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ABSTRACT

A non-linear time dependent Fokker-Planck transport code is used
to simulate neutral beam injection experiments, without e divertor,
in the DITE tokamak. Injection of H® into both D and H plasmas is
considered. The effects of both high and low Z impurities are
modelled. The effect of beam impurity charge exchange on the
radiative power loss is modelled. Transverse conductivities and
diffusivities are derived which best represent the experimental datia,
both with and without injection, for six well documented experiments.
Good overall agreement is obtained.
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1. INTRODUCTION

The original aim of 1-D radial transport calculations for tokamaks
was to reproduce the tokamak behaviour from an entirely theoretical
point of view. Both the set of equations and the transport coeffic-
ients were to be supplied by the theory. In early workl) the trans-
port coefficients were calculated assuming that the plasma was in the
banana regime of collisionality and included mass transport and
neutral gas input. Calculaticns were also done with a simplified
three regime thermal transport model without mass transport and a two
regime model with enhanced mass transportZ). This approach was sub-
sequently improved upon to produce the six regime model of plasma
transport3). However, despite some of the successes of this approach ,
because of the poorly understood nature of the electron thermal con-
ductivity and the diffusion coefficient, the use of theoretical
transport coefficients became supplemented by an empirical approach
in which the coefficients were chosén to give reasonable overall
agreement with experimentally determined quantities, and this is the
app?oach of this paper.

In injection heated discharges it was also necessary to simulate
the behaviour of the hot injected ions. The necessary theoretical
technique was originally developed to study beam heated mirror con-
fined plasmas and was extended to apply to tokamak injection heated
discharges. A fully non-linear Fokker-Planck transport code4'5)
was applied to the study of various beam driven tokamak Ffusion
reactors in which there were several energy components of the fast
ions, to the prediction of the behaviour of PDXG) and TFTR7), and to
the analysis of the neutron emission from the neutral beam heated

discharges in PLTB).



It is the intention of the present paper to report the results of
simulation studies for DITE carried out using this non-linear Fokker-
Planck/Transport code with empirical transport coefficients. The
DITE machine is heated by high power (~ 1MW) neutral injection beams
so that this approach should be particularly appropriate. A set of
experiments with a variety of machine parameters is chosen and time
dependent simulations using a single set of transport coefficients
for all the data is carried out. Reasonable overall agreement 1s
found both for the magnitude and time dependence of the measured
quantities.

One of the difficulties encountered by all simulation models of
the sort described here is their inability to model the tokamak start
up. In some models there arises a large current skin effect which
is not observed experimentallyg). Therefore no attempt will be made
to model the start up phase of the discharge. Instead, the plasma
behaviour is simulated starting from predetermined profiles of

density and temperature, at a time well after the initiation of the

discharge.

2. THEORETICAL MODEL

All the calculations reported in this paper are carried out using
the 1-D non-linear Fokker-Planck/Transport code developed by Mirin
et.al.S) who give the equations which define the model and describe
their method of solution. Here we list the major features of the
model and write down the transport equations as it is these in which
we are particularly interested.

The model allows for four classes of particles: fast injected

ions, plasma ions, electrons and neutrals. The injected ions are



described by non-linear Fokker-Planck equations which include collis-
ions with all charged species at each radial position. The effects
of charge exchange, deceleration, orbit losses and the electric
field are all included. The initial trapping and deposition of the
fast ions is determined with a Monte-Carlo codelo) which includes
finite injector geometry. It is assumed thereafter that particles
remain on the flux surfaces on which they were born and that there is
no radial diffusion of the fast ions. There are several energy com-
ponents in the injected species (with maximum energy E) and for DITE
the power ratios have been measuredll) as P(E) : P(E/2) : ﬁ(E/3) =
T « 1B & 5.

The plasma ions are described by radial transport equations with
empirical or neoclassical conduction coefficients. The energy sources

and sinks include beam and ohmic heating, ionisation and charge ex-

change. The equation for the ions is:
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where n and T are the density and temperature and the different
source terms are identified. The different plasma ion species, all
assumed to be at a common temperature, are denoted by subscript ‘a';

~

E, is the energy of the neutrals; and Ki is the ion thermal
conductivity.

A similar equation describes the radial energy transport of the

electrons:
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where Ke is the electron thermal conductivity and Za is the icnic
charge.

The particle flux Pa is determined from the continuity equation
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where Da is the diffusion coefficient and the second term models the
2)

Ware pinchl ; Etor is the toroidal electric field.

