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Abstract

The behaviour of oxygen, which is one of the most frequently encountered
impurity species in tokomaks, is particularly complicated owing to the in-
tensive cross charge exchange processes between oxygen and hydrogen.
Another complication arises from the fact that oxygen is desorbed from me-
tallic surfaces as hydrogenic or metallic compounds, undergoing a sophis-

ticated multistep evolution before arriving at the neutral atomic state.

Here we study the influence of these effects, using the numerical
algorithm, which allows fast solution of both the steady-state and the
time-dependent one-dimensional-finite rate diffusion equations/1/. The
auxiliary calculations, accounting for the cross charge exchange and the
sub-routine describing the low energy chemical kinetics, are incorporated

in the code.

I. Introduction

At present, the computer modelling of impurity behaviour in tokomaks
is hampered by gaps still left in our knowledge of impurity
transport, scrape-off physics and the plasma-wall interaction. Improved
understanding of these issues should allow one to obtain a comprehensive and
self-consistent model suitable for asessing the physics of the impurity

transport at the plasma periphery in all its complexity.




Radiative cooling of the plasma by impurities is an effect which
can range from devastating to beneficial, depending on the location of the
ionization states of impurities and their radiative cooling parameters.
Strong cooling of the plasma core via line radiation from the low ioni-
zation states of heavy metals reduces the confinement and might prevent

fusion from taking place.

On the other hand, a scenario has been suggested, which relies upon
the gradual build-up of the intensely radiating impurities in the edge
region,thus channelling the significant part of the energy flux from the

plasma interior into the boundary radiation [1,2/. This scheme offers the

possibility of reducing the heat flux onto the limiter and of protecting

the limiter from thermal overloading.

The charge state of the impurity ion, which is reached before it arrives
at the boundary surface, has a powerful effect upon the surface erosion
sputtering. This effect is important because the initially neutral
impurity atom gets ionized and returns to the surface with the energy signi-
ficantly 1increased after acceleration through the plasma sheath. The energy

gain is a strong function of the ionic charge.

The study of the impurity transport is also of particular interest at
the plasma periphery owing to the usually invoked arguments that the excessive
boundary radiation may lead to disruptions or lower the empirical density

limit /3/.

To assess the issue, the overall density of impurities and their
distribution over the jonization states at the periphery have to be pre-
cisely known. Recently, the algorithm allowing fast solution of both the
steady and the time dependent one dimensional finite rate diffusion equations
was developed [ﬁjﬂ Tt allows one to follow the gradual evolution of the

impurity distribution over the ionization states both in time and space.

The one-dimensional transport model, which is found to fit ASDEX experi-

mental results was applied to impurity species with different ionic charge.




In this calculations neutral impurity density distribution was arbitrarily

prescribed by a source, sharply peaked in the vicinity of the metallic surface.

" The problem, not treated there, concerns the effect of the impurity
neutral penetration mechanism on the impurity transport in the edge region
of a tokomak. This issue is particularly complicated for oxygen, which is
the most common intrinsic impurity,owing to the intensive cross charge
exchange processes between oxygen and hydrogen. In a number of the recent
publications on the impurity transport the case of oxygen has been either
explicitly excluded owing to the difficulty in accounting for the cross charge
exchange processes [5/ or simulated by varying the effective neutral oxygen

atom velocity [ﬁ].

The other complication arises from the fact that oxygen is desorbed
from the metallic surfaces as hydrogenic or metallic compounds, thus passing
through a sophisticated multistep evolution before arriving at the neutral
atomic state. In [7/ it was shown that both the penetration of the neutral
oxygen and the effective diffusion coefficient of the singly ionized oxygen
ion are significantly enhanced owing to the cross charge exchange processes

The variety of chemical processes, important to oxygen transport, includes

ionization of the oxygen atoms by the electron and proton impact,
dissociation of the neutral molecular compounds, and collisional dis-
sociation, dissociative recombination and kinetic energy transfer by pro-

tons for the molecular oxygen ions. Here, we have neglected the transport
of the molecular ions across field lines, assuming that the destruction of
these ions occur much faster than the transport across the magnetic field.
The influence of vibrational excitation of edge molecules on the branching

ratios of the chemical processes has also been neglected [8].

