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Abstract

Some opportunities for measuring ne, Te, Ti, Zeff and background plasma drift
velocities in the edge region of magnetic confinement devices based on impurity
injection are described. The technique would be based on spatially resolving (along ﬁ)
the distributions of successive charge states and the measurement of (Doppler)
temperatures of the states. Some simple analytic relations can be obtained to permit the
extraction of first order estimates of the plasma parameters, one at a time, from the
experimental data; however, in practice, it will generally be necessary to use an
impurity transport code with the input plasma parameters varied to obtain a best fit to

all of the available experimental data simultaneously.



Introduction

In order to improve our understanding of the plasma edge, localized

measurements are needed of electron temperature Te, deuterium ion temperature T+,

electron density ne, effective charge state Zeff, and deuterium ion drift velocity vp+.

In principle, it should be possible to measure these quantities using localized
spectroscopic measurements of the spatial distribution along B of successive charge
states of injected impurities and the measured average (Doppler) temperatures of the
different charge states. Such spatially resolved measurements have been made recently
on TEXTOR using a CO puff [1,2], although no attempt was made there to employ the
method as a diagnostic tool. Impurity injection has also been successfully employed on
TEXTOR using Li beams and laser blow-off to measure edge temperatures and
densities from the radial attenuation of the impurity fluxes [3, 4].

The experimental arrangement proposed here would ideally consist of a short
time pulse injection in the cross-field direction of a narrow beam of impurities.
| Spectroscopic viewing would be at right angles to the axis of the beam, Fig. 1, and
ideally should provide spatial resolution both along B, and along the beam axis. This
arrangement differs from that employed in TEXTOR {3, 4] where the impurity source
is viewed only in the radial direction. Such an injection might be achieved, for
example, by firing a pellet into the plasma. The pellet mass and velocity would have to
be adjusted to produce a sufficient signal, but not to change the edge plasma conditions.
Other arrangements are possible and injection methods which are less than ideal could
still yield diagnostic information, although the data interpretation would be more
complicated. Two-dimensional viewing would most readily be provided by using CCD
cameras fitted with appropriate light filters [1]; time resolution, if needed, would
require fast gating and an image intensifier. One-dimensional viewing (along 1_3)) would

provide information at a single radius. The arrangement shown in Fig. 1 requires two



ports on the tokamak vessel. A single port arrangement has been employed in the MIT
Li pellet (g-profile) experiment on TFTR with viewing co-linear to the pellet trajectory
[5]; the distribution of impurities along B at different radial depths into the plasma is
achieved by time resolution.

The spatial distributions of the density and temperature of successive impurity
charge states are dependent on the plasma parameters ne, Te, Tp+, Zeff and vp+,
usually nonlinearly. Generally, so much information is contained in these spatial
distributions that it should be possible to interpret the observations with an impurity
transport code such as LIM [6-8] so as to extract all these plasma parameters, with
sufficient additional information available to provide consistency checks. Interpretation
would be simplest if the states being observed were so short-lived that cross-field
transport could be ignored. For typical divertor plasma conditions this would generally
limit the charge states to q <3. In order to demonstrate the diagnostic possibilities,
only such simple examples will be described in this report; furthermore, examples will
describe situations where each plasma parameter could be separately extracted, one at a
time. In fact, use of an impurity transport code such as LIM, which includes cross-field
transport, would make it useful to follow all the charge states which can be observed.
Extraction of the plasma parameters could then generally not be achieved one at a time,

but would require an optimization procedure to find the plasma parameters — now

including the diffusion coefficient D)(r) — which would give the best match of code
and experimental results.

Reiterating, the analysis can be carried out sequentially, one parameter at a time,
in order to obtain initial approximations to the values of the plasma parameters,
possibly from analytic expressions; a proper analysis, however, will require the use of
an impurity transport code such as LIM with the input plasma parameters varied so as
to obtain a best fit to all of the experimental data simultaneously. This paper focuses on

the former procedure.



