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Abstract

The influence of the refuelling profile on the plasma density and
temperature profiles, and on the neutral particle bombardment of
the wall is studied using the WHIST tokamak simulation code.

Edge refuelling has beneficial aspects for a divertor tokamak of
the size of ASDEX or PDX, but central refuelling appears to be
better for a reactor size plasma.




I. Introduction

It is well-known that refue11ing is necessary in a divertor tokamak for
stationary operation. Without replacement of the plasma that flows into the
divertor collection chamber, where it is neutralized and pumped away, the
density decays on the time scale of the particle confinement time. Various
methods for refuelling (e.g. pellet injection, cluster injection, gas puffing)
have been proposed. The refuelling method can have a significant impact
on the neutral particle flux (and energy spectrum) at the wall. Refuelling
methods which produce a particle source peaked near the edge can produce
a substantial neutral flux on the wall, but also Tead to lower edge
temperatures and higher edge density in comparison with particle sources
deeper in the plasma.

Without considering the details'of the refuelling mechanism, we can
model refuelling by an internal source of cold atoms. A fraction of these
atoms are immediately ionized and become a cold ion source. The remaining
atoms undergo charge exchange and become a source of energetic neutral particles
which stream through the plasma and undergo further charge exchange, ioniza-
tion, or escape the plasma. Both classes of particles, the cold ions and the
energetic neutral particles, affect the density and temperature profiles
directly through the particle source term and fhrough the transport of
energy by the energetic neutral particles, and indirectly through the density
and temperature dependence in the plasma transport coefficients. It can
be expected that edge refuelling leads to a colder energy spectrum of the
neutrals incident on the wall, in comparison to deeper refuelling. It
also leads, however, to a greater total flux ofAenergetic neutral particles

reaching the wall. Whether the release of impurities from the wall is




reduced or increased by edge refuelling depends on the competition
between these two effects.

We consider in this report the influence of the spatial profile of
the refuelling source on the plasma density and temperature profiles,
particularly in the scrape-off zone, and on the flux and energy spectrum
of neutral particles incident on the wall. Only poloidal divertors are
considered in this work; numerical calculations are presented for a
device of the ASDEX/PDX size and for a reactor-size tokamak.

This topic has also been considered to some extent by Mense, et a1.(})
and by Haas, Kei]hackef, and Lackner.(z) Mense considered the influence of
the refuelling profile on the plasma profiles in the ORNL TNS device, but
neglected neutral particle effects. Haas considered the neutral particle
bombardment of the wall due to various refuelling methods, but only the
density profile was obtained self-consistently with the refuelling source.
The temperature profiles were prescribed. MNeutral particle transport was
considered using a simplified one-generation model. Both of the above
works, however, treated the physical mechanisms producing the spatial
profile of the refuelling source in more detail than considered here.

In addition, Haas gave more attention to possible molecular processes in the
neutral gas.

I1I. The Model

The HHIST(B) tokamak simulation code is used to describe the spatial
profile and temporal evolution of the plasma. This code solves diffusion

equations for the ion density, ion temperature, and electron temperature.



The geometry is assumed to be cylindrical, with variation only in the
radial direction, r, being allowed. Toroidal effects are included
through the transport coefficients. According to the local value of the
collisionality the code assumes either pseudo-classical, trapped electron
(2 regimes), dissipafive trapped ion, or c011ision1ess trapped particle
mode diffusion.(4’5) The diffusion coefficient in the divertor scrape-
off layer is taken to be the Tocal Bohm value. The effect of flow parallel
to the magnetic field and into the divertor collection chamber is modelled
in the one-dimensional transport equations as a radially dependent sink
of particles and energy.(6’7)
As indicated in the introduction, the refuelling is modelled as an

internal source of cold atoms. The spatial profile is taken to be of the

form

s(r)

5, exp (8(r - r)/ry) (1)

or

s(r) = s, (1= (r/rg)?) (2)

for r less than rs,_the separatrix radius. For r greater than res s(r) = 0.
The input parameter & determines the degree to which the source is peaked
at the separatrix, in the case of Eq. (1). The parabolic case, Eq. (25,
provides a contrasting case, where the source is peaked at the center. The

coefficient So is determined by a feedback routine in such a way that

the average density is held constant at the desired value.




