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Abstract

The behavior of argon and nitrogen, injected into single null diverted Ohmic discharges, has been compared. The
screening of the divertor and scrape-off layer plasma is studied by comparing the number of impurity atoms in the core with
the number injected by a calibrated gas puff. The effect of the poloidal position of injection on screening has been
investigated. The core nitrogen density is dependent of an poloidal position of injection while the argon density is not. The
spatial distribution of low charge states in the divertor has also been studied using a muitichord visible spectrometer. Initial
results of nitrogen modeling with the Monte Carlo code DIVIMP are presented.
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1. Introduction

One of the principal functions of a divertor is the
removal of the plasma material interaction to a remote
location where the impurities produced have a small proba-
bility of reaching the confined plasma and polluting it. The
divertor can reduce impurities in two ways, firstly, by
establishing a plasma temperature gradient between the
confined plasma and the divertor target which reduces the
impurity sputter yield and, secondly, by screening i.e.
reducing the probability of impurities produced at the
target reaching the confined plasma [1,2]. Screening may
occur by competition between parallel and cross-field
transport. A high ionization rate in the SOL, far from the
separatrix, is generally likely to improve the screening
since it will decrease the cross-field diffusion rate into the
core. However there are parallel temperature gradient forces
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which can push the impurity ions towards the confinement
region. Good screening depends on having the parallel
force due to the friction of the plasma flowing towards the
target greater than the ion temperature gradient force act-
ing away from it [3,4].

The screening process in the SOL of the high density
tokamak, Alcator C-Mod [5] has been studied using gaseous
impurities. Gas puffing has the advantage of giving inde-
pendent control of the impurity injection rate under a range
of operating conditions so that the screening process can
be studied independently of the impurity -production pro-
cess. In the present paper the effect of different poloidal
injection positions on the screening of impurities has been
extensively studied.

Impurity behavior can be broadly classified as either
recycling or non-recycling. The rare gases He, Ne and Ar
are typical recycling species. Since they are chemically
inert, ions arriving at a surface are backscattered with
some fraction of their thermal energy plus the energy
acquired in the plasma sheath potential at the target. After
recycling they may therefore penetrate deeply into the
plasma before ionization. Non-recycling impurities are typ-
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ified by carbon and metals which are expected to have a
low back-scattering probability. Somewhat surprisingly it
has been found that nitrogen gas also acts like a non-recy-
cling impurity [6], presumably due to its chemical interac-
tion with solid surfaces.

2. Experiment

Screening experiments have been carried out using a
number of gases: He, Ne, Ar, CD, and N,. In the present
study we concentrate on Ar and N,. The details of much of
the experimental arrangement have been described previ-
ously [7,8]. The gas is injected through a number of
capillary tubes entering the vessel at different poloidal and
toroidal locations, A to G, Fig. 1. In addition there is a
single piezo valve, H, at the outer wall which is used to
obtain a faster time response than the capillaries. The
nitrogen radiation in the core plasma is measured with a
single spatial channel, scannable VUV spectrometer [9]
and the argon with a crystal spectrometer [10] viewing Ar
XVII at up to 5 chords simultaneously. The MIST code
[11] is used to calculate the charge state distribution,
including transport, and hence the total impurity content.
The code results are calibrated by the measured brightness
of the Ar XVII or N VIL

The impurity flux from the divertor surfaces is moni-
tored with a visible spectrometer using a 2D CCD detector.
A wavelength range of up to 45 (70) nm can be scanned in
45 ms with a spectral resolution of 0.1 (0.15) nm. Optical
fibers view up to 14 locations at both the inner and outer
divertor simultaneously (see Fig. 1). In addition, there are
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Fig. 1. Poloidal cross-section of Alcator C-Mod showing the gas
puffing positions, A to H. (A) Inner midplane. (B) Inner lower
wall. (C) Private flux zone. (D) Divertor slot. (E) Lower outer
target. (F) Upper outer target. (G) Outer RF limiter. (H) Outer
midplane. The position of the Langmuir probes in the divertor and
SOL and the spectroscopic views of the VUV spectrometer, the
crystal spectrometer and the visible spectrometer are also shown.
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Fig. 2. Comparison of the time behavior of argon (a) and nitrogen
(b) injected in a short pulse from position H, Fig. 1. (¢) Time
behavior of a longer pulse of nitrogen injection. In (a) the number
of confined Ar atoms is compared with the integrated number
injected from a gas injection calibration. In (b) and (c) the
normalized injection rate of nitrogen is used for comparison.

core measurements of n,, 7., total radiation profiles, Z
and other spectroscopic diagnostics. The n, and T, profiles
in the SOL and at the target plates are measured with a
scanning probe and an array of Langmuir probes in the
tiles, respectively [12]. The impurity injection experiments
have been carried out both under conditions where the
effect on plasma parameters is small and also where the
injection of the impurity has been a serious disturbance,
causing the plasma to detach from the divertor target [13].
Typical conditions at the divertor plate vary from T, = 20
eV, n,=1x10" m~? for the non-perturbative studies to
T.=2¢eV, n,=2X10% m™? for the detached conditions.