Measuring ne and Te

The electron density and temperature are the most basic plasma parameters in the
edge. They are important to know in their own right, and also because they are needed
in the evaluation of the other plasma parameters, Tp+, Zeff, Vp+. These two quantities
are presently measured by various methods including Langmuir probes by the impurity
injection techniques developed on TEXTOR (3, 4], etc. The impurity injection
arrangement proposed here would provide further opportunities to measure ne and Te.

The spatial extent along B of the impurity neutrals is largely dependent on ne and
Te only — a situation which also often characterizes the lowest charge ion states,
although a weak dependence on the other plasma parameters can arise. A further
simplification occurs over specific ranges of Te for specific impurity species: the
spatial extents are insensitive to Te when the neutral ionization rate coefficient Gvjz is
approximately constant. In Fig. 2 are shown ionization mean free paths, Ajz, for
various elements and charge states assuming impurity particle energy of 15 eV,
characteristic of physical sputtering, and ne = 1019 m-3. For LiO, for example, Aiz
varies by £10% at most for 12 < Te < 150 eV. Thus, from a measurement of the
absolute value of Ajz, ne can be directly deduced.

As is also evident from Fig. 2, the Ajz values of some other species are strongly
dependent on Te in certain ranges of Te. Thus, from a measurement of the ratio of Az
for two different species — one with a strong dependence on Te, the other with a weak
one — Te can be deduced independently of ne. Figure 3 shows some examples of
potentially useful Ajz ratios. Generally it is possible, for each temperature range, to
find a pair of states which give a change in the A-ratio of 2 for a change in Te of a

factor of about 2. The highest sensitivities, however, generally require the injection of



more than one element. Thus, the use of composite pellets is indicated, or the
successive use of pellets of different elements.

The LIM impurity code [6-8] was used to predict the time-integrated spatial
profiles resulting from a 4 mm diameter pellet crossing B at right angles. For
simplicity in this illustration of principle it was assumed that neutrals were launched
uniformly over a zone spanning +2 mm from the centre of the trajectory, with a single
energy of 15 eV and with equal probability in the * direction along B, ie., a 1-D
launch. In reality, physical sputtering resﬁlts in a Thompson velocity distribution [9],
and a particular angular distribution [10]; LIM examples for such distributions are also
shown below. Particles subject to thermal evaporation will be discussed later. An
example of the spatial distributions assuming 15 eV carbon atoms is given in Fig. 4.
For such a launch assumption it is readily shown that the spatial distribution of the

neutrals and for the q = 1 ions are:

Neutrals:
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where Tg, T; are the average ionization times (from original launch) for neutrals and
q= 1 ions, e.g., 1= (ne Fv?z)'l; the source is uniformly distributed along B (the y-
direction) over A; Ao, A1 are the ionization mean-free-paths, e.g., Ag = voTo Where vg
is the neutral launch velocity along y; 1/Ag1 = 1/Ao - 1/A; .

One should note that the spatial distribution of q = 1 ions, Pl(y), given here
neglects all collisional processes with the background plasma ions. In the LIM code,
however, the stopping, heating-up and parallel-diffusion collisions are included, and so
one would anticipate some discrepancy between Pl(y), Eq. (2), and the LIM-calculated
profiles. From the example shown in Fig. 4, the agreement for both CO and C+ with
Egs. (1), (2) is seen, in fact, to be quite good. The reason for the good C*+ agreement is
that for the case shown the C+ ions are not very collisional; this case assumed ne = 1019
m-3, Te = Tp+ = 100 eV, Zeff = 1 which gives for the various characteristic times:
T1 = 3.6 ps, Ts (Spitzer stopping time) = 710 ps, T (Spitzer thermalization time) = 400
Ws, T (Spitzer diffusion time) = 125 ps.

