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IRON TRANSPORT IN A CONFINED HIGH-TEMPERATURE PLASMA

Abstract

The neo~classical flux, Fn.c’ of Fe XXIII is calculated for the experi-
mental conditions produced in PLT by using the data on the iron density
profiles and the plasma parameters. The actual flux of Fe X111, Fa.e’
is then evaluated from the continuity equation, by using the same data.
che is on the average two orders of magnitude larger than anc’ the
neo-classical prediction. These results are further tested by introduc—
ing thé neo-classical coefficients which are multiplied by various anomaly
factors into the continuity equation and solving for the demsity profile
of Fe XXIII, using the experimental profiles of Fe XXIT and Fe XXIV as
given. The results of this section indicate that the first and the second
terms in the neo-classical flux expression, Fn,c o Di(dn/dr) + Dzn,
should be muitiplied approximately by the factors (100) and (25), respect~
ively in order to yield the experimentally observed profile of Fe XXIII.
Furthermore, a sensitivity analysis is performed to investigate the de-
pendence of the value of the flux, Fc,e’ on the uncertainties in the rate
coefficients. This dependence is found to be quite sensitive. Uncertain-

ies of a factor of two in these coefficients could yield radiaily inward

or outward fluxes, which are by orders of magnitude larger than the flux

computed without uncertainty factors.
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i. Introduction

Impurities and their behavior in plasma confinement devices have
become one of the most important research fields in fusion during the re~
cent years. This results from their significant contribution to the radia-

tive power losses, the electrical resistivity, other tramsport coefficients,

the ionization rates and efficiencies of injected neutral beams. They could
also be responsible for some instabilities and potentially influence the
coupling of high frequency waves to the plasma. Recent spectroscopic mea-
surements and the models applied for their interpretations have revealed

a considerable amount of information on the behaviour of light impurities
/1-5/, They are now developing rapidly to allow a description of the heavy
impurity tramsport /6-11/.

Most of the published experimental results, concerning impurities
have been discussed and interpreted by various groups and some tentative
conclusions regarding the impurity transport mechanisms in tokamaks have
been drawn. Cohen, Cecchi and Marmar /!/ have concluded that the behaviour
of aluminium ions, as observed in the ATC experiments, agrees rather well
with the neo-classical predictions. Similar statements have been made by
Peacock et al. /5/, basing on the oxygen radiation profiles observed in
DITE. On the other hand, Tazima, Nakamura and Inoue /12/ have suggested
that the diffusion coefficients should be multiplied by anomaly factors
on the order of 10 to explain to carbon and oxygen tfransport in the §T
and TFR experiments, whereas Abramov /13/ reports that the neo-classical
theory can account for the tungsten transport in the ISX~A device but that
an anomalous diffusion term is needed to explain the majority of the impu-
rity profilss observed in other devices.

A number of possible reasons can be invoked to explain the conflicts
in these interpretations and conclusions:

a) In general, the quantitative evaluation of the density profiles from the

line intensities, using some Abel inversion technique, can be subject to

errors.




b) In most of the previous works, the interpretations were based on ex~
perimental data related to light impurity ions, in particular. These ions
radiate in edge regions of the plasma, since they are fully stripped in the
central zones. Steep gradients, in particular of the electron temperature
are superimposed on those of the impurity ion concentrations. This and

the fact that the theoretical modeling, sven for a pure hydrogen plasma,

is poor in these regions can make it difficult to draw definite conclu-

sions from these messurements.

e It must also be mentioned that the neo-classical flux expressions used

in most of the previous works are incomplete, in the sense that the tempera-
ture gradients and/or the contributions of other impurity ions are ususally
neglected. The comparison of flux values obtained from such incomplete
expressions, with the values obtained from the continuity equation may again
lead to conflicting conclusions.

d) The calculation of impurity fluxes from the comt inuity equation may

be very sensitive to the uncertainties in the rate coefficients used.

