>, (2)
where <nj?> is the ohmic heating, Po which in the presence of the
generally small current fluctuations, (j = Ly * 3) can be written as:

Pg = njoz + <n32> N njoz. (3)

The term <ﬁ X B.j> is the residual input power, Pes associated with
magnetic and velocity fluctuations, i.e.

P = <E.J> - py. (4)

In the presence of current and electric field fluctuations Egn.(4)
reduces to:

p, = <E.I> + Epdg = Poy (5)

where j¢ is the steady-state toroidal current and E¢ is the steady-
state electric field i.e.

<> = E, =V /2n0R,
0 ¢/ T (6)
It can be easily shown that <E.ﬁ> in Eqn(5) has no net contribution
when integrated over the plasma volume. Here we assume that:
<E.3> <<E¢j¢ (which may well be the case because 3<<j¢and the time
averaging effect), and so the residual power, Pss takes the form:

(7)

Since the electron-ion equipartition time is much longer than the
energy confinement time in present RFP plasmas [e.g. Carolan et al,
1987a], there is 1ittle energy transfer between the electrons and ions

through collisions. Therefore, the two particle species can be treated



separately in power balance considerations. As we shall see later (cf.
in particular the section dealing with the removal of tiles) the
sharing of the local input power between electrons and ions may not be
entirely straightforward but for the moment we assume that the
electrons are heated ohmically by the current and the residual power
input, Pes is dissipated locally into the ions; the jon heating is
discussed later. In these circumstances we can calculate the power
input distributions for both the electrons and ions when the quantities
involved in Eqns(3) and (7) (ie. n, J and E¢) are determined.

The toroidal electric field, E¢, is found from the measured values
of V¢. The magnetic field and current distributions in the so-called
Modified Bessel Function Model, [Johnston, 1981] are obtained by an
appropriate choice of the A(r) distribution (A(r) = anjH/B) for which
we assume a well behaved form: A(r)=h(0}(1—(r/a)r), and by B(0), (B(Q)
= 2Uok)n(0)T(0)/B2(0)) which can be determined (for a particular A(r)
distribution) from the experimental values of 8, F, Be. For HBTX1B, in
particular, with the typical values of F=-0.07, 6=1.4 and B8=10%, the
appropriate A(r) distribution is:

Alrd = 2.7 Q—={rla)**). (8)

Figure 1 shows that for 6=1.4, Be = 10%-20%, and the A(r) distribution
of Eqn(8), B(0) ranges from 3%-8%.

To estimate the resistivity, n, we include the constraint that the
global magnetic helicity can be considered to be an invariant in
sustained RFP plasmas. It has been suggested, [Jarboe and Alper, 1987]
that the toroidal loop voltage can be regarded as having two components
viz:

(9)

where AV¢ is the anomalous voltage arising from either the helicity
dissipation in the edge region of plasma, or helicity loss from
electrostatic fields at the boundary which have a component parallel to
the local B, [Tsui, 1987]. Both models are supported by the observed
changes in the loop voltage required to sustain the current when the

s e



edge conditions are altered (by limiter insertion or removal of the
edge tile limiters), although the F, 6 and Sptizer resistance, remain
largely unaltered [Alper et al, 1988]. Here we associate Vp with the
plasma volume, and given by:

V. =

5 =3 /0B dx, (10)

o=

[Schoenberg et al, 19841. The value of Vp =13 + 2 volts was obtained
for I¢ = 200 kA at the HBTX1B from:

V. =10
(where Qp ~ 65y Ohm is the plasma resistance in the absence of edge

helicity disipation; Alper et al, 1988). The expression for the
resistivity on axis obtained by Egn (10) [Tsui et al, 1986] is:

V_ a?
no =f, f, -2 —, (11)
R
I¢ 2
where
(B, 10351
f,o= "0 (12)
(j.B]
and
[j.B]
f, = (13)

[3.B n(r)/n(0)]
and where [] denotes minor cross-sectional averaging. The profile form
factors f, and f, depend on A(r), 8, Be (which determine B, j) and the
resistivity, n(r), whose relative distribution is given by:

n(r)/n(0) = (Te(r)/Te(D))'s’z, (14)

assuming Spitzer resistivity and a uniform Zeff'



Other profile factors of interest are

F, = (15)

and £, =2 (16)

The distributions of j(r) and B(r) can be obtained from the relative
distributions by setting:
[2mna) .

j) = f,I,/(ma?) and B(0) = (f,/0) (y,I

¢ ¢

For most operating conditions in HBTX1B, both with and without the edge
tiles in position, the values of the profile factors are: f, = 0.30,
f, = 0.61, f, = 2.64, f, = 2.76. The approximate constancy of these
factors with plasma current arises because the A profile is almost
independent of the current for the data used here and where changes in
F, 6 relationship were mostly due to the variation of Be with current.