As is evident from Eqgs. (1), (2), the profiles behave exponentially for large y,
with characteristic decéy lengths of Ay and Ay, as expected. Similar results hold for
higher ionization stages, under the same assumption of neglecting ion collisions. For
the current example, the profiles for stages up to C3+ are shown in Fig. 5 and as can be
seen, the exponential behaviour is still approximately followed up to C3+ with decay
lengths not too far from the simply-calculated ones (which assumes particles simply

continue to move along B with velocity vo as they proceed to higher stages of
ionization). For C3+ one has 3 = 97 s, Ts = 79 s, Tr = 45 ps,; = 67 ps (T =73



eV) and so collisionality is marginal. For such cases, it is then reliable to extract values
of Te from the ratio of Ajz's for the lowest ionization stages, Fig. 3. From Fig. 5 one
 finds Ao =0.014 m, Ay = 0.060 m, A2 = 0.28 m, A3 = 1.73 m which may be compared

with the values simply calculated, i.c., voTg, €tc., which are: Ag =0.014 m, A} =

0.056m, A2 =0.28 m, A3 =149 m.

By contrast, a LIM case assuming Te = Tp+ = 25 eV, ne = 1019 m3, Zeff = 1
produces profiles which are fairly close approximations to exponential shapes in the
wings but the exponential scale lengths, Ag/A1/A2/A3 = 0.028/0.15/0.92/1.74 m were in
disagreement with the simply-calculated values for C2+ and C3+: Ao/A1/A2/A3 =
0.027/0.18/1.4/13. The CO and C+ profiles were still as simply calculated which was
expected from the collision times, since the C*+ was only slightly collisional while the
C2+ and C3+ were strongly collisional.

Table 1 gives the LIM-values of Ag, etc., for various cases assuming 15 eV
lithium or carbon neutrals, with comparisons to the simply-calculated values. As can be
seen, for the range of conditions examined the Li® and C+ profiles are not very
sensitive to changes in Tp+ or Zeff, and are primarily functions of Te and ne (with Li0
being approximately dependent on ne only). The ratio of Ac+/Ay o is therefore a good
indicator of Te; as shown in Table 1, the average error in the inferred values of Te was
only 8% for this set of cases. The absolute value of Apjo provides a good measure of
ne; results are also given in Table 1 where the ne values were calculated from the LIM-
values of A1 ;o assuming 15 eV neutrals and Gviz = 8.5x10-14 m-3 sec-! for all cases. The
other values of A are generally less reliably given by the slopes of the LIM-calculated
profiles, and the use of these higher states to extract ne and Te should be done using an
impurity transport code. Nevertheless, these values of A can provide an approximate
measure of Te; as shown in Table 1 the average errors using Ac2+/ALio, ALi+/ALjo,
Ac+/hco, Ac2+/Aco, Ac2+/Ac+, ALi+/Ac+ were 14%, 18%, 19%, 29%, 37%, 54%

respectively, for this set of cases.



The method proposed here for measuring ne and Te from )iz values is the
parallel-to-ﬁ equivalent to the cross-§ method developed on TEXTOR ([3,4], with the
added aspect that the profiles of the ionized states provide additional useful data.

More realistic assumptions may be made about the velocity and angular
distributions of the neutrals at their point of release. Some such elaborations can still be
followed analytically, although the most realistic modelling can only be done with a
code. An extension which can still be approximately reproduced analytically assumes
the Thompson velocity distribution, including a maximum velocity cut-off and an
isotropic angular distribution. One can also allow for the source to be spatially
distributed, although this makes for particularly complicated analytic expressions. Here
it is assumed that all the neutrals are launched at a single value of y. The neutral

distribution can be shown to be:

PO(x) = [Emax(2Epa/mp22/m)] * [exp(-xp)(2p+1)(p+1)2 + x(p+1)1)