The plasma neutrals are described by a Monte-Carlo code origin-
ally developed by Hughes and Postl3). The neutral influx of atoms
from the torus walls is composed of recycled plasma ions and neutrals
from gas puffing. The recycling coefficient is set to 0.9 and the
gas puffing rate is determined by the code from the requirement that
the calculated plasma line average density is in agreement with
experiment. There is a further source of neutrals from the injected
beams. The plasma boundary condition is specified by fixed density
and temperatures which remain constant for all plasma discharges.

Before neutral injection, the radiated power from the plasma is
calculated from the impurity concentration n, and a coronal equil-
ibrium modell4): the impurities are not allowed to diffuse. At the
onset of neutral injection it is experimentally observed that the
radiated power exhibits a rapid and often large increase which is at
least partially due to the enhanced radiated power associated with
charge exchange recombination of the injected energetic ions with the
highly stripped plasma impurity ions. In the present paper the rad-
iated power during injection has been modelled in one of two ways.

I. It is assumed that during injection the radiated power is
enhanced by a factor Y over that given by the coronal equilibrium model.
Y is chosen to give agreement with experiment. Although this model
is rather arbitrary, it also represents a way of modelling impurity
influx into the plasma. Experimentally it is apparent that the
impurity concentration of the plasma sometimes rises during injection.

Ideally, the impurity influx should be measured and provide an input



to the theoretical model. However, these measurements do not exist
for the DITE discharges of Table L.

ITI. The charge exchange recombination enhancement proposed by
Hulsel5) is used.

In order to calculate the radiated power terms it is necessary to
know the concentration of the ﬁarious impurities (nz/ne) in the
plasma. Although these can be obtained in principle from experimental
spectroscopic data and then input to the code, for the discharges
under consideration in this paper this information is generally not
available. However, as experimental values of Zeff and the radiated

power Pr (r) are available, nz/neis determined from this data, without

ad
injection, by assuming that only one species of heavy impurity (Fe)
and one light impurity (O) is present. The Fe concentration is deter-
mined from the central falue of the radiated power and the O concen-
tration is then adjusted to give the correct Zeff‘ This gives
approximately the correct radiated power profile, although a further
adjustment is made to Neg and Ny, if there is a large discrepancy.
The volume averaged radiated power is within a factor of 2 of the
experimental value in the worst case. It is then assumed that these
values of (nzlne) are constant throughout the plasma and at all later
times. It is realised that this procedure is not entirely satis-
factory, but, in view of the experimental uncertainties, it is
adequate for the present purposes.

The code was run with a radial mesh of 33 points and the points
on the time mesh were separated by O0.5ms. Because the Monte-Carlo
neutral package is the slowest part of this code it is run only
every 15 time steps. This is not thought to lead to significant

error in the present work. The calculations were all run on the

CRAY 1 computer at NMFECC at Lawrence Livermore National Laboratory.
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3. EXPERIMENTAL RESULTS

The DITE experimenth) (R=1.17m, a = 0.26m, B, < 2.7T) and its

injection systemll) are shown schematically in Figure 1. All of the
1MW of neutral beam power is injected in the co-direction. The
various diagnostics used afe also shown_in the figure: In Table 1
the main parameters of six different DITE discharges are shown. 1In
addition, the time dependent variation of the plasma current (Ip),
loop voltage (Vg), line average density (ﬁe), electron and ion
temperature and radiated power are generally available together with
the radial profiles of the latter four quantities. The ion
temperature profiles are measured only as far as r = 0.18m and
generally éhow a radial dependence of the form Ti = Tio (1 - (x/a)?).
The electron density profiles are determined from the Abel inversion
of a radial scan of the 2mm microwave system at low density and from

the ruby laser Thompson scattering system at high density. The

least accurate data was the radiated power (~ 40%),

It can be seen from Table 1 that a range of different injection
heated discharges is covered with low density (A), low q (D), high
density (D and E), low Zeff (C and E). 1In all cases substantial ion
heating is observed and in some cases (B, C and E) substantial
electron heating also.

In addition the plasma neutral density (no) is estimated using a
variety of techniques, but not necessarily for the discharges of
Table 1. The methods are as follows:

i) The intensity of the signal observed by an absolutely
calibratedl7) neutral particle analyser is proportional to an

averaged value of n,n,- As n is known from the microwave diagnostic,



n, can be determined.

ii) The shape of the spectrum of the fast injected ions as
measured by the tangential neutral particle analyser is sensitive to
the ratio of the fast ion slowing down time and charge exchange time.
The former can be readily calculated from n_ and Te; the latter is
inversely proportional to N allowing its determination.

iii) Measurement and Bbel inversion of the intensity of Ha
radiation gives a direct determination of n,-
iv) TIf neoclassical effects are ignored, the ion density is

determined by the equation

Bni Bni
= 2 {r D, 75?} + n_n_ <ov>, (5)
In discharges in which n, is rapidly increasing, the diffusion term
is small and its neglect allows the determination of n, assuming
n, =n,. This is not a very satisfactory method because (a) it would
be expected that the neutral density in this class of discharges would
be large and (b) the lowest values of ng obtained (see Figure 2)
correspond to discharges with low values of Bni/Bt in which diffusion
effects are probably important.
v) A similar method to (iv) is used to obtain n, in discharges

in which the density exhibits sawtooth oscillations.

