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Abstract

Density profiles for a light impurity, boron, are reported for internal transport barrier (ITB) discharges in Alcator
C-Mod. During the ITB, the light impurity gradient steepens because the impurity pinch increases relative to
diffusion. The ITB-induced impurity profile steepening is at approximately the same major radius as that for the
main-ion profile. Neoclassical transport does not describe the light impurity profiles but transport is closer to
neoclassical in the ITB region. In previous work on C-Mod, profiles of seeded heavy impurities (introduced by
puffing) peaked during the ITB, but a marked difference between transport of heavy and light impurities has been
reported for other tokamaks. With the addition of light impurity profiles described here, the ITB on C-Mod is shown
to share additional profile traits with the ITB on other tokamaks. This confirms that the macroscopic features of the

C-Mod ITB are similar to those on other devices although it leaves open the details of the onset of the ITB.

PACS numbers: 52.25.Fi, 52.25.Vy, 52.55.Fa

1. Introduction

Tokamak discharges with internal transport barriers (ITBs)
have peaked main-ion profiles that may lead to higher core
reactivity. If the impurity profile is also peaked or if impurities
simply accumulate, then there will be deleterious effects on
the plasma: radiation losses will increase and plasma dilution
will reduce reactivity. New measurements of boron profiles
with spatial and temporal resolution are reported for Alcator
C-Mod. With the addition of these light impurity profiles, the
ITB phenomenological description in C-Mod is more complete
and more easily compared with the ITBs generated in other
tokamaks. In view of the differences between light and heavy
impurity transport in ITBs [1], it is important to characterize
the behaviour of light impurities.

The Alcator C-Mod ITB is described in detail elsewhere
[2,3]. Only a brief summary is included here as a background
for this research. Typically, an ITB can be formed only from
enhanced D, (EDA) H-Mode plasmas. Off-axis deposition
of ion cyclotron resonance heating (ICRH) triggers the ITB
described here, but an ITB can also be formed without any
auxiliary heating by applying a particular prescription for
toroidal field ramping. The ITB is known to be characterized
by peaked pressure profile which is mainly a result of peaking
in the main-ion density profile. Thermal diffusivity xeg is
reduced during the ITB as evidenced by profile simulation [2]
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and by heat pulse propagation [4]. T, does not peak as shown
in those references and here as well. (7, T; and n, peaking as
observed in C-Mod and in other devices is discussed in a recent
review [5].) Heavy impurities (argon) accumulate in the ITB.
The density peaking can lead to excitation of a trapped electron
mode (TEM) which quenches the peaking in the ITB [6]. The
TEM can be controlled by heating the core with additional
ICRH. Further peaking of the pressure profile is then quenched,
and a quasi-stationary profile is maintained. Finally, note that
the ITB is a macroscopic feature which is not necessarily due
to the same mechanisms on different devices. Thus, this paper
adds missing data, light impurity profiles, to the other Alcator
C-Mod data and may lead to improved understanding of ITBs
in C-Mod.

We have extended the work of Rice [3] for heavy ions
to lighter, boron ions. In the earlier work on C-Mod, chord-
averaged measurements of puffed argon ions were reproduced
in numerical simulations of impurity transport to characterize
the transport. The measurements described here are made
using charge-exchange recombination spectroscopy (CXRS)
techniques with emission excited by a diagnostic neutral beam
(DNB) since the ions of principal interest are fully stripped and
good spatial resolution is required. An advantage in the study
of light ions is that the fully stripped ion may contain the entire
density of the impurity in high temperature tokamaks such as
C-Mod. Analysis and interpretation is then less complicated.
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The usual numerical analysis is simpler. Useful transport
information can also be extracted from analytical analysis of
the profiles. The latter is not possible for heavy impurities.
These advantages of light impurity ions have been effectively
exploited on other devices [7, 8].

In previous work on the Joint European Torus (JET) [1],
and for ITB discharges on JT-60 [8], it was demonstrated that
light impurity transport differs from heavy impurity transport.
Light impurity transport has not yet been reported for C-Mod.
Here, light impurity transport is added to the data previously
taken on C-Mod and provides another point of comparison for
ITBs in different devices. Completing these sets of profiles for
different devices is important in that the ITB may differ among
devices.