- xexp0) Eix(p+1) 2+0)] ©
where

X = fyho
o = f(2/m)2Ebd/mp) 210
Ebd = surface binding energy (8.3 eV for C, 1.7 eV for Li)
my = mass of impurity particle
Emax = (1 + Ebd/Emax)2
Emax = maximum energy of sputtered neutral

= Eimpact ¥(¥-1) - Ebd
Eimpact = energy of ion impacting on the pellet
Y = 4mimpact m1 (Mimpact + my)2



Emax ”
f = &l f (&12-1) "“ae

P = G-t
Ei(2) = I et dt, the exponential integral
z

and the factor (2/rt) gives the average projection of the velocity vector along B for
isotropic launch. This distribution only applies to the neutrals, but also gives a first
approximation to the first few ionization states — again, assuming as before, that ion
collisions can be neglected. Comparisons are made in Fig. 6 between this analytic result
and LIM results for the states up to C3+ with the same plasma background assumed as
before. The simply-calculated values of the A's: Ao = 10.7 mm, A =50 mm, Ay =139
mm, A3 = 890 mm. For the ions, Eq. (3) does not give the peak correctly and so in
Fig. 6 the analytic expression is matched to the LIM result at one location (at yj = Aj/f).
Equation (3) also does not fit the neutral peak precisely, because of the approximate
method of dealing with the angular distribution in the analytic expression, and so here
also the match was made at y = Ao/f. The same general conclusions follow as for the
monovelocity case, namely, that the profiles (except near the peaks) can be used to
extract Ajz reliably for the neutrals, and to a good approximation for the first few ion

stages — at least for plasmas as weakly collisional as the example here.
Measuring Tj and Zeff

The degree of thermalization of the impurity ions is dependent on Te, Tj, ne and

Zeff. If ne and Te have been measured, as by the foregoing method or otherwise, the



values of Tj and Zeff can then be inferred from spectroscopic (Doppler) temperature
measurements of successive charge states. Such measurements need not be spatially
resolved since a spatial average for the charge state provides sufficient information.
Any information on the spatial distribution of the impurity temperatures, however, is
very useful and provides consistency checks; examples of LIM-calculated spatial
distributions of impurity ion temperature are shown below.

It can be shown that the average temperature of ion charge state q is given

approximately by
Tq=Tq1 +(Ti - Taa) (1+ Trftg)? @

where Tq is the Spitzer thermalization time of state q, Tq is, as before, the average

ionization time of state q, and Tj is the background, e.g., deuterium, ion temperature.
One may note a useful feature from Eq. (4), namely, there is no dependence on ne since

it cancels out in the ’th/Tq ratio. The ratio ‘!‘1"‘]/1:q°c 'I?n q? Z;}f OVizg and thus from a

measurement of the temperature of three successive charge states, together with a
knowledge of Te, i.e., BViz, one can deduce both Tj and Zeff. Although it is not
immediately obvious, it often turns out to be the case that uncertainty in the value of Te
has only a relatively small influence on the value of Tj deduced.

By way of illustration, the same case as discussed above gave the following LIM-
calculated temperatures: ’i‘c+ = 15.8 eV, ’i‘c2+ =264 eV, 'i‘c3+= 73.2 eV. If one
assumes that Te = 100 eV then the use of Eq. (4) together with these impurity
temperatures gives Tp+ = 99.5 eV, Zeff = 1.01 which are very. close to the values
assumed as input for this case. The effect of uncertainty in the value of Te primarily
influences the deduced value of Zeff; the assumption of Te = 50 (200) eV in Eq. (4)
gave for this case Tp+ = 101 (130) eV, Zeff = 0.55 (1.26). That is, an uncertainty of a

10




factor 2 in Te gives an uncertainty in Tp+ of ~15% and ~25% in Zeff for this case. The
fact that Zeffr 2 1 is required places a limit on the effect of uncertainties.