Distributions of the ohmic and residual input powers are shown in
Fig. 2, for the following typical conditions of HBTX1B:

I¢ = 200kA, Vqb = 30Volts, VD = 14Volts, F = -0.07, g =1.4,
Be = 10%, Te(r} = Teo(l—(r/a}s), Teo = 250eV, n(r) = no(l—(r/a)z),
Hy % 3.10**m-*, and 156 tile limiters at the edge of plasma (covering

10% of the liner wall).

A noteworthy feature of the power input distributions of Fig. 2, as
observed by others [e.g. Ortolani, 1984 and Schaffer, 1984], is the
negative residual power in the outer region. In a fully relaxed Taylor
state [Taylor, 19741, where A(r) is uniform, the volume integral of the
residual power is identically zero. For the nonuniform A(r) profiles,
(found experimentally in RFPs), the volume integral of the residual
power is positive and of the same order to the ohmic power. It has
been suggested [Tsui and Evans, 1988] that this negative residual power
in the outer region is due to electromagnetic power transmission to the



inside, which extracts energy from the fluid motions. Alternatively it
might be suggested that the power for the turbulence in the outer
region is being supplied by the ions.

POWER LOSSES

In a sustained discharge the production of ions and electrons by
jonisation of neutrals (originating from the wall), is balanced by the
plasma loss by diffusion across the magnetic field. The particle
balance equation in cylindrical symmetry has the form:

_1 _
= er(r) = s(rJ, (17)

O_ICJ_
=

where s(r) is the local ionisation rate and Gp(r) the local particle
flux. A turbulent convection model for the anomalous diffusion in the
RFP, [Rusbridge, 1969] assumes "turbulent elements" of characteristic
size Aitransverse to the magnetic field and A” along it, which form
from the background plasma, are convected through an average distance
equal to Ai with average speed ﬁr before merging again with the
background plasma. We identify AH and Al with the observed 5
characteristic scale lengths of the magnetic field fluctuations and Uy
js determined from the measured electric field fluctuations. From this
model a diffusion coefficient D ~ ﬁr Al can be obtained (which with the
estimated values of U, 2.10°m sec~* and Al = 2.5cm, gives

D ~ 50m? sec-! which is the estimated value on axis for HBTX1B), but it
is important to realise that the diffusing elements are flux tubes
rather than individual particles; as a result the particle flux is
given by:

6, = - ¢ 5 (V. - (18)
where V, the volume of a unit flux tube, is an increasing function of
radius (V « B-?). The strength of this model is that it provides a
natural explanation of the observed (approximately parabolic) density
distribution when it is assumed that the plasma source (ionisation of
neutrals) in concentrated near the wall; for, Eqn(17), allows &



solution nV = constant where s(r) = 0 so that n(r) may be a
decreasing function of radius. A more recent investigation, however,
of the neutral density, both measured [Evans et al, 19841 and simulated
by a Monte-Carlo treatment [Hughes and Post, 19781, has shown that the
parabolic density profile admits an alternative explanation when
substantial refuelling occurs in the plasma core. For these reasons,
and because a closer examination shows that the idea of freely
convecting flux-tubes cannot be sustained in a strongly sheared
configuration, [S Gee, 1988] we shall use the simple classical form of
Fick's Law, and the main assumption of the present work is that the
same diffusion coefficient can be used for both the particle and energy
transport, i.e.

GD = -D(r) i for the particles (19a)
_ du
GE = -D(r) ar for the energy (19b)

where D(r) is the diffusion coefficient and U(r) is the energy density
distribution (= % nkT). We emphasise that Eqns(19) are assumptions to
be tested for consistency with the experimental results; we do not a
priori exclude alternative loss processes, particularly for the
electrons (such as thermal conduction along the field lines), but we
shall show that no compelling evidence requires their inclusion.