Hawryluk, et.al. /17/ have illustrated theoretically that the rate coefficients
provided by different authors lead to significantly different profiles of light
impurities. Farthermore, the TFR group /11!/ has stated that, within an un-
certainty factor of two in the ratic of the ionization to recombination

rate coefficients, their experimental results on heavy impurities would

agree well with the ionization-equilibrium calculations. It can therefore

be presumed that the differences in the rate coefficients used by wvarious
authors may be one of the most important reasons for the differences in

their interpretations, related to the impurity flux.

e) Finally, the contributions of additional effects, of which the magni-
tudes could vary significantly from one experiment to another, are usually
neglected in flux caleculations basedon the continuity eguation. At least
two candidates exist: inner shell excitation followed by an auto-ioniza-

tion step and charge exchange reactions between the impurities and neutral




hydrogen atoms, Uchikawa et.al./14/ state that depending on the level structure
and the temperature, the auto-ionization rate coefficients can be comparsble to
the generally accepted ionization rate coefficients. The results of Olson et.al./I15
indicate that the charge exchange cross sections between impurities and neutral

1 cmz, This implies that for the heavy

hydrogen atoms is on the order of 1o
impurity ions, the charge exchange and ionization rate coefficients will be
comparable when the neutral hydrogen density iz equal to or larger than iows
times the electron density. The neglect of these processes can possibly explain
the diverging opinions which originated from the previous analysis.

One aim of the TEXTOR programme at Jilich is to study the release of im-—
purities from the walls of a confinement device and their subsegquent behaviour
in the plasma, Before undertaking exhaustive spectroscopic cobservations, it
appears important to make the inventory of existing data and of the state of
understanding and to compare experimental results with existing theoretical
models in order to decide on which points, if any, the future efforts should be
concentrated,

In this work, we therefore examined the impurity transport and evaluated
some of the reasons which may have led to the diverging conclusions mentioned
above. For this, we have analysed an extensive set of data on the profiles of
highly ifonized iron impurities, which have been presented by the PLY team /7,8/.
The experimental results contain practically all the information required to
compute the flux of Fe ¥XITT in the central region using the continuity
equation and to compare it with the value expected from the neo-classi-
cal model. Therefore, this particular ionization state has been chosen
as the gubject of interest of our work., 5ince we do not have access to the
experiments concerned, we canmnot comment on the experimental uncertainties
mentioned in the first item {a) above. Due to the fact that the investi-
gation of the behaviour of F& XXIIT requires only experimental data

obtained from the near-central region, the difficulties and uncertainties

in the near-wall regions mentioned in the second item (L) should be consider-




ably reduced. In order to decrease the errors in the evaluation of the
neo—classical flux, mentioned in the third item (c}, we have taken into
consideration the temperature gradients and, as far as information was
available, the expected contribution of other ionization states present

at the same region. The possible contribution of experimental errors and

in particular the potential role of impurities of which the density pro-—
files are missing, are discussed. The flux of Fe XXIII, Fa&e’ is then evalua~
ted from the continuity equation and the anomaly factors in the neo—-classical
transport coefficients required to yield this flux are evaluated. Finally,
the errors in Fc.a’ resulting from the uncertainties present in the rate

coefficients as mentioned in the last two items, are estimated and

discussed.

2. The Experimental Data Used

The local emissivities of Fe XV, Fe XVIII, Fe XXII, Fe XXIII and Fe XXIV
have been measured in a recent experiment in PLT /8/ and the correspond=-
ing density profiles have been obtained by dividing these emissivities by
the separately measured electron densities and the caleulatred axcitation
rate coefficients /18, 19/. In order to evaluate the flux of a particular
ion from the continuity equation, the density profiles of this ion and of

its adjacent ionization states must be known. Therefore, the flux of Fe

ag the plasma region is concerned, the calculations are limited to the

r < 15 centimeters range, although published data on the density profiles
of Fe IATI, Fe XHIII and Fe XXIV extend further cutwards, This restriction
is due to the fact that the strong resonance line of Fe XXIII at 132.9 %4
overlaps with a Fe XX resonance line at 132.86 a, Although the tramsition
probability corresponding to the latter is smaller, the Fe XX line may
make an appreciable contribution at the edge of the Fe XXIII distribution,

i.e. between r s 15 and 20 centimeters /I18/. The density profiles of the




ionization states mentioned above are illustrated in Figure | for the
range r < 15 centimeters.