A second LIM example using as input assumptions Te = Tp+ = 50 eV, ne = 1019
m-3 and Zeff = 3 found Tc+= 18.6 eV, Tc2+= 40.4 eV, Tc3+ = 49.7 eV. Application
of Eq. (4) assuming Te = 50 eV gave Tp+= 49.99 eV, Zeff = 3.004. Assuming Te =
30 (70) eV gave as output Tp+ = 49.97 (50.1) eV, Zeff = 1.49 (4.11); in this case a
negligible uncertainty in Tp+ but a larger, ~45%, uncertainty in Zeff. The Zeff-
uncertainties are thus about the same or smaller than the Te-uncertainty; of course, the
effect of uncertainties in the measured 'i‘imp also have to be included.

For cases where Tp+is near the value of the neutral impurity temperature
associated with physical sputtering, it may be advantageous to employ pellets which will
produce colder neutrals, so as to spread out the successive charge state temperatures
over a reasonably large range (to deduce Zeff). This could be achieved with
ablative/evaporative pellets. An attractive possibility would be frozen CO pellets since
CO is known to break up into ~0.05 eV atoms and ions [1,2,6]. An additional advantage
to employing pellets with two elements is that the quantity of data essentially doubles,
providing many consistency checks.

Spatial resolution of impurity temperatures would provide further data for
deducing Tj and Zeff. Figures 7a and 7b show examples of LIM-calculated temperature
distributions for two different values of Zeff. Fitting of the spatial shape and absolute
magnitude of the temperature of even a single stage of the impurity may be adequate to
deduce both Tj and Zeff. The effect of starting at low neutral temperatures is
incorporated here with the source assumption of 0.25 eV, isotropic (sublimation)

carbon neutrals being used in these cases.
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Measuring vy,

The sink action of limiters and divertor target plates for impurity ions is largely
dependent on the force of friction due to the deuterium drift velocity vp+. Other forces
~ also operate on impurity ions, including electric fields and temperature gradient forces,
but in many situations these forces are less important than friction [12]. It is therefore
important to establish the magnitude of vp+, and also the drift direction since for a
highly recycling divertor flow reversal may occur, a process which could transport
divertor impurities toward the main plasma. Plasma flows at the edge have also been
implicated in enhanced confinement regimes of tokamaks where plasma rotation is
associated with radial electric fields and altered cross-field transport [13].

If the deuterium ions are drifting, then the spatial distribution of the impurities

will be skewed. The degree of skewness will depend on vp+ — also on ne, Te, T+,

Zeff which would have to be measured as above or otherwise. An example of carbon
profiles is given in Fig. 8 for vp+ = 2 x 104 m/s to the left and purely along the B
direction (no poloidal drifts). Other plasma conditions are given in the caption.
Defining skewness as the ratio of, say, the C2* density at £5 cm either side of the
injection point, one has a measure of vps, Fig. 9. Some examples of FeZ* are also
shown in Fig. 9. Figure 10 shows examples of C0, C+, C2+, C3+ profiles for two
different neutral energies, 0.05 eV (as from dissociating CO) and 15 eV (as from
physical sputtering). Assumed background: Te = Tp+ = 50 eV, ne = 1019 m-3, Zaff =
1. Although the profiles are quite different for the two launch energies, the sensitivity
to drift velocity does not differ substantially. The differences with the more collisional
example of Fig. 8, however, is marked. The impurity collision rate varies as qzzefng-,iz
and thus the asymmetries are as dependent on this quantity as on vp+.

The skewness patterns shown in Figs. 8 and 10 can be related to simple analytic

derivations, at least as to their broad features. Provided the ion species is not too
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collisional the extent of the profile upstream is given by the distance required to stop
the ions by friction, based on the initial neutral velocity. The upstream profiles also
clearly include particles which have travelled further upstream by diffusion. The extent
of the profile downstream can be estimated by similar methods.