From Figure 2 it is seen that the values obtained from these
guite different methods are very roughly in agreement with each
other. ng clearly decreases very rapidly with electron density.
The values of ng given by the curve as appropriate for discharges A

to F will be adopted but it must be remembered that the values will

be of no great accuracy.



4.1 INITIAL CHOICE OF TRANSPORT COEFFICIENT

For this study the transport coefficients are determined empiri-

cally and their initial values are determined as follows.

i) Electron thermal conductivity

If it is assumed that the electron energy containment time (Te)
is determined entirely by electron conduction losses, then the
following simple power balance determines Ke from the energy contain-

ment time and plasma energy (We)

We BTe
— =K n —— 21mR 27a (6)
Te e'e Jr

8)

where Ty is determined from a scaling law. If Alcator scaling

(Te = 4.0 x 10 19 Heaz s)is used then K, is determined as
K =7.5%x107/n com? s7! with n in units of cm~3. The modified
e e e
1
Alcator scaling 2 which includes a dependence on' the plasma major

radius gives K, = 3.4 x 1017711e for DITE. -Our initial choice is

therefore Ke'= 5 x 1017/ne cm? g1,

ii) Ion thermal conductivity

Although several studies have shown that the experimental data in
some machines is consistent with neoclassical ion heat conduction, a

. . _20) . e -
previous analysis of a high power injection heated discharge in
DITE showed that the ion thermal conductivity exceeded the neo-
classical value by a factor of about 5, giving Ki = 5:{Ki(Neoclassical).

The value used for Ki (Neoclassical) is as follows:
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Ki(Neoclassical) = Ki(plateau) (7)

1 + 0.36v_ *
1
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¥
and collisionality parameter v.,* = (B) ¢ 2B (9)
1 r vi Ti

where q is the plasma safety factor, vy is the ion velocity, pi¢ is
the ion Larmor radius in the toroidal field and Ti is the ion

collision time. These are defined as

.
/2T.m.
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where m, is the ion mass and 1n A is the Coulomb logarithm. Both
plateau and neoclassical ion thermal conductivities together with vi*
are evaluated for the DITE discharges at r/a = 0.5 and are shown in
Table 2. Our value of K, (neoclassical) is between the values of

21,22)
s

ref for the cases considered in this paper.

iii) Diffusion coefficient

Previous experimental datag) suggests that the particle diffusion
coefficient can be up to a factor of ten less than Ke' Alternatively,
a simple model can be used to derive D from the neutral density data

of Figure 2. If 3n/3t = O and Sbc f Sacx = 0, equatién 3 gives

_lo_



on _ _ n <gu> r dr 12)
r D f ne o] i (

If the quantities on the rhs are replaced by average values and the
equation is evaluated over the central region of the plasma (r/a £

0.5), then D = 2 x lOlG/ne {(where L= 1.6 x 1022/nE has been used).
The initial value chosen is therefore 1.6 x lOlG/ne with ng in units

of cm 3.

4.2 SIMULATION RESULTS

.

The initially chosen set of transport coefficients gives results
in reasonable agreement with experiment. However, the calculated
electron temperatures both before and during injection are too low
and Ke is therefore decreased to 2 x 1017/11e to give better agreement.

The calculated ion temperatures during injection are initially
too high and are therefore reduced by increasing the ion conductivity
enhancement factor to 10. Although this produces an improved agree-
ment, the central ion temperature is rather insensitive to this
factor. Ewven after this change, the calculated ion temperature for
discharge 'A' during injection is still too large and the calculated
neutral density too small. In addition, the electron density profiles
are too peaked during neutral injection. Because discharge 'A' is the
lowest density discharge considered, both of these problems are over-—
come by using the modified diffusion coefficient below.