The plasma parameters, on the other hand, reguired for the flux svalu—
ations are the electron and ion temperatures, the densities and the safety
factor q. The ion temperature is estimated from the given electron tempera-
ture profile and the Doppler broadening of Fe XX and Fe XXIV lines. The
plasma ion density is taken to be 15 7 less than the electron density, since
the total iron density in the region concerned is approximately 0.75 I
of the electron density and their average contribution to the electron den~
sity is roughly 20 electrons per atom. The measured electron density and
temperature profiles, the safety factor and the estimated ion temperature
profile are plotted in Figure 2.

Finally, the calculated ionization rate coefficients /20, 21/ of
Fe XXII and Fe XXIII are plotted together with the radiative and dielec—
tronic recombination rate coefficients /16/ of Fe XXIII and Fe XXIV in
Figure 3. Their radial variations can easily be obtained by using the

electron temperature profile shown in Figure 2.

3. The Neo-Classical Flux, Fn.c’ of Fe EXI1II

Various expressions for the neo-classical flux of impurities in To-
kamaks have been derived during the past few years. Rutherford /22/ has
considered the case where both the impurity and the plasmaions are in the
Pfirsch-Schliiter regime and assumed that only one impurity species is pre-
sent. Cohen et al. /1/ have generalized these results by considering the
case of multiple~ion species but have neglected the temperature pradients.
Samain and Werkoff /23/ have again considered the case of a single impurity
species in the Pfirsch-Schliiter regime, whereas the plasma ions were allowed

to be in any of the three regimes. The results of Engelmann and Nocentini

/24/ seem to be most appropriate for this work, since they have considered




the case of multiple~ion species, all in the collision~dominated regime
and taken into account the temperature gradients and the energy transfer
betwezen ions and electronsg, thus offering a most general expression for
this regime.

In order to check whether all the ions in the experiments concerned

were in the collision-dominated regime, the following criterion /24/ is

applied,
o o< vOF < Qj (1)
bj ]

where wbj” v§0t and {I. are the bounce frequency, the total collision fre-

quency and the cyclotron frequency of the j-th species, respectively. It
is sufficient to check this criterion for the plasma ions only, since it
is well kpewn that the heavy impurity ions are always in a more collision~
al regime. For the given values of ion temperature, the safety factor and
the 30 kGauss magnetic field, the bounce and the cyclotron frequencies for
the deutevium ions are roughly 3 x i@é smE and 2.5 x 10? smi, respectively.
The ion-electron and the ion-impurity collision frequencies for the range
of interest are typically on the erder of Z x EOA s“l and iO4 sul, res—
pectively., Considering the fact that there are six or seven impurity spe-
cies in the region considered, with more or less squal contributions to
the collisions with plasma ions, it can safely be stated that the cri-
terion applies to all the ions in this case.

Therefore the following expression for the neo-classical impurity

flux /247 is adopted,

Todr =Tyt L Trp 2)
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By Tpos Ti’ Fi, o, and m, represent the charge, Larmor radius, temperature,

pressure, density and the mass of plasma ions, respectively. When the sub-

ject "i" in these notations is replaced by I and I', then the notations

refer to the impurity ion considered and to the other impurities, respect-

ively. t,. is the ion—impurity collision time given as
i1 P ¥

s/ 13/2
i N

T,, =
11 4 V21 In X e? ez n
b A R

¥

s?e is the coupling coefficient for the energy transfer between ions and

electrons and

i
cj(m) and in are given in references /22/ and /25/, and Ini is the Cou~
lomb logavithm which roughly takes the values, 17, 14 and 11 for Tiss Uiy

and Tyre respectively, for the range of interest.