Strictly speaking, Eqns(19) should include terms the nv,, and Uvr on
the r.h.s., representing the flux due to the inward 'pinching velocity'
Vo, = -E¢88/BZ. It is not difficult to show, however, that this
velocity is of the order of a/IR where T is the resistive diffusion
time and since the actual confinement time is much shorter than this,
the flux is correspondingly greater and the pinching term is
negligible. In a typical case, the inclusion of the pinching term in
the particle balance equation has been found to make only a 5%

difference to the central density.

Equation (17), with the flux term given by Egn(19a) can be written
as:
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d
dr

(r 0 & n(my = s, (20)

= |—

In the same way when the power loss from the ions is assumed to be
dominated by diffusion the ion power balance has the form:
_1d d -
= A {r D(r) T Ui(r)} = pf{r). (21)
Equation (20) can be used to provide the distribution of the diffusion
coefficient which for a parabolic density profile is given by:

2 r
D(r) = 52— [ s(r')r'dr'. (22)
2r2nO o

The local jonisation rate, s(r), is given by:
s(r) = S(Te(r)) N(r) ne(r), (23)

where S is the ionisation rate coefficient, [Lotz, 19671, and N(r) is
the neutral density distribution. In practice, the absolute neutral
density is difficult to measure. It has been obtained in only a few
selected cases in HBTX1B [Evans et al, 1984], but a reliance on using
discharge-specific measurements of N(r) would rob the ion power balance
modelling of any predictive features. Monte-Carlo simulations of the
neutral particle transport show, however, that the relative
distribution of neutral density is largely insensitive to the expected
experimental range of variation in the Te(r) and Ti(r) profiles and
depends mostly on the n(r) distributions. The calculated N(r) for a
parabolic density distribution, together with the experimental values,
available from fluorescent scattering, [Evans et al, 1984] are shown in
Fig. 3. The computed relative N(r) distribution will be used in

Eqns. (23) and (22) to provide the relative D(r) distribution.

To obtain the absolute D(r) on axis we appeal to the axial electron
power balance and invoke ambipolar diffusion (i.e. Di(O) = DE(O) =
D(0)). The electron balance of power in the absence of the,
generally-small, radiation losses in HBTX1B [Carolan et al, 1987b] is
represented by:

-11-



r{Ge(r) + h(r)}, (24)

c:.lo_
==

=1
pQ(r) =

where Ge(r), the diffusion term, is given by egn(19), and h{r)
represents the thermal conduction term given by:

==

dT

= FlL _&
r) = f(B ) KII Jr (25)

where K” is the parallel heat conduction coefficient. The function,
f(ﬁrfB), involving stochastic field line behaviour, is not available
for RFP's in a useful form. In the absence of this information we
assume for the moment that conduction losses are much less than
diffusion losses on axis so that

: S d
n(0) j2(0) = {r D 5= Ul (26)

=3 |
O.ID_
=

The possible dominant role of diffusion will be discussed below.
In evaluating the r.h.s. of Egn(26) we express the n(r) and Te(r)
distributions as polynomials of the form:

n(r) =ng {1-r(r/a)? to00)

Te(r)

Teo{l-é(r/a)2 .

Linear terms are suppressed to avoid on-axis discontinuity in the
density and temperature gradients. As the axis is approached, only
parabolic terms contribute to Eqn(26) so that we get on substitution
for n(r) and Te(r):

n(0) j2(0) a?
6(y+0) k TeO n

D(0) ~
0

For a parabolic density profile (y=1) and a flat electron temperature
distribution (6=0) we obtain:

n(0) jz(0) a2
D(0) ~ Ep To Ny (27)

-]12=-



which on substituting for n(0) and j(0) (cf. Egns (11)-(15)) yields:

C, V. I

D(0) ~ =0 %) . (28)
2

12n% R k Teo n

0

where C, = f,f,f;%; (C, is a profile factor for the field and current
distributions; it depends primarily on A(r) and therefore on F, 8 and
Be). The value of the diffusion coefficient on axis, given by Egn
(28), is used to normalise the relative D(r) distribution given by Egn
(22). The resulting D(r) distribution for a typical plasma is shown in
Fig. 4 where a parabolic density distribution is used in both the
Monte-Carlo simulation, to give the relative neutral density
distribution, and in the particle balance. Assuming a uniform D(r),
spectroscopic measurements on HBTX1B, give D ~ 100-150 m?sec-* [Carolan
et al, 1987b] (for the same plasma conditions) which is in good
agreement with the values shown in Fig 4.