3. Results
3.1. Argon

For low gas injection rates the number of argon atoms
inside the separatrix at any given time during the discharge
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Fig. 3. The time behavior of the core argon when argon gas is
injected at 3 different poloidal positions, Inside midplane (A),
outside limiter (G) and outer SOL (E). The amount of argon
injected, obtained from a calibration pulse X 0.025, is shown for
comparison.

is proportional to the total number injected, Fig. 2a. The
number of Ar atoms injected, obtained from the pressure
rise in the vacuum vessel during a calibration pulse, has
also been plotted, normalized to the number in the plasma.
Approximately 2% of the injected atoms are in the con-
fined plasma. Gas has also been injected via the capillary
tubes into the private flux zone in the divertor, at the inner
wall midplane and into the outer SOL (positions A, E and
G, Fig. 1). The number of atoms in the core is compared
with the number of atoms injected in Fig. 3. Typically 3%
of the injected atoms are in the confined plasma. It is seen
that within the scatter in the data the number of confined
atoms is independent of the gas puffing position. The
fraction of argon getting into the confined plasma is a
decreasing function of density as previously reported [7]
varying from 3% down to 0.7% as the density 7, increases
from 1 to 3 X 10%°, A number of studies of the dependence
on divertor geometry has been carried out [14]. In general
there is little effect due to the plasma configuration. Varia-
tion of the outer gap from 6.5 to 23 mm, of the elongation
k, from 0.9 to 1.4 and varying the position of the strike
point on the vertical targets made less than 25% variation
in the screening, with no consistent trends. These results
for diverted plasmas contrast with those obtained when
argon is puffed into similar limiter discharges. As much as
45% of the injected atoms then appear in the confined
plasma and the number is dependent on the poloidal
position of injection [15].

3.2. Nitrogen

In contrast to the rare gases, nitrogen or methane puffs
result in an impurity concentration in the confined plasma
which decays with a time constant of ~ 30 ms at the end
of the injection pulse, Fig. 2b, ¢. The time constant is

comparable to that measured for impurities injected by
laser ablation (typically scandium) and indicates an impu-
rity recycling coefficient < 0.3. For a long impurity injec-
tion pulse the impurity concentration rises to a constant
value, Fig. 2c. It is observed in both Fig. 2b, ¢ that the
total number of impurities in the plasma is proportional to
the impurity injection rate (obtained from the gas calibra-
tion) over the whole injection cycle, rather than being
proportional to the integrated amount, as is the case for
argon. The penetration factor (PF), defined as the impurity
number in the confined plasma normalized to the influx
[16], is a characteristic time which varies from 10~ to
1072 s, depending on species and conditions.

Using a fixed nitrogen injection pulse the effect of
varying the plasma density in Ohmic diverted discharges
has been investigated. It is found that penetration factor
decreases slowly with increasing density in a similar way
to argon. However at densities above about 7, = 1.8 X
10 m~* the plasma detaches at the outer target. This
leads to an increase in the nitrogen density in the core as
shown in Fig. 4, where detachment occurred at 0.81 s. The
detachment is shown clearly by the drop in plasma temper-
ature at the outer divertor target. As the core confinement
does not change significantly during divertor detachment
the change in penetration factor is attributed to changes in
the divertor plasma conditions.

The effect of varying the poloidal position of the
injected impurity has been studied. The results for attached
plasmas in Ohmic discharges are shown in Fig. 5. Because
the plasma detaches even without impurity injection at
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Fig. 4. The effect of detachment on the nitrogen core density. (a)
The relative N density from the N VII brightness. (b) The plasma
temperature 7, from a probe close to the strike point on the outer
target.
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i, = 1.8 to 2 X 10%° m™?, measurements in attached plas-
mas can only be made over a limited range of densities. It
is observed that the best screening for attached plasmas
appears to be for gas injection at the inner wall, with least
good screening at the outer midplane. As in the case of the
recycling gases, screening is better at higher densities.

3.3. Divertor spectroscopy

In order to follow the transport of the injected impuri-
ties the spatial distribution of the visible impurity radiation
in the divertor has been studied using a multi-channel
visible spectrometer with chords spanning the inner and
outer divertor. The charge states NI (868.0), NII
(463.0 nm), NIII (451.5 nm) and Arll (442.6 nm) have
been examined. In attached discharges the H,, and the total
radiation are significantly larger at the inner than the outer
divertor target [17], which is consistent with the lower
value of T, there [12]. It is thus expected that the impurity
radiation will be largest at the inner target also.