An order of magnitude estimate shows that Sze is much smaller than
unity and can be neglected, However, the contributions of the other impuri=-
ties, in particular through the T . term, are not negligible at all and

I

can be comparable to the contributions of the plasma ioms to the impurity
flux, at some radial distances. This is unfortunate, since some impurity
profiles are not available. The missing profiles, that would be of in-
terest in the region concerned, are those of Fe XIX, Fe XX, Fe XXI, and Fe XXV,
A rigorous discussion of the errors resulting from their omission indicates
that their main contribution would be through terms involving their pressure

gradients which sould be added algebraically to the components FI since

IFS
£
the coefficients cj(a) and f?? are slowly varying functions of g and the

summation in the component I'.. is already small compared to the other terms

Ii
in this component. In order to estimate the contribution of the omitted
ionization states to the flux of Fe XXITI, the sum of the components Pigis
PIi and the total neo-classical flux, <Fn.c)’ are evaluated with the given
profiles and plotted separately in Figure 4. The summation of the impurity-
impurity components seems to be at mest 30 Z of the ion~impurity component
for r < 12 centimeters. It increases rapidly up to 60 Z at r = 15 centime-
ters, due to the steepening profile of Fe XVIII in this local region. Re-
ferring to Figure 1, it can be seen that the missing profiles are unlikely
to present very steep gradients in the region of interest: it can further-
more be predicted that the contribution of Fe XXV and the total contribu-
tion of the other three missing profiles would be opposite in sign. The

net error resulting from neglecting these ionization states should there-
fore be even smaller than 30 Z. These arguments lead us to conclude that
the solid curve in Figure 4 should be a fairly good approximation of the
neo~clagsical flux of Fe XXIITL.

Some general conclusions, regarding the evaluation of the neo-classical

flux of impurities from experimental profiles, can also be drawn. It can be
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stated that, the precision in determining the impurity prefiles is not
critical and knowing the density profiles of all the other impurities in
the region investigated is not of vital importance, but neglecting their
contributions altogether would be quite misleading, especially when the
degree of accuracy aimed at is within a factor of two. On the other hand,
the temperature gradients must always be taken into consideration, since
they constitute the fundamental terms in the neo—classical flux expres-

sion, as can be seen from equation (2).

4. Computation of the Flux I'. o from the Continuity Equation

"

Provided that the relevant rate coefficients and density profiles are
known, the flux ?I of a particular ionization state I, can be computed in

a straightforward fashion from the complete continuity equation

an
I 1 @ _
ot fra CTY e

3
Bt @

e [51-1,1 P1-1 ¥ %1+1,1 P1e1 T (51,14

o, 1-y) “1} ' 3)

where n, represents the density of the ionization state I, f, is the elec~—
tron density, the letters s and o represent the ionization and the recom
bination rate cosfficients, respectively. The ionization is considered to
be due to electron collisions in the ground state. Both fhe radiative and
dielectronic recombination processes are taken into account. The adequacy,
or rather inadequacy of considering only these processes will be discussed
in the following sections.

Since the available density profiles were obtained in the steady

state, the flux can be written from equation (3} as

r
¢, Jp=r J £, (Y art, )
8]
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where,

r
£,(r) = o, LSI"Y,I Byt F %pey,1 Prer T (SI,HE * “:};J-ni) nt[]

and the subscripts (c.e) are used for the flux to indicate that it is the
fiux obtained from the continuity equation, distinguishing it from the
neo—clasgical flux, (?n.c)l‘ Inserting the data given in Figures!, 2 and 3,
the function fI(r} can be plotted for Fe XXIII and integrated graphically,
as shown in Figure 5. The flux of Fe XXIIT is then evaluated according to
equation (4) and plotted again in the same figure. It can be seen that,

on the average, this flux is approximately two orders of magnitude larger

than the nec—classical flux; this suggests strongly rhat some anomalous

mechaniasm should be involved.