A fraction (ionization rate/total reaction rate) of the cold atoms are
assumed to be immediately ionized and constitute a cold ion source in the
plasma transport equations. The remaining atoms are assumed to undergo
charge exchange and become a source of energetic neutral atoms. Their
transport in the plasma is calculated using the SPUDNUT routine.(s) This
routine solves an integral equation for the neutral particle transport by
a matrix inversion technique, rather than by a series in generations.
SPUDNUT compares well with ANISN ca]cu1ations(9) for the TFTR device,

(10)

and with the FASLAB routine (from ORNL) for both the ISX-B device and

a reactor size p]asma.(g)
In addition to the internal source of atoms, ten percent of the ion
flux into the divertor collection chamber is recycled into the plasma as
5 eV atoms originating froﬁ the wall. The effect of energetic particle
reflection at the wall is treated using the reflection coefficient, R, of
Oen and Robinson.(]l) Upon reflection, all energies between zero and the
incident energy are assumed to be equally probable. In the ASDEX/PDX
case, the remaining fraction, 1-R, of the neutral particle flux incident
on the wall is assumed to be absorbed by the wall. In the reactor case,
the wall is assumed to be saturated with gas and, therefore, the fraction,
1-R, 1is returned to the plasma as 5 eV neutral atoms.
The radial profile of the "toroidal" plasma current is assumed, rather
than calculated self-consistently. For ASDEX/PDX, the assumed profile
is
J(r) = Js (1 - r2/r§)2



and, for the reactor case,
g 2oleg
J(r) = Jq (1 -r /rs) .

J(r) is zero in the scrape-off zone.

The procedure is to calculate the plasma parameters as a function of
time starting from a given set of initial conditions. The refuelling
source (magnitude) is feedback controlled to hold the average ion
density at a specified value. The calculation is allowed to go to a
stationary state; the results presented in this report are the stationary
values.

III. Results of the Simulation

We consider first the results of the simulation of an ASDEX/PDX

size tokamak. The following parameters were assumed:

Major radius 165 cm
Separatrix radius 40 cm

Wall radius 44 cm
Toroidal field 28 kG

Plasma current 450 kA
Average density 4.2x10'3 cn3

The working gas is hydrogen and ohmic heating is the only energy source.
Shown in Figs. 1 and 2 are the density and temperature profiles in the
main plasma and in the scrape-off zone for various refuelling profi]esf
One sees that refuelling strongly peaked near the edge (large &) leads

to a denser and colder plasma in the scrape-off zone, as would be expected.
Shown in Table I are the 1ine integral of the electron density in the
scrape-off zone, the flux of ions and energy into the divertor collection
chamber (no}malized to the wall area) and the flux of energetic atoms

incident on the wall (the flux of ions to the wall is at least two orders of




magnitude smaller). The energy distribution of the neutral particle flux

is shown in Fig. 3. Using the sputtering coefficient given by Bohdansky(]z)
for protons on stainless steel with this energy distribution gives the flux
of impurity atoms leaving the wall; this is listed in Table I.

These results show that edge refuelling (large &) improves the shielding
efficiency (increased [ndr), but also increases the gas load for vacuum
pumping and increases the total neutral particle flux incident on the wall.
Because this flux is colder when & is large, the impurity production rate
does not change much, except in the case of the parabolic refuelling
profile, which is a factor of 2 better. The reduced temperature at the
separatrix, for edge refuelling, reduces the sputtering rate of the divertor
collector plate and the sheath potential. This can alleviate the possibility
of unipolar arcs at the collector plate.