When other forces than friction are operative, then the skewness is no longer a
measure of vp+ but of the net force on the impurities. Often, however, it is the net
impurity force which is of primary interest in any event. In such cases, it would be
preferable to employ injected impurity species which are close in mass and charge to
the impurity species whose transport is of interest since the net force can have a

complex dependence on m and q.
Signal Strength and Plasma Disturbance

The impurity injection must be sufficiently massive to provide a measurable
signal, yet not perturb the edge plasma. On TEXTOR the Li thermal oven must
produce ~2x1014 Li/s in order to provide an adequate signal from the Lil resonance
line at 6708A for the Si-diode array camera and filter system [11]. That system
integrates in time over 0.5 ms and spatially over the two directions perpendicular to the
injection axis; the Lil is typically distributed over about 5 cm along the axis. Thus
about 1010 Li are needed per cm of axial length per frame. For a 4 mm diameter pellet
releasing neutrals by physical sputtering, thus Ag = 1 cm, there will be of order 1022
Li/mZ2/s injected into the flux tube (along B) (assuming ne = 1019 m-3,Te = Tp+ = 50
eV, and a sputtering yield of a few percent). For a pellet moving at 100 m/s, therefore,
about 1014 Li atoms will be injected per cm of its trajectory, entering a flux tube of
cross-sectional area about 1 cm2. Since this is about 104 times larger than the level

required to provide a measurable signal it should be adequate even when allowance is
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made for the fact that non-resonance lines may be involved for other states of interest
and that enough signal is required to measure spatial profiles along B.

With regard to disturbing the edge plasma, this will be a problem for
ablative/evaporative pellets if they are large and/or slow. For pellets whose neutral
production is due to physical sputtering it seems unlikely that the disturbance would be
substantial; even large surfaces such as limiters continuously in contact with the edge
plasma generally do not disturb the plasma by impurity release. Quantitatively one may
consider the example of ng = 1019 m-3, Te = Tp+ = 50 eV for which the D+-D+ mean
free path Ajj = 3 m. Even neglecting ion heat conduction across or along B, the diluting
effect on the local ion temperature, Tp+, extending over a distance Ajj from the
injection along ﬁ, will not be great since this length of flux tube contains an order of
magnitude, or more, D* ions than the number of Li particles injected. With regard to
disturbance to Te, electron heat conduction along B would be sufficiently strong to
prevent significant cooling; for the same example, and assuming a length of Te-gradient
along B of ~10 m (beyond which cross-field heat transfer is assumed to be strong
enough to keep Te fixed at 50 eV) then an impurity radiation load of ~103 eV/particle
injected only reduces Te by ~1 eV near the pellet.

When low signal levels are a problem then ablative/evaporative pellets may be
required, providing they are kept small enough and/or fast enough to avoid plasma
disturbance. The source particle release mechanisms may be simpler and better known
a priori than for physical sputtering, thus permitting more reliable use of the neutral
experimental data. The spatial extent of the neutrals, however, may be too small to be
spatially resolved.

In practice it will be important to confirm that the plasma is not being changed
locally. Varying the pellet size and speed should yield the same plasma parameters for
identical plasma operating conditions until the pellet size is made too great or the speed

too low.
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General Procedure

The foregoing outline of the proposed procedures for obtaining the plasma
parameters has placed emphasis on the possibilities of extracting each parameter
separately and by simple, analytic methods. This was done primarily to demonstrate the
principles involved and to indicate sensitivities. The more general procedure
recommended would be to employ these techniques to obtain a first estimate of the
parameters which would then be used to assist in the identification of a best-fit solution
employing an impurity transport code such as LIM. In this way all of the experimental
data would contribute to the identification of a set of plasma parameters. Generally it
would be expected that a unique set of parameters would be obtained by this procedure
since the number of measured quantities can readily be made sufficiently large to
constrain the solution. The use of a code and a fitting procedure may also make it
possible to deduce the cross-field diffusion coefficient if measurements of sufficiently
long-lived states are made.