5. Determination of the Anomaly Factors

It is in principle possible to evaluate the density profile of Fe XXIII
from the continuity equation, if the density profiles of the neighbouring
ionization states Fe XXII and Fe XXIV have been measured, if accurate values
of the rate coefficients concerned are available and if the transport me-
chanism and the associated anomaly factors are known. This approach allows
then to select the appropriate values of transport ccefficients by solving
accordingly for the density profile of Fe XXIII and by comparing the re=-
sult with the profile experimentally observed.

Since internal disruptive instabilities or other phenomena of strong-
ly nondiffusive nature have not been explicitly reported to occur during
the experiments concerned, the particle is assumed to obey phenomenologically
z law similar to equation {2), the flux being pgiven by the sum of two terms
proportional to Ty and an/dr, respectively. Anomaly factors are therefore
introduced in the conventional way /12/ by writing the flux expression in

the following form,
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an
+ AZDZ(r)nE s {53

r. J, =- A.DI(r) a5

n.c’1 !
where AI and ﬁg are some constant anomaly factovs. Egquation {(2) must now
be written in the above form.

Using the density profiles of the impurities, the term « in equa-
tion (2) is found to be varying roughly from 3.4 to 2.4 in the region of
interest, The values of the coefficients c}(a), cz(a) and cg(m) range from
0.39 to 0.42, from 1,95 to 0.96 and from 6.5 to 5.5 and are therefore taken
as 0.4, | and 6, vespectively. It is also found, using the experimental
data, that the summation in the expression for rli is negligible compared
to the other terms. Finally, an order of magnitude estimation concerning
the (for/mlnz) terms for this case, shows that they can be approximate-
ly given by,

I’ -

fmon. * al /r

?IE 'L I

With these approximations, the neo~classical flux expression in eguation (2)

can be written in the form given in equation (5), with

2 2 Z
qz 0.57 e, ry. ni rLE 9
D (r) =25 { + Z =20 NP O
i 2 Oy Ty NyTyy 1
€1 I'#I
e rz ps
i7Li dn. 0,12 n. 4T. T a2
2 i ) i i LI I
D2(r} =4 {eIﬁITiI (0.57 ar * Ti dr ) 0Ty z ey
It#7
y { an, . G- ei.} oy dTi 1}
dr ey Ti dr |
and Al = AZ = }. It should be noted that the factors, RITiI and nTrr

are independent of .
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Inserting equation (5) into equation {3}, the following differentisl

equation for the density of Fe XXIII at steady state is obtained,

dzn1 dDi an
~rA,D, 2t (rA D, = rhy—= = ADy) =

dn
2
* [‘Az ar * APy sy gyt “I,xwz)} np = rn (8p oy ¥

t ey, T Pey) (6)
Using the available data, the coefficients of s of its derivatives and
the term on the right hand side have been plotted as a functionm of r;

the resulting curves are then approximsted by polynomials in powers of r.

This has allowed to transform equation (6) into the following form:

2
d nI . (Azr . r"l) an \ (2A2 - 670 + ZZr) . =d&lOEO 85 + 5.8¢
2 75A dr 75 A I 34 )
dr i i H
3
- 3,056 ) . {7)

This equation was numerically solved for ny using the Runge~Kutta algo~
rithm /26/. Various sets of anomaly factors AE and 4, have been used. The
initial conditions required are taken arbitrarily as the density of Fe XXIII

€ at r = 15 em. The results are illustrated in Figure 5.

and its gradie
It can be seen that the neo-~classical transport coefficients are too small;
if they were valid, extremely steep density gradients of Fe XXIII would be
required to satisfy equation (7). A satisfactory fit results when the
values AI A~ 160 and Az v 25 are used. This agrees reasonably well with
the results of the previous section. However, it must be mentioned that the
values of the aznomaly factors depend sensitively on the initial conditions,

due to the extrapolating nature of the algorithm used.