In the present paper, we study the influence of these effects on the oxy-
gen ion transport explicitly using auxiliary calculations described in C?] in
additiontx)thenumericalalgorithm[}], as part of our physical model, accounting for
the charge exchange processes between a proton and a neutral oxygen atom
and a neutral hydrogen atom with a singly ionized oxygen ion. A sub-
routine describing the kinetics of the typical oxygen molecular compound

is also incorporated in our code.




The emphasis here is on elucidating the differences between the

oxygen and the other types of impurities. The analysis indicates that there

are qualitative and quantitative differences in transport of oxygen at the
periphery. The peculiarities of the atomic and molecular processes for
oxygen are found to be very important for the transport of the atomic and
molecular ions. The most significant differences in the transport are:

a) the total impurity content in the plasma increases due to the signifi-
cant enhancement of the penetration depth of oxygen atoms and

b) the recycling of the singly ionized atomic ions at the wall is more
efficient in the presence of the cross charge exchange processes between

oxygen and hydrogen.




2, Transport model

For each of the oxygen species with the charge Z the following flux

surface averaged continuity equations hold:
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Here, n_ are the densities of the oxygen ions of charge Z, SZ are the

jonization rate coefficients. and a;'d are the recombination (radiative
plus dielectronic) rate coefficients. For the lower ionization states the
recombination is a very small effect and can be neglected. C01 and C10
are the charge exchange rates for cross charge exchange 0+H+ - 0++H,

0++H &+ O+H+, respectively. SM stands for the neutral atomic oxygen source,
resulting from the impurities desorbed as molecular compounds.

The incorporation of these effects constitutes the basic difference between
our treatment and the previous studies [2,67 The

n

terms - ?E- are added to simulate a loss to a limiter or to divertor
"

plates in the scrape-off layer. Finally, Pz is the radial
particle flux density, which is taken to be positive when directed

outwards. It is assumed here to conform to the scaling found to

fit the results from ASDEX Eé];
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In the following, D 1is taken to be spatially independent and of the order
4x103cmzsec-1. The inward term is smaller at the periphery due to the steep
gradient and is neglected. n_ and SM are used in the form obtained in [?].
The system of equations (2.1) - (2.4) can be solved numerically if the plas-

ma, the neutral hydrogen density and the plasma temperature profiles are given.

In the equations (2.2) - (2.3) the new terms introduce
additional coupling and a new source. From equation (2.3) it
follows that the ionization of the oxygen neutrals is quite large even
at a very low electron temperature, when the ionization rate by the

electron impact is negligible, owing tothe charge exchange with protons.




3. Analytical solution for the model equation

in the scrape-off layer.

Summing up an arbitrary number of equations of the system (2.1)-(2.3)
(i.e. up to a certain value of Z) it is easily seen that the equation,
describing the total flux of the arbitrary sum over the ionization
states will contain only the source of the lowest ionization term and a
sink equal to the sink of the largest Z, plus the total parallel loss.

The interchange terms cancel.

This simple observation allows separation of certain
ionization states into the blocks (i.e. 0£Zg5 and Z>5), which under some
conditions might be treated independently. For example, the sum of the
low ionization states (0KZg5) can be decoupled from the higher ionization
states, if the parallel losses to the target plates significantly exceed the
sink to the next ionization state. This scheme, applied to the overall amount of
species with the same diffusion coefficient, was used in [EQ] for
heavy impurities. The flux of the impurity neutrals was assumed to
be purely convective and the influence of the scrape-off layer was
neglected. The steady state model equation in the plane geometry for the

total number of ions in the block takes the form

2
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Here, N = Zlnz, where 1 and n are the lowest and the highest
z=

ionization states in the block. Neglecting the recombination and the
ionization to and from the highest ionization state and introducing
the source function §, equal to the sum of the first three terms on

the r.h.s. of eq. (3.1), we get

(3.2)




In solving the transport equation (3.2) the following boundary conditions
have been used:

(3.3a)
g=0

a
p it oy JE de = (3.3b)
dx T o
x=0
o)
where a

is the distance from the limiter head to the wall , x is equal to

zero at the wall and f; is the influx of the impurity neutrals at x=0.