POWER BALANCE OF ELECTRONS

Experimental evidence for a near-flat electron temperature
distribution has been reported at ZETA (Rusbridge, 1969), HBTX
(Malacarne, 1984), ETA-BETA II (Bassan et al, 1987) and ZT-40M (Wurden
et al, 1988). Alternative descriptions of the electron power loss have
been suggested by Rusbridge (1969) and Robinson (1975) which may
account for these results: (i) The flat electron temperature
distribution was attributed by Rusbridge, to the collisional thermal
conduction given by Egn(25). (ii) Robinson, has derived a flat
electron temperature distribution by assuming diffusion from turbulent

convection.

Our comparison with the experimental data favours the latter
description. The effect of diffusion on the ohmically heated electrons
is investigated here through the power balance equation, which in the
absence of other loss mechanisms (everywhere inside the discharge), has
the form:

d d _ -
e {r D(r) ar Ue(r)} = nir) j2(r. (28]

S

-13-



At this point it is convenient to introduce the normalised
distributions ie: D(x) = D(x)/D(0) etc, (x = r/a) so that:

& x 000 $(oo TLom) =« (00272 3200, (30)

> |

where a is the dimensionless parameter:

a n(0) jz(0)
2 (31
k Teo o D(0)

For the solution of Egn(30) we may assume a parabolic density
distribution, a parabolic distribution for jZ(x), (which is appropriate
for the MBFM), and for D(x) the distribution of Fig 4 which can be well
represented by the expression: D(x) =1 + 7x%. The solution is
subject to the boundary conditions: Te(x=0) = T: Te{x=1) = 0;

dT
Hig(x=0) = (0, and, therefore, Egn(30) is an eigenvalue equation for a.

A numerical solution gives a ~ 5.5, corresponding to a near-flat
electron temperature distribution but which, steepens near the wall, as
shown in Fig 5. A flat temperature distribution can, therefore, be
attributed to diffusion losses alone with no need to appeal to
collisional thermal conduction. (We may note the value of a=4 which
follows from substituting Eqn(27), where a flat electron temperature
distribution is assumed (i.e. ©=0), into Egn(31). A different value
of a=5.5 has been obtained from the analytical solution of the power
balance equation because the corresponding electron temperature
distribution of Fig. 5 clearly has a second order term with 0#0.
However, the difference in the calculated values of a is within the
present experimental uncertainties in determining Te(r).)

The value of a (estimated above, giving a=5.5) can now be used to
estimate the electron temperature on axis. (A1l of the following
formulae are in SI units, apart from temperatures which are in eV's.)
We have numerically,

-14-



n(0) = 3.8 10-% Lafs 1nA Ted™ TE s (32)

where Te is the Lorentzian gas correction factor. For the A(r)
distribution given by Eqn(8) we get: j(0) = f31¢/na2. In this case it
can be easily shown from Eqns(31) and (32) that:

IZ

; (33)
al o D(O)rE

Teoh2 = 2.6 102 Zeff TnA

Equation (33) may find application in any RFP but for HBTX1B with the
following parameters of: a=0.25m, I¢=2.105A, n0=3.1019m'3,
D(0)=30m?sec-?, Zeff=2'5' we obtain: Teo=210ev which 1is

within the experimental uncertainty of the measured value of Teo=250 +
40eV. Furthermore, Egn.(33) reproduces the empirical scaling of the
electron temperature with the density and current:

Teo o< I¢°-“ne'°-‘. [Alper et al, 1987]. Thus, diffusion losses alone
can account for (i) the flat electron temperature distribution, (i)
the observed electron temperatures on axis and (iii) the empirical
scaling of the electron temperature with the density and current,
provided the diffusion coefficient, D(0), does not sensitively depend
on either of these qguantaties. These results suggest, that diffusion
across the magnetic field may be the dominant power loss mechanism in

present RFP's,

TON HEATING AND POWER BALANCE

We suggest that the ion heating is a two stage process: the
residual power is coupled to the fluctuations, and the energy of these
fluctuations is dissipated into ion heating. Assuming that all of the
residual power as shown for example in Fig. 2, is finally transmitted
to the ions, [Rusbridge, 19691, we can solve numerically Egqn(21) under
the boundary conditions: U(a)=0; du(0)/dr=0. The solution obtained
for the ion temperature distribution is shown in Fig. 6 and compared
with the experimental results. We also show the experimental points in
the outer part of the plasma obtained from fluorescence scattering,
[Forrest et al, 1988] and a curve given by Ti(r) = Tio(l—(r/a)z)2
which gives the best fit to the NPA data from the HBTX1B, [Field, 1988]
and the ZT-40M, [Wurden et al, 1988] using a Monte Carlo treatment,