The spatial distribution of the line brightness of NII and
NIII, with different viewing chords during N, gas injection
from the inner wall, is shown in Fig. 6 for attached
plasmas. The behavior of NII and NIII is similar with the
brightness of both charge states being peaked just above
the inner strike point, near the inner divertor ‘nose’.
During detachment the brightness drops and the peak
intensity moves up ~ 10 mm spatially. Even in attached
conditions the NI intensity does not increase above the
background when the N, is injected. The brightness of the
NIII decreases at all locations with increasing 7n,. over the
range 1.3 to 2.8 X 10°° m ™3, in some cases by as much as
a factor of more than 10. The impurity fluxes have not yet
been calculated from the chordal brightness because of
uncertainty in the plasma density and temperature along
the viewing chords and in the photon efficiencies of the
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Fig. 5. Variation of the penetration factor of nitrogen for different
poloidal injection positions in attached plasmas at different densi-
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Fig. 6. The spatial distribution of the brightness of NII and NIII at
the inner divertor target for attached divertor plasmas. Each
charge state has been independently normalized. The orientation
of the inner divertor can be seen more clearly in Fig. 1.

nitrogen lines. However even the spatial distribution of the
radiation is a useful check on models.

There is a problem that the background of the low
ionization states builds up during an experimental run,
from near the detectable limit to a value as much as
10 times higher. It is presumably due to the build up of the
nitrogen on divertor target surfaces and its subsequent
release by ion induced desorption, due to the plasma ion
flux. This background decays by a factor of 2 in about 10
shots after nitrogen injection stops. An increased back-
ground nitrogen density in the core plasma is also ob-
served.

4. Discussion

The differences between the argon and nitrogen are
marked both in their time dependence and in their depen-
dence on poloidal position of injection. Qualitatively, such
differences are expected on the basis of the definition of
recycling and non-recycling species. Multiple chances for
re-entering the plasma allow recycling impurities to be
redistributed poloidally and toroidally. It has been found
that there is no dependence of the Ar core density on the
poloidal position of injection. This is also true for deu-
terium in Alcator C-Mod. Further experiments are planned
to see if impurities in the divertor can account for the large
fraction of the total amount injected which is not in the
core plasma.

The non-recycling species are interesting from a num-
ber of points of view. The intrinsic impurities (metals,
carbon, boron), are of course non-recycling. Assuming that
non-recycling species are ionized in the SOL, the single
‘pass’ through the plasma means that the impurity density
in the SOL is expected to be proportional to the flow rate.
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Since there are no recycling atoms no assumptions are
required for the energy and angular distribution for these
species.

Modeling has been started using the 2D Monte Carlo
code, DIVIMP [18]. The experimental n, and T, profiles
are used as input to an onion-skin model to calculate the
n, and T, distribution in the SOL for each discharge.
Results are compared to experimental data in Fig. 5. For a
cross field diffusion coefticient D =1.0 m* s™', agree-
ment between model and experiment is within a factor of 2
except at the inner wall, location A, Fig. 1. Screening is
better for atoms injected into the divertor than at the outer
midplane. Less dependence on n, is observed in the model
than in the experiment. More notable is the large differ-
ence between the measured and modeled penetration fac-
tors when gas is injected from the inner wall. The low
measured values are at first surprising. However since
there is a complete toroidal sink at the inside wall, while
the outer protection limiter is localized both toroidally and
poloidally, the low PF may be due to the fact that ioniza-
tion is taking place far from the separatrix and the ions are
lost to the wall even before they get to the divertor.
However direct observations of parallel flow towards the
divertor target have consistently been made [19]. Further
DIVIMP studies are planned to investigate these effects. In
particular the calculated distribution of the low charge
states in the divertor will be compared with experimental
results. It is important to note that thermal gases do not
penetrate as far into the plasma as sputtered atoms because
of their lower energy: they will therefore be better screened.
No direct measurement of the effect of higher energy
species has yet been made on C-Mod.

5. Summary

There is good screening for both recycling and non-re-
cycling gases in diverted Ohmic discharges; this is at-
tributed to the high plasma density and high power density
in the C-Mod SOL. The radial location of ionization is, in
all cases, in the SOL. This is partly due to the low energy
of the injected gas species. While the core density of a
recycling species is proportional to the total number of
injected atoms and is independent of the poloidal position
of injection, the density of a non-recycling species is
proportional to the rate of injection and is dependent on
the injection position. The screening of both recycling and
non-recycling species is significantly reduced when the
plasma detaches from the divertor target.

Screening of non-recycling impurities is best when
impurities are injected in the divertor or at the inner wall.
The good screening at the inner wall is tentatively ascribed

to the sink action of the toroidally continuous wall. Model-
ing with DIVIMP generally gives good agreement with
experiment showing much better screening for impurities
injected in the divertor than at the outer midplane. Spectro-
scopic measurements of the impurities in the divertor
indicate that they are concentrated near the inner strike
point.
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