The paper is organized as follows. Section 2 describes
the plasma conditions, the magnetic configuration that is
used to generate the ITB in Alcator C-Mod and the methods
for measurement of the boron density profiles. Section 3
introduces the measured profiles of boron. In particular, the
gradient steepening in the impurity profiles which are caused
by the ITB are compared with the ITB-induced effects in the
Ti, n. and T, profiles. The impurity transport analysis is
presented in section 4. The analysis of the fully stripped profile
of boron in section 4 demonstrates that the impurity pinch
is enhanced during the ITB. The changes in the convection
are more than a simple change in magnitude: evidence is
presented for a change in direction of the impurity convection.
Just prior to the formation of the ITB, the convection is
outwards. As the ITB evolves, the convection becomes
an inward pinch which increases in time before reaching a
saturation. This is confirmed by numerical impurity transport
simulations. Comparison with the benchmark neoclassical
transport indicates that anomalous transport of light impurities
is reduced during the ITB and at the location of the ITB.
Comparison with heavy impurity C-Mod results and with
light and heavy impurity measurements on other devices is
presented in section 5.

2. Experimental conditions

The ITB for these experiments was formed in a plasma of
constant toroidal field (4.4 T) and constant plasma current
(0.8 MA). The magnetic configuration was a lower single null
with B x VB in the favourable direction. The EFIT [9] recon-
struction is in figure 1. Safety factor gos for these discharges
was approximately 4.1. Typical time series for these discharges
are shown in figure 2. Auxiliary ICRH heating (figure 2, panel
a) with an input power of 4 MW triggered the ITB at approxi-
mately 0.73 s. The resonance locations were on the high field
side as indicated in figure 1. The deposition profile is shown
in figure 3. Typical core electron density was 4.0 x 102° m~3.
Following ITB trigger, the . profile evolved to a peaked profile
as shown in figure 2, panel d. The core electron temperature
was 1.5keV. The boron density peaked also following onset
of the ITB (figure 2, panel f). Vertical lines in figure 2 show
the times for which profiles will be reported. Profile peaking
begins soon after the time indicated by the blue vertical line,
and this time is labelled as At = 0 in the profile graphs.

The density profiles of intrinsic boron are measured with
active charge exchange. A new long-pulse (1.5 s) DNB is used

Alcator C—Med (CXRS views)
T T T

[ ] T T T T

T [ T B

Q.4

Q0.2

Q.0

Z (m)

AT I AT AT IS

0.4 0.6 0.8 1.0
R {m)

Figure 1. Typical magnetic configuration for the ITB discharges.

B x VB is in the favourable direction. ICRH is resonant on the high
field side of the plasma (vertical dashed lines for R < 0.6 m). The
DNB is displayed as a green rectangle. Improved boron confinement
is observed on flux surfaces (shaded in red) which are interior to the
flux surfaces on which ICRH is resonant (shaded in blue).

to measure the boron density for the full plasma pulse [10,11].
The beam is injected from the low field side of the plasma
and is displayed as a green rectangle in figure 1. Its radius is
approximately 6.2 cm (half width at half maximum) [12], and
it is typically operated at 50 kV with an accelerated current of
6 A. The boron spectral line used is 4966.67, B* n = 6-7.
Emission is collected with a recently installed poloidal, wide-
view optical array [13]. The array comprises 20 viewing chords
which are lined up along the beam axis and cover the outer
half of the C-Mod cross-section (0.67m < R < 0.91 m). The
channels have spatial resolution of £0.8 cm and are separated
by 1.2 cm from each other. The spatial resolution includes both
the curvature of the flux surfaces and the imaging properties of
the viewing optics. All optical channels are absolute-intensity
calibrated. The ultimate temporal resolution of the diagnostic
is 12.5 ms which is defined by the beam modulation capability
and the read-out time for the spectrally resolved images. With
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Figure 2. Time series for the ITB discharge. (a) RF power, (b) core
ne, (c) core Ty, (d) n, peaking, (e) core B* density, (f) B** peaking.
The principal analysis times are identified. For use in later figures:
At = 0, blue vertical line, At = 0.12, black, At = 0.3, red.

this beam, the ratio of active to passive emission is typically
0.5-1. The active charge-exchange signal is separated from the
passive signal in the observed emission spectra by means of
time-slice subtraction and the uncertainty in all data processing
is included in the error bars shown in the graphs. The atomic
data and the experiments used to determine contribution from
excited beam neutrals are described elsewhere [14]. Beam
stopping cross sections required for the analysis are from the
Atomic Data and Analysis Structure (ADAS) [15] which is
also reported elsewhere [16]. A second source [17] for the
data has been used with no significant change in results.

