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Although empirical scaling laws have been establishedl’2'3) for

the energy containment time and the ion temperature (Ti) in ohmically
heated tokamaks, similar laws have not yet been established for
tokamaks heated by high power neutral beam injection. This is partly
because of the increased difficulty in making simplified plasma energy
balances in these discharges. This letter uses a set of simplifying
assumptions to derive scaling laws for the ion temperature and the ion
energy containment time (TEi) in injection heated discharges. This
approach is an alternative to the use of 1-D simulation codes or tran-
sport analysis codes to determine the plasma energy balances.

In the derivation2) of the scaling law for 'I‘i for ochmically
heated discharges,an energy balance is made between the power input
(Pei) to the ions from collisions with the electrons and the ion
losses (Pi) which are assumed to be determined by plateau conduction
losses. In‘high power injection heated discharges the

power input to the plasma ions (P;I) from the beam can be large enough

, i
to ensure that, at low plasma density, PNI >> Pei and Pei can be neg-

lected. The simplified energy balance Pi = P;I can then be used to

analyse the scaling of both T and Ti with injection power and other

Ej
parameters. This approach neglects the role of profiles and other
effects in order to obtain a simple expression for the scaling laws.
However, the underlying assumptions of the approach are checked using
a 0-D time independent energy balance. The relation of the icn losses

determined from experiment to those predicted by the full neoclassical

theory of ion conduction losses are discussed.

Ohmic Heating. In order to obtain an expression for the ion power

losses in chmically heated discharges, the ion temperature scaling

: .3
calculations<xfref?) have been repeated using the data set of refs% )



'5'6). Assuming that

4
supplemented by further DITE data taken from refs
all profiles vary as (1 - (r/a)2)2 and that the ion collisionality
parameter is in the plateau region, the power loss from the central

region of the plasma (r/a £ 0.5) can be written as (in mks units, Ti

in eV , and assuming g(r/a = 0.5) = qL/2)

where Ti is the central ion temperature, ﬁe(= ﬁi) is the line averaged elec-
tron density, q; the safety factor at the limiter, Ai the ion atomic

weight and B, the toroidal magnetic field strength. Egquating Pi to Pe

¢ i
. 2

(r/a € 0.5) then gives the usual Artsimovich expre551on)for Ti' and a

comparison of the calculated values of Ti with those of the data sets

determines o = (5.4 £ 0.4) x 10722,

Neutral Beam Heating. In injection heated tokamak discharges at low

density, the ion temperature is usually raised sufficiently to take the
plasma ions out of the plateau and into the collisionless regize of
collisionality and the form of equation (1) needs modifying. The mod-
ified equation will be determined from experiment and, guided 5y the
theoretical expression for the collisionless conduction coefficient7),

it is assumed that, over a restricted range of the collisionality

*
parameter, v,, the power loss from the ions can be written as
1

av pt
= '\) .
Q4 i L 1 B
* %&
where A and B will be determined from experiment. vi = (R/r) q R/vi‘ri

with R the plasma major radius, vy the ion velocity and T the ion

-%
collision time7). vi is the value of “i evaluated at r/a = 0.5 and

with g(r/a = 0.5) = qL/2. A simplified power balance is then made



between Qi and the power input to the ions from the neutral injection.

i NI PNI s A

where the fraction (fi) of the total injection power (PNI) transferred
to the ions can be evaluated using the curves presented in refs) at the
average electron temperature (ie = Te(r = 0)/2) and average injection
energy.

This analysis is applied to the data set of Table 1 which includes
the main parameters of well diagnosed discharges in a variety of
machines. In Figure 1 the plot of fi PNI/Pi against 5; determines, by
linear regression, A = 0.88 * 0.35 and B = 0.55 % 0.12 with a correl-
ation coefficient r = 0.75. The ISX-A points are indicated separately
as the experimental values of Ti are known to be too largel7) by 20-

40%. An F-test applied to this data set shows that the fitted line is

significant at the 1.0% confidence level. Hence

0,55

—* i 4
Qi = 0.88 vi PL s

—%
This expression for Qi equals equation (1) at vi = 1.26 and it is there-
-
fore reasonable to determine the ion losses from (1) when Ui > 1.26 and
—-%
from (2) when vy < 1.26. This leads to a single expression for the ion

power losses

—-% - = _*0'55 -%
with f(vi) = 1 for vi > 1.26 and f(vi) = 0.88 vi for vi £ 1.26 and



-
v, =3.49 x 10716 (—

-
Calculations have sho%g) that the value of vi should be increased

by a factor V2 Ze in order to include the effects of ion-impurity

TE

collisions. A repeat of the analysis leading to equation (4)
including this factor shows a slightly poorer straight line fit on the

i =% ; .
fi PNI/PL versus vi plot. It is therefore considered reasonable

not to include the Ze dependence.