The last twe possible reasons mentioned in the introduction, con-
cerning the diverging conclusions of previous workers on impurity trans—
port can now be investigated. For this, a sensitivity analysis is carried
out: the uncertainties in the rate coefficients, the autoionization rates
and the charge exchange processes between the impurities and the neutral
hydrogen are discussed and their possible contributions to the value of
the flux, FC o’ obtained from the continuity equation are illustrated.

.

6. Sensitivity Analysis

6.1 Unvertainties in the Rate Coefficients

It is generally accepted that the uncertainties in the rate coefficients
are appreciable. Hawryluk et al. /17/, comparing the results of Lotz, of
Breton et al., of Burgess and of Drawin with the experimental data, have
stated that the collisional ionization and recombination rate coefficients
can differ within a factor of two. Similar conclusions were drawn by Post
et al./16/ who have stated that the uncertainties in the rate coefficients
for high Z-materials are within a factor of two, but increase as the elec~
tron temperature goes below | keV.

In order to estimate the order of magnitude of the error which can re-
sult from these uncertainties in the flux computations, we multiplied the

rate coefficients g and

wwwwww s ‘:i S Q
~~~~~~~ I-1,17 “1+1,1° I,1+1 I, I

the constants (§+8§), (E+82), (i+§3) and (}+§4}, respectively. The values
of 6% to 54 are restricted to the range from -0.5 to I, corresponding to
the extreme cases for an uncertainty factor of two. The modification of the
results by these factors is of course the largest when 51 and 32 have the
same gign and when both 53 and 84 have the other sign, Such cases are
illustrated in Figure 7 by the fluxes FE’ FZ’ F3 and FS where errors of a

factor of either twe or 10 7 have bzen assumed. The original flux, computed




i5

without the uncertainties, is also represented in the same Figure by Te
The curves Fg and F3, corresponding to uncertainty factors of two, indicate
the maximum and minimum possible values which the flux can take at any
point, respectively, within the assumed error bracket. It can be seen

from the curves FZ and PS that the fluxes computed assuming errors in the
rate coefficients as small as 10 I can already be larger by an crder of
magnitude than the original flux and can even have different signs. This

is particularly true in the domain for r between 10 and 5 centimeters.

To assess the influence of such errors on the evaluation of anomaly
factors, we have repeated the procedure of section 5 after introducing
qncertainty factors of + 5 7 only, into the rate coefficients. To de-
termine the maximum modification of the anomaly factors, which could re -
sult from such a small error, the rate coefficients on the left and right
hand sides of equation (6) have been multiplied by 1.05 and 0.%5, respect-
ively. The results, illustrated in Pigure 8, indicate that this minor
change in the assumed o's and S$'s results in an increase of the derived
anomaly factors by approximately an order of magnitude,

In order to explain the particularly strong dependence of the compu~
ted flux on the uncertainties in rate coefficients, the sums of the firsgt
and the last two pairs of inteprals in equation (4} {i.e. in the case when
all the B's are equal to zero) are plotted separately in Figure 9. The flux
is equal te the difference hetween these twe curves. It can be visualized
that the flux term is approximately an order of magnitude smaller than
each of these two terms taken independently. It becomes even smaller in the
region for r between 10 and 15 centimeters. A deviation as small as 10 7
in the rate coefficients can therefore change the difference between these
two curves drastically and/or even reverse its sign. The curves P}, Fz,

T, and T

3 5

of the individual errors as to maximize the resulting uncertainties in the

in Figure 7, for instance, have been drawn by choosing the signs

filux and in the anomaly factors.
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The flux corresponding to a different, "systematic" type of uncer-—
tainty, whereby both of the recombination rate coefficients are increased
by a factor of two, leaving the ionization rate coefficients unchanged,
has also been computed from equation (4). This flux is plotted in Figure 7
as F4 and when compared with the curves FE and P3 indicates that, as expect-
ed, the contribution of the uncertainties in this case is much smaller.
Unfortunately, there is no clear argument to justify such a particular
trend in the uncertainties in rate coefficients. Nevertheless, the curve