The cases analysed above assumed the existence of a known source mechanism,
characterized by specific velocity and angular distributions of the released neutrals,
e.g., Vo, etc. For the case of impurity injection via fast pellets, the source may be
difficult to characterize in practice. Release may be due to a combination of sputtering,
sublimation and other processes — each with their own neutral velocity distributions.
Sputtering will be by plasma impurity ions, as well as hydrogenic ions, each process
having a different velocity cut-off for the released neutrals. The pellet shape may
change during flight and tumbling may occur, influencing the angular distribution of
the neutrals. Such complications would not necessarily prevent the extraction of plasma
parameters, however, the simple and one-step-at-a-time techniques described above

would provide poorer first estimates, and a greater dependence on the use of an
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impurity code to fit all of the available experimental data would be necessary. Some of
the experimental data, which could otherwise have been used for consistency checks,
would be required directly for extraction of the plasma parameters. For example, with
the use of a code the measured neutral particle spatial distribution and the measured
neutral temperature become, in effect, a replacement for the possibly unknown source
angular and velocity distributions.

It is therefore worth considering alternative impurity injection methods such as
the laser blow-off and neutral beam techniques employed on TEXTOR [3,4] to evaluate
né and Te from the spatial distribution of neutral impurity particles across B. Since the
presently proposed techniques are based, in part, on the spatial distributions of neutrals
and ions along ﬁ, it would be useful to have simple and well-characterized velocity
distributions of the neutrals along B — which can be the case for these injection
methods. The achievement of a narrow beam of impurities would be useful for the
application of the simple approximate methods of parameter evaluation, which is more
readily achieved with the neutral beams than laser blow-off. In any case, the beam
width should not be substantially greater than the Ajz values for the states of interest.

The viewing system in Fig. 1 need not involve time-resolution. Incorporation of
time-resolution, however, would provide additional data which could be usefully
employed in finding an over-all fit between experiment and (time-dependent) modelling
to extract the plasma parameters. The time resolution would generally have to be quite
fast in order to follow the low ionization states which peak quickly; for example, for
- carbon and Te = 50 eV, ne = 1019 m-3 one has To/t1/12/13 = 1.1/5.4/27/175 ps.Thus
even with an image intensifier, it may not be possible to obtain time-resolved
information for the lowest stages. Time-resolution for the lowest stages would also
require high penetration velocities of the impurity beam (across E): if a radial spatial

resolution of 1 cm is wanted then a 10 s time resolution requires a penetration velocity
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>103 m/s. Such penetration velocities are at the limit of pellet technology, although

they are achievable using the other methods.

Conclusion

A large number of plasma diagnostic possibilities would appear to exist, based on
impurity injection with measurements of spatial profiles of successive charge states of
the impurity and spectroscopic (Doppler) temperature measurements of the states. The
use of an impurity pellet would enjoy advantages of simplicity, good penetration and
flexibility as to impurity type. A number of potential concerns will require
experimental resolution including adequate viewing, adequate signal, avoidance of
plasma disturbance and uncertainties associated with the velocity and angular
distribution of the impurity neutrals. As a first approximation, it should be possible to
extract plasma parameters from the experimental data by one-step-at-a-time procedures
based on simple analytic formulae. In practrice, given various uncertainties,
particularly those related to the particle source mechanisms, it will be necessary to
employ an impurity transport code such as LIM with the plasma input parameters

varied so as to obtain the best fit to all of the experimental data simultaneously.
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Figure 1. Schematic of ideal injection and viewing aﬁahgéméﬁt. View to measure
impurity density and impurity temperature of successive charge states
two-dimensionally, along B and along the line of injection.
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Figure 2.  Mean-free-path for ionization Ajz for particles moving with 15 eV kinetic
energy as a function of Te; ne = 1019 m-3. For certain species, such as
LiO, Ajz is essentially constant over a wide range of Te. The value of ne
can therefore be deduced from a measurement of Ajz. The vertical bars
marked on certain of the curves indicate the Te-range over which Ajz

varies by less than 10%.