-15-



(Hughes and Post, 1978] for the neutral particle transport and the
energy spectrum. Spectroscopic observations at ZT-40M also support a
peaked ion temperature distribution, [Wurden et al, 1987]. Thus, the
model, is in a good agreement with experimental observations in
predicting a narrow ion temperature distribution (representing a
central hot core of ions). Furthermore, the ion temperature on axis is
quantitatively reproduced; we have obtained TiOmTeO which has been
found experimentally at the HBTX1B with the edge tile limiters in

position.

We also suggest that the residual power available to drive
turbulence by the dynamo process is eventually dissipated by viscous
damping of the velocity fluctuations, which thereby heat the ions, and
we have shown that this residual power can account for the observed ion
temperatures. This reduces the ion heating problem to the two
following questions: (i) is all of the dynamo power dissipated into
the ions? (ii) is the ion viscosity the only ion heating mechanism?

The dynamo power dissipated resistively to the electrons through the
fluctuating currents (associated with the magnetic fluctuations) is:

Q. =1 Tt A (%; %1)2.
This with the typical values: @/BO N~ 2%, Al n~o2cm gives
Qe " 2.10'3pf which is generally negligible compared with the ohmic
power quz. As regards the ion heating mechanism, it has been shown by
Gimblett (1988) that, assuming a magnetic fluctuation level of 2%, the
expected fluid velocity fluctuation level, required to sustain the
dynamo electric field, is sufficient to provide all the ion heating
through parallel viscous damping of the velocity fluctuations.
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NORMALISED CALCULATIONS OF Tioileo FOR THE MOBILE LIMITER EXPERIMENT

A general formula to provide Tio/Teo directly from the operating

conditions, can be obtained from Egn(2l) which on axis takes the form:

IO_

1 d e .

o

r

The r.h.s. in Egn(34), by substitution of Egns(11)-(15), can be written
as:

v I v
- i2 - P 0 o _

0 9
To obtain an expression for the 1.h.s. of Eqn(34), at the limit of r-0
(or r<<a), we may use: D(r) ~ constant (= D(0) given by Ean(28));
Ui(r) " % nokTio(l - x(r/a)?). A polynomial fitting of the solution of
Egn.(21) on axis was used to obtain: x ~ 3.5; (this value arises from
@ unity contribution from the parabolic density distribution and a 2.5
contribution from the peaked ion temperature distribution of Fig. 7).
The 1.h.s., of Egn(34) can then be written as:

1
d = 1o p 0
{r D(r) 4 U; (N}, X G 7= > (36)

D_ID_
=

Combining Egns.(35) and (36) we obtain the general formula:

T. 1 v
10 - __ 12 -1 (37)

Teo X Vp
where C, = C,/f, = f,f,f;. The profile factor C,, 1ike C,, depends on
the magnetic field and current distributions and therefore F, 8, 58'
In Fig. 7, C, is shown as a function of 8 for the A(r) distribution of
Eqn(8) and B(0)=0, 3%, 8%. It may be noted that C, (unlike the other
profile factors) is fairly independent of B(0) or 6; (for p(0) = 0-8%
and 6 ~ 1.4: C, = 0.48) so that Tio/Teo depends mostly on the ratio

V¢/Vp.
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Formula (37) for the typical operating conditions of HBTX1B i.e.
V¢ ~ 30 Volts and VD n~ 14 Volts gives: Tio/Teo v 1oas seen
experimentally. The formula can also provide a minimum value for
TiD/Teo associated with a perfect boundary with AV¢ =0 (i.e, V¢ =
VD). For the non uniform A(r), as given by expression (8), we obtain

(Tio/Teo)min = FIL,- ~ 1) % 0.3 (38)
Ion heating in this case is provided by the minimum dynamo activity
required to sustain the configuration in the presence of resistive
decay of helicity in the plasma bulk but in the absence of edge
helicity dissipation (or loss).