The final set of transport coefficients chosen are:

_ 17 2 -1
Ke 2 x 10 /ne cm“ s
Ki = 10 x Ki (neoclassical) (L3)
22
D = {3.9 x 108 + 2.7x10 } = 3 em? s71
s ne0.43

- 11 -



where ﬁe is the line averaged electron density. The diffusion

coefficient at low and high densities is then:

() Low n, =2 x 1003 em™3
; 16 _
D = (740 + ﬁl—o—) cm? 571 (14)
ne
(ii) High A, =6 x 1013 cm™3
16
D = (461 e 3——22‘1—10——) i &1 (15)
e

In the initial calculations, radiation model I gives the results
shown in Table 3. It is seen that, with the exception of discharge F
before injection, where the calculated averaged <Te> exceeds experi-
ment by 60%, very good overall agreement is achieved for the
temperatures both before and during injection. The total radiated

power <Pr > is in poorer agreement but, because of the large

ad
experimental errors on Prad’ there is little to be gained at present
in trying to model these quantities more accurately.

The ion temperatures, while in reasonable overall agreement, show
two systematic effects. (i) During injection, for the low density
discharges T:alc exceeds TixP with the opposite occurring in high
density discharges. (ii) Before injection the calculated values of
Ti are systematically too low. In fact, the ion temperatures before

injection are best simulated with an ion conductivity enhancement

factor of 4.

= 12 =



Despite the various uncertainties,the values obtained in Table 3
represent the best overall agreement which can be achieved without
making many very detailed changes in the transport coefficients
intended to improve the agreement in specific cases. We do not
believe that this would produce an overall improvement in our ability
to model other DITE discharges.

Some of the typical ?rofiles are shown in Figures 3-6. 1In
general, ne(r) is in good agreement with calculation for all dis-
charges and it is interesting that for discharge F (Figure 3) the
changes in profile before, during and after injection are well
modelled. The shape of the electron temperature profile is also in
good agreement (Figure 4). The experimental data on the ion
temperature profiles is somewhat inadequate because measurements of
Ti are generally available only out to r = 18cm. The profiles are
very flat varying typically as [1 - (r/a)3]. In the example shown
(Figure 5) the shape of Ti(r) is well reproduced although the
calculated magnitude of Ti is slightly too large.

A typical radial dependence of the radiated power is shown in
Figure 6 before and during injection. The central peak in the calcul-
ated curve is caused by radiation from Fe whereas the peak at r ~ 20cm
is caused by radiation from O. In the experimental curves this
structure is eliminated, presumably because of contributions from
impurities other than Fe or O.

Finally, in Figure 7, the comparison is made for the neutral
density. The full line represents the average of the experimental
values and the simulated values of n, at r = 0 and 18cm are shown.
The agreement at r = O is superficially excellent but it must be
remembered that the experimental values probably represent averages

over the central volume of the plasma.
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The importance of the radiated power and the accuracy of the
modelling is checked by comparing simulations with radiation models
I and II, all other things egqual. In Table 4 the electron temperature
and total radiated power are shown for the two models for discharges
A to F. Except for case A, the electron temperature does not vary
greatly. It is clear that for discharge A the.very large radiated
power during injection effectively keeps Te down at a low level. For
discharges D and F the radiated power is adequately simulated by both
models but for discharges A and B the large differences between
models I and II imply an influx into the discharge during injection
of impurities and this is not modelled in the present calculation.
This is confirmed in an approximate way for discharge B by the
rising plasma loop voltage during neutral injection at a time when
Te is also rising. Discharge C presents further difficulties because
of the apparent very large cbserved rise of radiation at the onset
of neutral injection. This seems to have been caused by experimental
uncertainties and therefore and comparison has not been made in

this case.

4.3 COLLAPSE OF DISCHARGE D

In discharge D the electron density increases to very nearly
the disruptive limit. The behaviour of the simulation as this limit
is approached is therefore of particular interest. The time depend-
ence of ﬁe and central values of TiéﬂuiTe are all shown in Figure 8.
From the simulation it is clear that a collapse of Te and Ti starts
when the electron density reaches ~ 4 x 1013 cm™3 at 140 ms. This is
caused by the dominance in the power balance of radiation (see Fig. 9)

and ion losses which both increase further as the density increases,

_14_



causing the discharge to be extinguished in the simulation and
leading to a disruption in the experiment. It is unfortunate that
more detailed measurements of Te do not exist; the ones shown,
although in agreement with the simulation, are unable to confirm the
detailed downward trend at t > 150 ms. However, the general shape of
Ti(t) is in good agreement with the simulation. This behaviour was
not observed for the rather similar discharge 'E' because of the lower
z and reduced rcle of radiation.

eff

4.4 FUTURE NEUTRAL INJECTION ON DITE

At present the DITE neutral injection system is being modified to
add two further injection lines and this will then give a total power
to the plasma of 2.5 MW. It is therefore interesting to use the
present set of transport coefficients to predict the plasma behaviour
at this new power level. The radiation model I is used and it is
assumed that, during injection, the radiated power is increased in
proportion to power. The time dependent simulation runs at high and
low injection power are shown in Figure 10 for discharges C and E.