P& can be used in estimating the influence of such effects as autoioniza~

tion and charge exchange processes with neutral hydrogen.

6.2 The Autoiornization Rates

The autoionization rate coefficient is given as /fi4/

_ B -1  ~1f2 3 ~i

&%:~ 3.2 x 10 f W, Te exp( WZKTE) cm” 8 (8
where f ig the oscillator strength, v, ig an estimate of the excitation
energy of the autoionizing level and Ta is the electron temperature in eV.
These rate coefficients are needed to be known for Fe XXIY and Fe XXIII,

since the ionization rates of only these two states are involved in our

computations. Following Uchikawa et al. 14/, it can be seen that

2hw < T (Iz being the ionization potential) for both of these states
and equation (8) can therefore be written as
=10 _~1/2 3 =1
Asz = (.86 x 10 Te exp (*XZKTE) em” s . {9)

These vate coefficients are plotted in Figure 10 for the states Fe XXII
and Fe X{III, indicating that their contributions to the total ionization
rate coefficients will be on the order of 4 7. Furthermore, these contri-

butions correspond to the case of systematic vncertainties, since they in-




crease both of the ionization rate coefficients in equation (2) simultaneous-
ly. According to the results of the section 6.1, the contribution of such

a small, "systematic" uncertainty can easily be ignored in the flux com-
putations, in particular, as long as uncertainties of a factor of two

exist in the rate ccefficients,

6.3 The Charge Exchange Between Impurities and H°

According to the predictions of Olson et al. /15/, the cross sections
for charge exchange between atomic hydrogen and heavy, highly stripped ions

are expected to be on the order of iO“ié cmz, implying rate coefficients on

the order of 2 x 50“6 cmgsml. These rates would already be comparable to the
rates used in our computations, when the neutral hydrogen density is five
orders of magnitude smaller than the electron density. Therefore, it is
difficult to evaluate their contributions, unliess the neutral hydrogen
density is accurately known. Various authors have attempted to determine
this guantity and estimated its near-core value to be of the order of

208 cm“B. If this is the case, these rates would be couparable to the
radiative or dielectronic recombination rates in most of the experiments,

as well as in the experiment considered in this Qork.

This process, on the other hand, corresponds again to the case of
"systematic" uncertainties, since it can be taken into account by increas-
ing the recombination rate coefficients in both the source and sink terms
by certain amounts. The curve ?4 in Figure 7 simulates therefore roughly
the flux corresponding to this case, showing that the error to be anti-
cipated in the flux computations due to the exclusion of this process is
unlikely to be the dominant one. Nevertheless, a rigorous computation should

be carried out in the future, when the neutral hydrogen density is more

accurately known.
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7. DISCUSSION OF THE RESULTS AND CONCLUSION

In this work, we have evaluated the flux of Fe XXIII in PLT experiments
from the neo~classical theory and the continuity equation separately, main-
ly to examine the sources of differences in the conclusions of previous wor-—
kers concerning the impurity transport. The neo—classical flux has been found
to be one to two orders of magnitude smaller than the flux obtained from the
continuity equation, when the rate coefficients for ionization and recombi-
nation given in the literature /16, 20, 21/ are used. This suggests strongly
that some anomalous mechanism is inveolved. The first and second terms in

the neo—classical flux expression, Fh - n, had to be

. «

= —Dg(dn/dr) + 92
multipiied by anomaly factors of 100 and 25, respectively, to vield the
flux evaluated from the continuity equation. The possible sources of error
in these results have been investigated in order to decide on which points,
if any, the future efforts for determining the impurity transport mechanisms
from such experimental data should be concentrated. Since we had no access
te the experiments concerned, the experimental data has been assumed to be
accurate and only the errors in their interpretation have been considered.
In evaluating the neo-~classical flux, the temperature gradients and the
effects of three other ionization states of iren have been taken inte con-
sideration. A possible source of error would be the conmtribution of the four
other states and the impurities of other elements in the region concerned,