The mobile limiter experiments, [Alper et al, 1988] provides the
strongest support to the present model. It was observed on HBTX1B that
the loop volts has to be increased to sustain the plasma current when
a limiter is inserted into the plasma. The suggested interpretation is
that the limiter acts as a helicity sink and leads to an increase in
AV¢. A greater U¢is then required to replenish the helicity loss, or
dissipation, at the boundary. The ion heating, which is assumed to be
associated with the anomalous voltage, is thereby enhanced and this is
supported by the measured values of Tio/Teo [Carolan et al 1987a and
1988]. The experimental values of Tio/Teo’ are shown in Fig. 8, (at a
constant current of ~200kAmps but at different insertion distances of
the limiter into the plasma), together with the calculated values from
Eqn(37) and the experimental values of V¢. In all of these
calculations we assume that any variation to the loop volts arises from
AV¢ with VD remaining almost constant due to the relatively small
changes in Teo and Zeff [Alper et al, 1988 and Carolan et al, 1987b].
Mobile limiter experiments carried out at ZT-40M, [Wurden et al, 1988]

support the HBTX1B results.

HIGH 6 CONDITIONS

The foregoing calculations of profile averaged quantities assume
axisymmetry. However, at elevated 68's (8 ¥ 1.7) helical plasmas can be
observed and are often accompanied by sawteeth-like behaviour in soft
X-rays and Ti and a large increase in magnetic fluctuations, B. The
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increase in loop voltage is higher than expected from calculations
assuming axisymmetry with a conseguent reduction in Tg For example,
in HBTX1B (I¢ v 200 kA and edge limiter tiles in position), increasing
8 from~ 1.4 to 1.75 resulted in V¢ increasing from ~ 30V to ~ 100V
[Tsui and Cunnane, 1988] much greater than the ~ 40V expected for
axisymmetric plasmas. The results suggest that it is the greatly
increased B rather than increased velocity fluctuations which sustain
the RFP configuration in these conditions, with the consequence of
greater field line stochasticity and reduced confinement and a smaller
increase in ion heating from viscous damping of the fluid velocity
fluctuations. However, present RFP's are under-diagnosed to
investigate these contentions and although enhanced ion heating has
been observed in high 6, current ramped discharges in ZT-40M [Wurden et
al, 1988], the present model will not be particularly relevant in these

conditions.

RESULTS WITH THE TILE LIMITERS REMOVED

Recent theoretical work on magnetic helicity balance has supported
the interpretation that the edge tile limiters (covering 10% of the
liner wall at the HBTX1B), may play a significant role in the energy
confinement. This was corroborated when the confinement time was
improved by 50% after 1imiter removal [Alper et al, 1988]. Typical
values of the main plasma parameters, with and without the lTimiters at
the same density and current are given below:

With Without
Tiles Tiles

I (kA) 200 200

F -0.07 -0.07

B 1.4 1.4

V¢ (volts) 30 _ 20

Be (%) 9 9

T¢ (ms) 0.22 0.33

We see that Be has not changed but V¢ has decreased by 50% (after
limiter removal), providing improved confinement. It has been
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suggested that this change in V¢ resulted from the variation of the
anomalous voltage ;1\.\qu,J which is explained with the alternative
prescriptions: (i) Jarboe and Alper, (1987) suggested that most of
the helicity dissipation takes place in the outer region, even in the
current free space behind the limiters; by removing the limiters, this
space is reduced and so also is the helicity dissipation; (ii) Tsui,
(1987) has suggested that the edge limiters act as a helicity sink
similar to the mobile limiter.

Both of the theories however contend that the edge limiters are
responsible for overall global helicity loss so that their removal
would reduce AV¢ and the ion heating. The calculated value for
Tio/Teo’ by Egn.(37) 1is 0.55 which is in agreement with experimental
results for I@ n~ 200kA [Carolan et al, 1988]. However, several
features of the no-tiles operation of HBTX1B complicate the
interpretation when comparing the predicted scalings of Tio/Teo with
those found experimentally. The scaling experiments (without the
Timiters) have shown that Tio/Teo does not remain constant but
increases with the current as shown in Fig. 9, faster than expected
from formula (37). Also, the operating range of I¢ was extended, where
sustained RFP plasmas were possible at very low currents (~70 kA).
These conditions, together with the high Te's (~800 eV) observed,
yielded the lowest loop voltages yet recorded in RFP's (~10V).