3. Measured boron profiles and comparison with
other plasma profiles

The B* density profile steepens during the ITB. As will be
shown in section 4, the fully stripped B*> ion is the only boron
ion for p < 0.7 where p is normalized poloidal flux, and
the boron profiles in figure 3 are also total boron profiles.
That fact will be used to simplify the transport analysis in
section 4. The profiles in figure 3 were acquired as the
boron density evolved following the formation of the ITB.
The uncertainties represent statistical errors in fitting the data
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Figure 3. Evolution of B** profile versus normalized poloidal flux p
during an ITB. At is the time elapsed following ITB formation. The
ITB-induced impurity gradient is interior to the ICRH deposition
(dotted black line, right axis) and interior to the ITB region as
defined using the electron density profile. The uncertainties
displayed for At = 0.3 are typical of all the B** density data.

to a line model as well as uncertainties in the calculation of
the beam density attenuation due to electron temperature and
density uncertainties. The uncertainty displayed for the fully
evolved ITB profile at At = 0.3 s are typical of all the B*
density data shown in figure 3. Immediately after the formation
of the ITB, the boron density profile is unchanged from the
EDA H-mode profile and is characterized by a slightly hollow
or flat profile. As the profile evolves during the ITB, it steepens
in the range 0.1 < p < 0.4. This region is shaded in figure 3,
and is the main region of interest here. The limits will be
discussed later. Profile evolution ends in a quasi-stationary
profile approximately 0.24 s after the ITB forms and is then
time independent for approximately 0.12s. The gradient of
the fully evolved profile will be shown to indicate improved
confinement in section 4. As shown in figure 1, ICRH is
resonant on the high field side of the plasma. Comparison
with that and with the deposition profile in figure 3 shows that
impurity gradient steepening is interior to the flux surfaces on
which the ICRH is deposited.

The pressure profile peaks as the ITB evolves (figure 4).
Density peaking is the main contributor as indicated by the
electron density profile, also in figure 4. Electron temperature
is less of a contributor as indicated in figure 5. The foot of the
ITB is defined using the electron density profile and indicates
the largest radial extent of the main-ion particle effects of
the ITB. The peaking of the n. profile occurs for p < 0.4.
For p > 0.4, ne(p) is unchanged by the ITB. The region
of principal interest is shaded in the figures. The region is
bounded at large p by observable n. profile effects. The region
is bounded at small p by the practical limits on analysis of
boron data. The light impurity profile steepens inside the
ITB region. The T, profile is essentially unchanged during
the transition to the ITB. Note also that the small change in
T, is a feature of C-Mod ITBs and does not imply a lack of
improvement in the thermal channel as discussed in section 1.
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Figure 4. Electron density profile evolution during an ITB. At is the
time after the ITB forms. The pressure profile is also shown as
dashed and dot—dash lines. The ITB foot is defined using the
experimental data points and is at the right edge of the shaded region.
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Figure 5. Electron temperature profile evolution during the ITB. Az
is the time after the ITB forms. The ITB foot is at the right edge of
the shaded region.

The boron peaking is compared with electron density
peaking in figure 6. Different discharges are distinguished by
colour, and the increase in peaking which occurs with time
can be followed from the lower left to the upper right for
each discharge. As illustrated in figure 2 and in figure 4, the
electron density profile peaking increases as the ITB evolves.
The comparison in figure 6 demonstrates that boron peaking
starts weaker but increases more rapidly than does the electron-
density profile. The boron profile can achieve values that are
more strongly peaked than the electron density profile. In these
ITB discharges, accumulation is not consistently observed but
may occur.

As for Te, T; is little changed during the ITB although it
may evolve to slightly higher values (figure 7). The increase
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Figure 6. Peaking of the boron density profile relative to the
electron density profile. Peaking is displayed for a group of closely
related discharges each of which is distinguished by colour. For a
particular discharge, time increases from lower left to upper right.
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Figure 7. Ion temperature profile evolution during the ITB. At is
the time after the ITB forms. The ITB foot is at the right edge of the
shaded region.

may be as large as approximately 20% and is consistent across
the set of discharges used in this analysis and is also consistent
with the increase in 7.. The T; profile may be broadening
as predicted by Zhurovich [18]. Unfortunately, typical data
uncertainty in this experiment precludes this conclusion. It
is useful to note that broadening of the 7; profile leads to
stabilization of ion temperature gradient (ITG) modes which
then leads to the ITB.

4. Impurity transport

Impurity transport information is extracted from the data using
an analytical analysis of the profiles as well as numerical
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simulation of the impurity transport. As is well known,

impurity transport is governed by

e

W+V-F}:Sj:, 1)
where n is the jth charge state for impurity z, T} is the
impurity flux and S; is the impurity source.