Equation (3.2) can be solved analytically for an arbitrary source term.
The solution of equation (3.2) reads:

X
N = Clexp(%) + Cexp (- %) - exn(%) J exp (- %) X
(o]

X
P A
x S E—dx + exp(- %) J exp(%) S 5 dx (3.4)
(o]

where X\ = VDT

" is the decay length of impurities in the scrape-off
layer.

As an example, we take the model source function as:

S = Soexptx(% - %)AI (3.5)




Here, we have used the fact that the decay length of the plasma in the
scrape-off layer is roughly equal to the decay length for impurities.

The parameter & characterizes the degree of the localization of the

source and is the measure of its thickness. The parametric dependence

on 8 is of particular interest for our study. An increase of the parameter
J simulates the enhancement of the penetration depth of oxygen neutrals

due to the cross charge exchange processes.

The solution of the equation (3.2) with the source term, given by

(3.5) and satisfying the boundary conditions (3.3) reads

a

T A J £(x)dx

5 e a
DEeXP (%) + exp(- %)] [exp (X)+ exp (- X)]

X Exp(%) - exp(- %f-)—‘ ‘ (3.6)
rs§
Here, N =il (3.7)
¢ 0
and
f(x) = (A__a)l._ exp(— %) - A_G exp(— _A__(S x) -
2(x-28)8 A-28 A8
_A$ exp(.;\i) (3.8)
28

Formulae (3.6)-(3.8) are used as a hint in the assessment of the parametric
dependences and scalings, when interpreting the results of the numerical

simulations.
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We start the analysis, by considering the case of the '"thin" scrape-
off layer (the distance from the limiter head to the wall a then being much
less than the plasma decay length A and the source thicknessd ). In this

case, the formula (3.6) takes the form:

X

X exp - (%—— X?J (3.9)

X E)-Aé

1
exp(- =) + = exp(
A 2 A A=268

N =N k———————
2(A-28)

If the source thickness ¢ 1is much shorter than the decay length )\, then
the total number of impurities exponentially increases with the gradient
scale of the order of the source width. The factor in front of the exponent,
which has the physical meaning of the stationary density, scales as the
source width &8 for a given influx. Neglecting the influence of the
scrape-off layer (%—= 0), this case reduces to the case considered

by Engelhardt-Feneberg /107.If the source width & increases, the total
density of impurity ions is modified. The saturation density increases

faster than in the previous case with the growing width of the source.

If the plasma decay length gets of the order of a,

then the total number of impurities increases on the length scale of the
order of the plasma decay length. The saturation density is approximately
one half of the latter for the previous case and pronortional to the

penetration depth.

The situation is changed for the "thick" scrape-off layer (a>>X,8):

N =N [M—- exp(- 5 - 070 = <A—“5—x)_| (3.10)
2 (A=28)6 (-28) AS

If X > &, the profile of the total density increases to its maximum value

on the length scale of the order of the source width & and then decreases
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on the longer distance of the order of the decay length. The maximum value
of the total density is almost proportional to the decay length and is

weakly dependent on the source width.
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4, Results and discussions.

From the equations (2.2) and (2.3) it follows that the cross charge
exchange processes affect both the oxygen neutrals and the singly ionized
oxygen ions if their mean free paths for charge exchange are of the same
order of magnitude as the ionization mean free paths. For singly ionized
oxygen ions this implies that they are not immediately depleted by the electron
impact to the next ionization state, but exercise charge exchange with
neutral hydrogen. To be in this regime the following local estimate are ob-
tained for the neutral hydrogen density: N,
rﬁﬁ¥10_4 n for T = 3 eV. If this condition is satisfied, the term arising

; 0.1 n, for T = 10 eV and

from the charge exchange implies a significant effect on the rate equations
both for the neutral oxygen and the singly ionized oxygen ion for a very

wide range of the plasma parameters.