For discharge C, the electron density rises rapidly because of
beam refuelling. Te increases only slightly compared with the 1.1 MW
case, but Ti is approximately doubled at 1.35 keV. For discharge E
the relative increase in injection power is much larger and sub-
stantially greater ion and electron heating is observed with maximum
values of Te = 1.45 keV and Ti = 1.45 keV. For the PNI = 0.7 MW case,
the droop in the Te(t) curve shows that the electron temperature is
being depressed by the radiation loss which, in our model, increases
with increasing density. Clearly the additional power overcomes this

barrier.
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5. SUMMARY AND CONCLUSIONS

(i) A wide range of injection heated discharges in DITE has been
simulated with electron thermal conductivity Ke =2 x 1017/ne and ion
thermal conductivity 4-10 times the neoclassical value. Reasonably
good agreement is found between simulation and experiment.

(ii) The largest uncertainties in the calculations result from
inadequate knowledge of the impurity concentrations and from the

poorly determined plasma neutral density.

(iii) Predictions of the degree of heating are ocbtained for the next

stage of injection heating in DITE.
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TABLE 1

A B & D E F
B, (kG) 20 20 22 | 13.5 | 13.5 20
I (kA) 150 160 | 100 160 110 150
v (v) 3.8 1.6 | 1.8 1.6 1.3 1.2
B e 3.9 L.% | B.L 2.0 1.0 1.6
T_ (eV) 500 650 | 650 700 450 800
Té (ev) 500 1200 900 800 800 1050
T, (eV) 300 210 | 220 200 190 250
T; (eV) 760 | 400 | 650 600 410 590
n 1.2 3.4 | 1.6 1.0 3.3 2.8
a7 (x 10!3) | 1.6 4.6 | 2.2 6.0 6.3 3.6
Py (M) 0.9 0.8 | 1.1 | 0.62 | 0.68 1.0
Gas H D D D D D

Table with main experimental parameters for discharges
A-F. The two entries for some parameters (eg. Pur Td
are the values before and during neutral injection.
The temperatures all correspond to r = O.



TABLE 2

: - K, (NC
Discharge v, Kl(Plateau) 1( )

* (ecm s™h (cm?2 s~ 1)

A before NI  0.63 8.1 x 103 1.5 x 103
during NI 0.13 3.3 x 1o* 1.5 x 103

B 3.44 6.4 x 103 3.5 x 103
1.32 1.6 x lo* 5.3 x 103

c 2.62 1.0 x 10" 4.9 x 103
0.48 4.5 x 1ot 6.7 x 103

D 0.75 8.6 x 103 1.8 x 103
0.49 4.5 x 1o% 6.7 x 103

E 4.55 1.1 x 1o“ ‘6.8 x 103
1.67 3.8 x lo* 1.4 x 10%

F 7,11 8.7 x 103 3.8 x 103
0.48 3.2 x 1o 4.7 x 103




TABLE 3

SUMMARY OF SIMULATION RESULTS

. <T > <T7> T, T <p > <p” >
Discharge e e i i rad rad’ g

{ev) (eVv) (eVv) (kW) (kW) (kW) (kW)

A Exp 253 265 300 760 142 392 570
Theory 276 274 200 980 72 540

B Exp 225 318 210 395 73 298 256
Theory 188 355 200 480 120 198

C _ Exp 116 215 220 600 29 310 180
Theory 144 353 130 810 21 168

D Exp 289 313 ~200 600 - 279 256
Theory 306 299 120 440 - 291

E Exp 132 249 180 410 - = 143
Theory 119 270 130 380 - -

F Exp 265 317 250 590 94 251 180
Theory 160 281 200 740 a7 125

Mean difference % 21 9 40 21 40 53

Mean ratio 1.11 0.93 1.42 0.93 1.23 1.40

Values of Te’Ti etc. are those before (unprimed) and during (primed)

neutral injection.
PQ is determined before injection.

sp# = fTerdr/frdr. T, is the value at r = 0.




TABLE 4

Te Radiated Power
Model I II Exp I TE Exp
Discharge
A 550 1300 500 540 189 392
B 1200 1300 1200 198 50 298
D 1100 1100 800 291 265 279
E 200 900 800 = = =
F 1200 1200 1050 125 129 251

Electron temperature and radiated power for the different
radiation models during neutral injection.
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