In figure 3, the boron profile has evolved to the steepest
gradient by At = 0.24s and then is time independent for
approximately 0.12s. This is the temporal range of interest
here since it represents the fully evolved impurity profile for
this ITB discharge. In equation (1), Bnﬁ/at =0.

A useful model for the flux in equation (1) is in equation (2)

Fj=_DW+Unj’ (2)

where D is the diffusion coefficient and v is the convective
parameter.

This model is widely used. Though a simple form, it can
be used to describe both quasilinear and neoclassical impurity
transport.

For p < 0.7, the B*> density is the same as the total
density of boron since the plasma temperature is sufficient
for it to be the only boron charge state that is present. It is
also a trace impurity. For that range of p, the source term
in equation (1) is negligible because of the absence of other
charge states of boron. The time derivative can be neglected
as discussed earlier. Thus, the ratio of convection parameter
to the diffusion is simply the logarithmic derivative of the B*>
density profile:

1 0n;

. = — or
n; or D

L'=—. 3)

In this experiment, the time-independent profile of the impurity
density allows inference of the ratio of convection to diffusion.
A time dependent experiment, such as by variation of the
impurity source, is needed to separate D and v. The time
dependent experiment is not currently possible on C-Mod.

The quantity v/ D is very useful for comparison of theory
and experiment. On the experimental side, its computation is
just a straightforward calculation of the profile scale length. Of
course, it is the profile scale length of the total impurity density
so it is most easily acquired from the profile of a fully stripped
light impurity in a plasma of moderately high temperature and
density. Predictions for v/D due to collisional transport are
naturally available from neoclassical theory. The results of
several gyrokinetic turbulence simulations suggest the flux of
equation (2) is a useful way of expressing the results [19], and
the peaking factor appears repeatedly in that literature. In a
more general sense, the peaking factor has been related to the
radial electric field via the Einstein relation [20].

The impurity peaking factor v/D or inverse scale length
Lgl is plotted in figure 8. The uncertainties in the two profiles
derived from the data of figure 4 are based on an analysis
similar to that of Testa [21]. The conditions for interpretation
of the inverse scale length as the ratio of convection to diffusion
hold at least over the spatial range of the ITB (p < 0.4). As
the ITB evolves from At = 0 to At = 0.3 s, a strong inward
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Figure 8. The inverse scale length for the impurity (solid curve and
dashed curve) decreases as the ITB evolves. These are an empirical
v/ D (interpretation motivated by equation (3)) which becomes more
negative (pinch-like) in the fully developed ITB. A numerical
simulation at At = 0.3 s is shown as a dash—dot curve. A
neoclassical prediction v,/ Dyeo (€quation (4)) is shown as a
hatched band.
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Figure 9. Simulation of B+’ density (solid line) and B** density
(dash—dot line) compared with the measured B** density (A) at

At = 0.3s. v/D (dashed line) required in the simulation is plotted
on the right axis.

impurity pinch appears. The pinch extends over the range
0.1 <p<04.

Numerical simulation [22] of the impurity transport for
these discharges confirms the results of the profile analysis.
The simulation is a 1D transport code in which main-ion
density and temperature profiles are fixed and one impurity
(boron) is allowed to reach equilibrium for a particular set
of D and v. All boron charge states are included in this
simulation. The result of the simulation is shown in figure 9
for the Ar = 0.3 case. B** is limited to the range p > 0.7.
For p < 0.7, the only boron ion is fully stripped B*> so
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that it represents the total boron density. Also for this range,
atomic rates which are included in the transport simulation
are negligible. Then, the assumptions of the profile analysis
are confirmed. The simulated boron density reproduces the
measured B*> profile for the v/ D profile shown in the figure.
The v/ D profile in figure 9 is the simplest that reproduces the
impurity profile. Little physical significance attaches to the
high spatial frequencies in the profile. The natural smoothing
in the simulation would produce the same B*> profile for
smoother and more physical versions of v/D, but the only
purpose here is to assure that a standard simulation produces
the v/ D independently of the profile analysis described above.
The simulated v/ D profile is reproduced in figure 8. It is quite
similar to the empirical v/D and confirms that the convection
becomes strongly inwards during the ITB.