of which the density profiles are not availabhle. A rough estimation of the
missing profiles and of their contributions have indicated that neither the
uncertainties in the impurity profiles, nor the lack of datz on some of them
are critical for the evaluation of the neo-classical flux, as long as the
degree of accuracy aimed at is within a factor of two. However, neglecting

the contributions of the temperature gradients and of the other impurities

altogether, would have led to much larger errors. Therefore as long as
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these effects are taken inte consideration, the errors in the neo-classical
flux evaluations are not likely to be the sources of differences in the
interpretations of various authors, concerning the impurity transport.

In evaluating the flux from the continuity equation, it has been
found that the error which results from neglecting sutoionization phenomenon
is negligible here. The charge exchange between rhe impurities and neutral
hydrogen on the other hand, can modify the recombination rates gignificantly.
It is however unlikely to affect the conclusions regarding impurity trans—
port, since it increases a source and a sink term simultanecusly. The funda-
mental sources of error in this case, zre the uncertainties in the icnization
and recombination rate coefficients. It has been shown that, a deviation
as small as 10 7 in these coefficients can lead to flux values which are
by an order of magnitude larger than the originally computed flux, or which
can even have the opposite sign. The resulting uncertainty in the value
of the fluyx is largest when these deviations have different signs in the
source and sink terms, respectively. The dependence of derived flux on the
rate coefficients is particularly strong in the near-core regions, where the
flux is much smaller than each of the ionization and recombination rates.

These arguments suggest that even small differences in the rate co-
efficients used by various authors might be the main reason for the differences
in their conclusions. A hipgher degree of accuracy in calculating or measuring

ne involved is obviously required for the interpretation of

e
fo}

the cross sectl
such experimental data. This is therefore one of the points on which the
future effort should be concentrated. Furthermore, several suggestions for
the future experiments can be deduced from the results obtained in this
work: It would be advisable to measure the impurity density profiles in a
region which is neither too near the core, nor too near the wall. In the

near-core regions, the flux is very small and its evaluation is therefore

sensitively dependent on the rate coefficients. On the other hand, the near-




20

wall regions involve uncertainties, which have already been discussed in
the introduction. Secondly, if measurements are made on iron or similar
elements, the peak electron temperature should be increased to achieve

1 keV or more in this optimum region of steeper gradients. This results
from the fact that the uncertainties in the rate coefficients and the
abundance of neutral hydrogen, which also contributes to the error through
the charge exchange processes, increase when the temperature is lower than
! keV. Finally, different substances, of which a fraction can exist in the
fully stripped state in such an optimum region, may be better candidates
for future experiments, since the accuracy in the rate coefficients of the

three highest ionization states would then be expected to be greater.
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Figure Captions

Fig. | The iron density profiles for various ionization states,
Fig. 2 The plasma parameters.
Fig. 3 The ionization and recombination rate coefficients for the

ionization states concerned,

Fig. 4 The neo-classical flux, ('Tn J, , of Fa XXIII.

v |

.. and & I

Ii ¢+, are the contributions of the plasma

S S &
ions and Fe XVIII, Fe XXII, Fe XXIV, respectively.

Fig.5 The flux, I; o of Fe X¥ITI, derived from the continuity

equation and the related computational functioms.

Fig.6 The density profiles of Fe XXIII, corresponding to various

anomaly factors,

Fig.7 The dependence of the value of the flux, EE os On the

uncertainty factors,

Fig. 8 The density profiles of Fe XXIIY for various anomaly fac-
tors with 5 7 uncertainty in the rate coefficients, i.e,
6} = 62 = - 3,05, 63 = 6& = 3,05,

Fig. 9 The functicnsfi, fz and the flux {; e’ vhere f§ - f2 =T

Fig. 10 The ionization and autoicnization rate coefficients for the

ionization states concerned.
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