£ff

Scaling Laws for Ti' Equations (3) and (5) can be combined to derive

a scaling law for the ion temperature in low density, high power

injection heated discharges:

2
8 [ fi PNI B¢ 0.4
T, = 3.2 x 10° |- = } ev seu 7
i Lne q YA, f(vi)

. The comparison of this scaling law with experiment, again for the points
of Table 1, is shown in Figure 2. There is good agreement.
Eguating Pei and Qi gives a scaling law for Ti in chmically

heated discharges:

- o -
T =2.57 x 10 ° 3/I B R2n/f(\).)/fA_. cay B
i [0} e i i
-6 . ; 2)
The constant 2.57 x 10 is just 6% lower than that of ref.
—k '
In the region vy < 1.26 this scaling law differs slightly from the

values calculated to determine o. However, the plot of c:alculat“.ed



versus experimental values of Ti for ohmic discharges (Figure 3) shows

that equation 8 is a good fit to the experimental data.

A check on the validity of the simplified calculations above is
made by constructing a O-D power balance model which includes power
inputs to the ions from both electron-ion collisions and from the
neutral beam heating. The ion losses are assumed to be described by
equation (4) and the effects of neutral beam transmission and pene-
tration are included. This model confirms, to within 30%, the correct-
ness of the value of Qi given by equation (4) and justifies the neglect

of Pei during injection in the simplified energy balance.

Ion Energy Containment Time. A value for the ion energy containment

time (TEi) can be calculated from the plasma energy content and eguation

(5)

3.5 x 103 Ra? B¢2

T .
Ei
Y -
0 i I/A_i £(v,)

Comparison With Neo-Classical Conduction Losses. The plateau neo-

classical ion conduction loéglgi(plateauJ is evaluated at r/a = 0.5
assuming g(r/a = 0.5) = qL/Z. This is compared with the empirical

power loss in Figure 4 where Qi/Qi(plateau) is plotted as a function of
G;. Also shown is the neo-classical heat conduction coefficient divided
by the plateau value. If the ion heat loss is entirely due to neo-
classical processes then these two curves should coincide. However, there

is a considerable divergence between the curves, which increases with

% .
decreasing v, - Within the present approach the difference cannot be



adequately understood, but it can be partly reduced by enhancing the

collision frequency by VE-ZE to give, approximately, the dashed curve

£f
on Figure 4. However, the curves, in agreement with theory at
high collisionalities, exceed theory by up to an order of magnitude

13,14)

at low collisionality. In some experiments (eg PLT ) Qi has a

large contribution from charge exchange (Qex) and convection losses
(QD), but in other experiments (eg DITE4)) this contribution is gquite
small. Because the plasma neutral density or equivalently the particle
confinement time is a poorly measured tokamak parameter it is difficult
to assess in a general way the magnitude of the contribution of Qex

and QD to Qi' It is therefore probably reasonable to regard Qi as an

upper limit for the ion conduction loss.

Summary. An analysis of high power neutral injection experiments is
used to derive an expression for the ion power loss and ion energy
containment time in a tokamak over a wide range of collisionality.

In the collisionless regime the ion power loss exceeds the calculated
neoclassical conduction loss by up to an order of magnitude. Scaling
laws are derived for the ion temperature in both ohmically and injection

heated discharges.
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Fig.1 Plot of f; B /PL \ versus " for the data of Table 1.
Points from ISX—B are plotted as open circles.
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Fig.2 Ion temperature from the scaling law (equation 7) for
injection heated discharges compared with experiment.
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Fig.3 Ion temperature from the scaling law for ohmically heated
discharges (equation 8) compared with experiment. High and low
collisionality data are indicated separately.
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Fig.4 Comparison between empirical ion losses and theoretical ion conduction
coefficients calculated from neo-classical theory ( (H—H"); (H—R'®) ). The empirical
ion losses with enhanced collision frequency are shown by the broken line.