Greater care in the treatment of the input powers to the electrons and
ions is required in these new conditions where the anomalous voltage,
Spitzer resistivity and plasma current are all relatively small. For
example, when it is assumed that only Spitzer resistivity is involved
in electron heating we get an experimental scatter plot as shown in
Fig. 10 where we display the electron energy density on axis versus
DQ(O) (= nsjz(O)). The intercept of ~1000J/m*® may be due to an
additional non ohmic heating of electrons in the RFP, by a yet unknown
effect, which becomes apparent without the limiters at the very low
values of the Spitzer voltage and the anomalous voltage AV¢. The
additional input power required is estimated to be about IMW/m?*:
(alternatively, the electron energy confinement time at the lowest
currents may increase to a value of TE’e "~ 5 msec which is larger by an

order of magnitude than the global energy confinement time).
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In Fig. 11 we show the corresponding energy density and input power
on axis for the ions. Here the input power, pi(O), takes account of
the minimum extra power required to heat the electrons, i.e.
pi(O) = pf(O) - IMW/m?®., If the Ti and Ne profiles are similar to those
obtaining for cases with the tiles in position, the diffusion
coefficient on axis is remaining fairly constant for these data, but
about 50% lower than that before tile removal. This is consistent with
the observed increase in the global energy confinement time [Alper et
al. 19881].

Finally, we show in Fig. 12 the ratio Tio/Teo as a function of
pi(O)/pe(O) where pe(O) = pQ(O) + IMW/m®. Unfortunately, the scatter
in Tio/Teo is quite large, due mainly to the uncertainties in measuring
Teo from the Si(Li) detector. The slope of the best linear fit to the
data is ~0.2 and the slope predicted by the model (provided that the
temperature and density distributions have not changed on removal of

the edge tiles) fis:

Po(0) T.y G, (0) U, (0) D0V, (0) U, (0)

= = = X_l v 0.28
Di(O) Teo Gj(O) Ue(O) XD(O)Ui(O) Ue(O)

Thus, the model predictions and the experimental results are in
reasonable agreement, considering the relatively large uncertainty in
the experimental data.

CONCLUSIONS

By making a series of simple assumptions on the plasma behaviour in
RFPs it is possible to construct an ion power balance model whose
predictions tally with many of the observations of ion and electron
behaviour, such as increasing Tio/Teo with Timiter insertion, ion
temperature distribution and the scaling of Teo and Tio with current,
density and loop voltage. These results suggest that the main features
of the model are justified, given the present uncertainty of
experimental data, namely: (i) that the residual input power, after
ohmic heating of the electrons, primarily heats the ions and that (ii)
the energy confinement of the electrons and ions are governed by the

same physics process. Here we suggest that this process is dominated
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by diffusion which we show is at least internally consistent with the
experimental data on Ti and Te profiles and on measurements of the
diffusion coefficient. Future testing and developments of the model
clearly requires more profile measurements of, for example, Ngo Te’ Ti
and j and how these vary with different conditions, eg. F and 6. The
role of impurities should also be included (eg. preferential heating,
ion depletion and Zeff)' Much theoretical work is also required,
especially regarding the ion heating mechanism, the sharing of the non
ohmic input powr between ions and electrons, and the energy and

particle transport.
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Fig.1 Calculated S, vs 6 obtained for A\(r) = A0)(1—(r/@)'°) and a relative
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Fig.2 Power input distributions for the typical operating
conditions of HBTX1B (edge tiles in position, centred plasmas,
I,, ~200kA, 6=1.44, F=-0.07, n,,~3x10"°m
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Fig.3 Experimental (fluorescence scattering) and computed (Monte
Carlo simulations) neutral density distributions for the typical
operating conditions of HBTXIB.
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Fig.4 Calculated deffusion coefficient distribution for the typical operating
conditions of HBTX1B.
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Fig.5 Parameterised solutions for the normalised electron temperature
distribution (cf. Eqn(30)). The physical solution is obtained for «=35.5.
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Fig.6 Experimental (fluorescence scattering and Neutral Particle Analyser) and
theoretical (power balance equation) ion temperature distributions for typical
operating conditions of HBTXIB.
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Fig.10 The electron energy density on axis versus the axial ohmic heating
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