The base-level transport in a tokamak is neoclassical
transport. For this study as for previous work, nearness
to neoclassical transport is then taken as a measure of
the reduction of anomalous transport. Both diffusion and
convection are a combination of anomalous and neoclassical
components. Turbulence causes departures of convection from
the neoclassical values (see [19] and references therein) as
well as for diffusion. Since v/D is the strongest result of
a time-independent impurity transport experiment, nearness
to neoclassical theory is quantified using this difference
(Uneo / Dneo)

An analytical representation, equation (4), for the
neoclassical ratio was developed based on [23,24]:

(U“e“> =é<idnil)+](idﬁ>. 4)
Dneo ZD np dr TD dr

This assumes impurity-main-ion collisions dominate other
collisions and that the main-ion and impurity temperatures are
the same. Both are satisfied here. Electron effects do not
appear because of small impurity-electron collisionality. The
factor K in the temperature gradient term may change sign
depending on regime. For the ITB period of the discharges
described here, the deuterium fuel ion is in the banana regime
and boron, the impurity is in the plateau regime. For this
plasma, K = —0.18. Whether the convection is inwards or
outwards depends on a competition between density gradient
term and the temperature term.

For boron, the neoclassical transport v/D ratio and the
measured ratio are plotted in figure 8. The neoclassical result
is plotted as a band with the width of the band following from
uncertainties in the data. A pinch is predicted by neoclassical
transport, and qualitatively, this is observed in experiment.
Transport is closest to neoclassical in the smaller major radius
portion of the ITB though the transport of the light impurity
still departs from the neoclassical prediction by a significant
margin. This implies that the turbulence is only partially
suppressed. Partial suppression is of considerable interest as
this may be the means for avoiding some to the deleterious
effects of profile peaking. In fact, it has been demonstrated in
C-Mod as evidenced by successful control of the ITB induced
peaking by controlling core turbulence.

5. Comparison with previous results and summary

With this work, light impurity behaviour is added to the
collection of results for C-Mod ITBs. The main features of

boron transport in an Alcator C-Mod ITB are:

(a) In the region of an ITB in Alcator C-Mod, boron peaks.
The hollow or flat profile observed in EDA H-mode
evolves to the profile for the ITB in which the local boron
density exceeds that in the plasma region outside the ITB.

(b) Boron accumulates in the ITB region only for some
discharges. Accumulation of light impurities is not a
consistently observed feature. For that reason, it deserves
attention in future experiments.

(c) An inward pinch appears during the ITB. The pinch
strengthens relative to the impurity diffusion during the
evolution of the ITB.

(d) Anomalous transport is reduced during the ITB though
neoclassical transport is not sufficiently dominant to
predict either the impurity peaking or scale length of the
gradients.

(e) Light impurity transport shares two important features
with heavy impurity transport: both peak during the ITB,
and the peaking is due to enhanced inward convection.

The observed peaking of light impurities is consistent with
observations of ITBs on other devices [1,25]. When impurity
profiles are compared with result of Chen [25], this Alcator
C-Mod discharge appears to be similar to the strong ITB in
JET. Strong and weak ITBs in JET are distinguished by the
ITG, but the impurity profiles have a distinctive behaviour as
well. In the strong JET ITB, core peaking results in a local core
impurity density that exceeds the density in the plasma region
outside the ITB. Note that the C-Mod ITB impurity profile has
this same trait. The C-Mod impurity profile evolves through a
state similar to the weak ITB in JET before reaching the final
state. Boron accumulates in these discharges in both devices.
Accumulation of light impurities was not observed in JT-60
discharges [26], and is not consistently observed on C-Mod.

The peaking of the impurity profile during the ITB is due to
enhanced inward convection. This is consistent with previous
results [1, 25] including previous work on heavy impurity
behaviour on Alcator C-Mod [27]. Anomalous transport is
reduced during the ITB, but neoclassical transport does not
seem to be the dominant transport process even for the fully
evolved ITB observed in this experiment. It is evident then that
in this plasma, turbulence is only partially suppressed. A state
of partial suppression of turbulence is extremely interesting as
evidenced by successful control of the C-Mod ITB by inducing
TEMSs, and this regime is possibly worthy of further study.

Heavy impurity behaviour in C-Mod was characterized
previously [3]. In that work, argon density profiles were
steepened in the ITB region as the boron profiles are here. The
v/ D ratio for argon in those discharges was much larger than
for boron in the present experiment. To this must be added the
caveat that the density peaking in the earlier work was larger
than that produced by the ITB in these studies.

There is evidence that the impurity convection changes
direction from outwards in the core of the EDA H-mode
to inwards in the fully developed ITB. The reversal is not
sudden change but follows from a slow evolution. Quasilinear
theory for impurity convection and for the ratio, v/ D, which is
measured here can predict either an inward pinch or outward
convection [19]. The pinch direction that is predicted depends
on whether ions or electrons carry the turbulence. This
suggests an interesting focus for future experiments though
it cannot be pursued here.
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