For oxygen atoms injected with an initial energy much less than the
plasma temperature, the multiple charge exchange processes produce fast
oxygen neutrals with an average energy of the order of the plasma temperature
and at the same time retard their directed motion by randomizing their velocity
distribution. Some of the oxygen atoms (roughly one half for plasma
temperatures of the order 3 eV) return to the wall reducing the net inflow
of the injected impurities. The rest, moving into the plasma, penetrate
much deeper owing to the increased velocity and reach the region with the
higher temperature, where the ionization to the second ionization state

increases drastically and the amount of the neutral hydrogen decreases.

The charge exchange processes with hydrogen affects not only the
oxygenneutrals, but also the appearant diffusionof the singly ionized oxygen ions.
Namely, the singly ionized oxygen ion might lose its charge by exchanging
it with the neutral hydrogen, move much faster as a neutral and then get
the charge back before arriving at the wall. The singly ionized oxygen ions
diffuse much faster to the wall as a result of the multiple charge exchange
and thus undergo greater recycling. This scheme implies an increase of
the effective diffusion coefficient of the singly ionized oxygen ions as
described in [77.

To demonstrate some of the typical examples of the I-D multispecies
non-corona impurity transport code, some steady-state radial density profiles
for oxygen are given for plasma temperature and density profiles, similar to

those of the ohmically heated ASDEX plasma. Typical tokamak electron
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temperature and density profiles are shown in Fig. 1.

The profiles of the total number of oxygen ions and their distributions
over the ionization states are shown in Fig. 2 for the neutral hydrogen flux,
varying’ betweenPH =0 andr'H = 1019 cmzs-I. Here, parallel transport in the
scrape-off layer was switched off. It should be noted here that the latter
value is the product of the local neutral hydrogen density and the local den-
sity of the singly charged oxygen ions, averaged over the recycling area di-
vided by the density of the 0+, averaged over the same area. It might appear
excessive compared with the typical value averaged over the flux surfaces. However
due to the significant poloidal and toroidal assymetries observed in the ou-
ter regions of the tokamak plasma, this value, corresponding to n, #~n,, can
locally assume the right order of magnitude []1]. This is certainly true for
the regions with the large content of the neutral hydrogen, such as the area
in the close vicinity of the limiter's top or the gas inlet, where oxygen is
sputted by hydrogen neutrals. It is seen from Fig. 2, that for the constant
oxygen flux the total amount of oxygen ions is increased by almost one order
of magnitude due to the drastically increased penetration depth. Significant
modifications also appear in the distribution of the oxygen ions over the
ionization states. The low ionization states are usually located at the peri-
phery and are therefore strongly influenced by-the cross-charge exchange
processes. Owing to the enhanced diffus ion, the amount of the very low ioni-
zation states(0II-0V) decreases (see formula 3.7), and their profiles get
much flatter. On the other hand the relative amount of oxygen in the higher

ionization states increases, leading to enhanced radiative efficiency.

The dependence of the total amount of impurities on the neutral hydrogen
flux is shown in Fig.3 for the different values of the plasma temperature at
the wall and the decay length in the scrape-off. It is seen that the total
amount of oxygen ions scales more slowly than the penetration depth of the
impurity neutrals (see formula 3.9) due to the increased albedo of the
plasma for a given impurity inflow. In the formula (3.7) the influx is

effectively decreased due to the increased reflectivity of the plasma.

The obvious effect of the decreasing decay length in the scrape-off is
the decrease of the total amount of oxygen ions (see Fig.3). The effect
of the cross charge exchange gets less important with the decreasing value
of the decay length, owing to the more rapid loss of the OII. The decay
length in the scrape-off layer is expected to be generally shorter for a
limiter than for divertor discharges,so it is concluded Ehat the charge—exchange
process with hydrogen should affect divertor discharges more strongly than

limiter discharges.
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As it is seen from Fig.3, the effect of the cross-charge exchange is a very
strong function of the plasma temperature at the first wall, owing to the
very drastic dependence of ionization cross sections in the temperature
range from 3 eV to 10 eV. In both cases it was assumed that oxygen neutrals

were injected with thermal velocity corresponding to room temperature.