Figure 3.
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Ratio of Ajz values for various pairs of impurity species. Ratios are
independent of ne therefore providing a means of measuring Te.
Generally it is possible to find a species pair for which reasonable

sensitivity occurs, i.e., about a factor 2 change in the ratio for a change of
factor 2 in Te.



Figure 4.

0.2

LIM-calculated profiles of CO, C+, C2+ C3+ for injection of 15 eV
neutrals in the region y € [19.002, 20.002 m] (lines). Case of Te = Tp+ =

: o’
H s
daseol L

196 198

192 194

havese
3=

—
'--o--- :

19.9

100 eV, ne = 1019 m-3, Zeff = 1, no deuterium flow velocity. The points
are from the analytic expressions, Egs. (1), (2). B gives expanded view of
A.
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Figure 5.  Logarithmic plots of CO, C*, C2+, C3+ profiles shown in Fig. 4. C° (e),
C+(a), C2+ (A), C3+ (©). Profiles are seen to be approximately
exponential but for the higher ionization states the e-folding lengths differ
from those simply-calculated, see text. Vertical scale is arbitrary.
Horizontal scale differs for each state.



Figure 6.  As for Fig. 4 but source is now characterized by a Thompson velocity
distribution (with cut-off at maximum neutral energy) and an isotropic
angular distribution. Lines give LIM code results, points from analytic
expression, Eq. (3).



Figure 7a.

Figure 7b.

Spatial variation of carbon ion temperatures calculated with the LIM
impurity transport code. For ne =2x1019 m-3, Te =20 eV, T+ =40 €V,
Zeff =1, vp+ = 0, Dy =0. Full scale: For C*, 17.4 eV; for C2+ 372
eV, for C3*, 38.2 eV. The C2*, C3* have approximately thermalized to
the local deuterium ion temperature within a short distance from the
injection point at Y = 20 m. Source is 0.25 eV, isotropic atoms.

Same as Figure 7a except Zeff = 2. Full scale: for C*, 26.6 eV; for C2¥,
38.1 eV; for C3* 38.2 eV. For direct comparison, the C2* curve from
Figure 7a has been sketched in (same scale for the two C* curves).



Y M)

Figure 8.  Carbon spatial profiles in a drifting deuterium plasma, vp+ = 2x10% m/s

to the left and purely along B (no poloidal drifts). Te = 20 eV,
ne = 2x1019 m3, Tpy =20 eV, Zeff = 1, D) = 0. Source is 0.25 eV,

isotropic atoms.



Figure 9.

Impurity Density Skewness

Vs [10* m/s]

Dependence of skewness of C2* and Fe?* profiles as a function of vp+ and
Tp+. Skewness = ratio of densities of Z = 2 ions at locations 5 cm either
side of the injection point. For ne = 2x1019 m™3, Te =20 eV, Zeff = 1.
Results are for: Tpy = 10eV, (m), 20 eV (O), 40eV (Aa). Bracketed
points are for iron, other points for carbon. Carbon source is 0.25 eV
neutrals, iron 1 eV neutrals. For reference it may be noted that the

deuterium isothermal ion acoustic speed is 3.3x104, 4.4x104, 5.3x104 m/s
for Tp+ = 10, 20, 40 eV, respectively.
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As Figure 8, but for a less collisional plasma. Here Te = Tp+ = 50 eV,

ne = 1019 m-3, Zeff = 1, Dy = 0. Profiles are strongly dependent on the

neutral launch energy, here 0.05 eV (as from dissociation of CO) and 15
eV (as from physical sputtering), however the sensitivity to deuterium
drift velocity vp+ is about the same. The deuterium ion acoustic speed is

6.9x104 m/s.
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