The conclusion is that one ought to use refuelling peaked at the edge
as much as the vacuum pumping system can handle; this improves the shielding
efficiency and can reduce problems at the collector plate without causing
a serious increase in the rate of impurity generating at the wall.

We consider next the results for a reactor size plasma. The following

parameters were used:

Major radius 1300 cm
Separatrix radius 500 cm

Wall radius 530 cm
Toroidal field 35.7 kG
Plasma Current 14.9 MA
Average Density 4 x 10'3 em3

The working gas is a 50% D-T mixture, which is treated in the transport
equations as a single species with an atomic mass number of 2827 The

primary energy source is alpha heating. The average density, and not




the power output, is held constant as the refuelling profile is changed.
This is easier numerically, but the general conclusions should not depend
strongly on which parameters is held constant. The parameters chosen for
the reactor case are taken from the UWMAK-II design,(ls)

power density in comparison with later design£(14’15)

which has a low

The results for the reactor case are given in Figs. 4-6 and Table II.
One sees an interesting effect on the density and temperature profile
as the refuelling is peaked more at the edge. The density profile
flattens and the temperature profile becomes peaked; this is because the
convective energy transport is reduced in the center. Consequently,
greater conductive energy transport (and a stronger temperature gradient)
is required to remove the energy from the center of the plasma. At the
same time the total power butput falls, as shown in Table II. This is
because of the reduced density in the center, where most of the fusion
reactions occur. In contrast with the ASDEX/PDX results, the temperature
at the separatrix is rather high, above 1 keV, even for 6 = 20. The
rate of impurity production at first increases with &, but then appears
to decrease. The parabolic refuelling profile is a factor of 4 better, however.
One also sees that a relatively good shielding efficiency ([ndr > 1013 cm"z)
can be easily obtained without strongly peaked edge refuelling.
The general conclusion for the reactor case is that a centrally peaked,

or perhaps broad, refuelling profile is preferable. It leads to a better

power density, through peaking of the density profile, and reduction of the




rate of impurity production while yielding a sufficiently dense scrape-
off zone plasma for good shielding efficiency. The separatrix temperature

is rather high as a result of the large energy flux into the scrape-off

zone. This temperature is at, or above, the energy at which the

sputtering coefficient has a maximum. Consequently, only a drastic reduction
in the separatrix temperature would yield a reduced impurity production

rate. This can be accomplished by refuelling into the scrape-off zone
itself, but with a corresponding increase in the gas handling requirements.
This does not appear to be a desirable solution. The high separatrix
temperature, however, creates problems for the divertor collector p]ates.(16)

Other means of collecting the particles, and their energy, in the divertor

collection chamber are needed.
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Table I
ASDEX/PDX Size

Divertor Divertor
Particle Flux Heat Flux
(t:rn"2 sec'1) (watts/cmz)
2.8x1010 1.4
1.4x10'6 1.4
15
5.6x10 1.1
4.3x10'° 1.2
’ Table II

Reactor Size

Neutral

Div. Div. Particle
Part. Flux Heat Flux Flux
(cm'2 sec'1) (Watts/cmz) (cm'2 sec'])
3.1x10'6 14 1.0x10'°
3.0x10'° 20 1.5x10'8
3.0x10'0 20 1.1x10'6
1.6x1016 3] 7.1x10"°
1.4x1018 42 4.2x10"°

Neutral
Particle
Flux

-2

(cm sec'])

15
15

8.2x10
4.9x10

2.3x10'°
1.3x10"°

Impurity
Reflux

((:m'2

3.1x1014
14

3.6x10
3.2x10'4
1.6x10'%
8x10]3

Impurity
Reflux

(cm'2 sec"1)
13
13
13
12

1.6x10
1.9x10
1.4x10
8.0x10

Alpha
Power

sec']) (Megawatts)

523
732 |
788
1088
1412
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