The dependence of the total number of oxygen ions on the injection
velocity is shown in Fig.4. 1t is seen that it is almost linear for
the injection velocity varying from T=0.02 eV to T=0.5 eV. The dependence is

also only weakly dependent on the hydrogen flux. On the other hand, the
suggestion put forward in [6_/ that the effect of the cross charge exchange

can be simulated by varying the injection velocity of the neutral oxygen atom
seems questionable when Figs. 2 and 4 are compared. The main reason for this is
that the cross charge exchange processes create the high energetic component
deeper into the plasma and thus influence the total amount of oxygen ions

stronger.

As far as molecules are concerned, the drastically increased penetration
depth of the oxygen impurities is the result of the low energy chemical pro-
cesses occurring to the oxygen molecular compounds,released from the wall. For
the case of ASDEX it reaches the value of up to 5-10 cm. The profile of the
total number of impurity ions is shown in Fig.5 for the density of the
oxygen molecules, being IOHu:m_3 and for the energy 0.03 eV at the wall.

Their effect is qualitatively similar to the effect of the cross charge
exchange, leading to increased penetration of the neutral component
produced isotropically via dissociation and heated up by the plasma. The
quantitative difference is that they penetrate slightly deeper and have no

effect on the transport of the low ionization states.

However, interesting physical effects arise when impurities are
injected partly as molecular compounds. This case is shown in Fig.6.
Comparing Fig. 5 with Fig. 6 it is seen that the total amount of
oxygen penetrating into the plasma is increased by approximately

25%Z. It seems consistent with the simple physical model, that the oxygen
atoms, launched after dissociation of molecular compounds back towards the
wall are attenuated essentially only as a result of the charge-exchange with

hydrogen. On the other hand, the penetration of a component moving into the

plasma is very slightly influenced by the cross charge exchange processes.

7 ! 3
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The following major conclusions are drawn from the calculations: the effect
of the cross charge exchange processes between oxygen and hydrogen leads
to the significant increase of the total impurity content in the plasma core
primarily due to the enhanced penetration of the oxygen neutrals. It is
pointed out that the cross charge exchange processes result in a larger amount
of oxygen neutrals returned to the wall, and a smaller amount penetrating the
plasma. However, those that do penetrate, move much deeper into the core.
The same mechanism is an important channel for the loss of the singly ionized
oxygen ions and might play an important role, as an additional sink in the
vicinity of the top of the limiter. It also implies the significant increase

of the diffusion coefficient of the low ionization states of oxygen.

The combination of this effect with the fact that oxygen is partly
desorbed from the metallic surfaces as molecular compounds result in the
increase of the impurity content by " 25%. The penetration depth, however, is

almost unchanged.
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Figure Captions.

Figure

Figure

Figure

Figure

Figure

Figure

1.

2.

Temperature and density profiles for the ohmically heated

ASDEX tokamak, corresponding to a wall temperature of 10 eV

and density lxlOl?'cm_3 at the limiter location r=40 cm.

Profiles of the total density of the oxygen ions and some
15, .52 =l
s

of the ionization states for oxygen flux F0=10 cm 5

Solid, dashed,dotted and dash-dotted lines correspond to

hydrogen flux, equal to FH=1019, 1018. 1017, O(cm_zs_l)

respectively. The scrape-off layer is switched off. The

temperature and density profiles are shown in Fig.l. The

ionization state numbers are shown by Roman numerals.

Maximum total oxygen ion density as a function of the
hydrogen flux for different decay lengths A and wall

temperature Tw'

Total number of oxygen ions as a function of the dimensionless

velocity for I‘H=0,1019 cm—zsec_l, respectively.

Profiles of oxygen ionization states for the density of the

oxygen molecules Nmol=10ﬂcm—3 and an energy 0.03 eV at

the wall. The oxygen atomic flux is zero.

Profiles of oxygen ionization states for the same density

and temperature as on Fig.5 and the hydrogen flux FH=1019.

The oxygen atomic flux is zero.
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