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Observations of Centrally Peaked Impurity Profiles Following Pellet Injection
in the Alcator-C Tokamak
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Highly peaked carbon and molybdenum profiles occurred after hydrogen pellet injection. 40 ms
after injection, carbon was well fitted by [T,/ T,(O)]l'SZC for r < 6.5 cm (Zc=6). Experimental
values of the inward convective velocity and diffusivity were ~ 10°(r/a) cm/s and ~ 300 cm?/s,
respectively, which are of the order of neoclassical predictions. An internal disruption then oc-
curred, which reduced on-axis impurities by -§- and ended neoclassical-like transport. Carbon is
also found to affect sawtooth dynamics dramatically by altering the central resistivity. The implica-
tions of these observations for ignited plasmas are discussed.

PACS numbers: 52.25.Fi, 52.25.Vy, 52.70.La

Substantial progress towards fusion conditions has
been made in the confinement, stability, and heating
of magnetically confined plasmas in toroidal
(tokamak) geometries. However, despite a decade of
intensive work on the critical problem of impurity
transport in tokamaks, it has remained an elusive and
complicated issue.!”> Besides energy losses from
impurity-line radiation, one has to be concerned about
dilution of fuel-ion density due to impurities, and
about effects impurities may have on main ion and
electron transport. Usually impurity transport has
been characterized as very different from the predic-
tions of neoclassical theory.>* In the infrequent in-
stances when transport was explicitly suggested to be
neoclassical-like,! this inference was not based upon
spatial profiles of the impurities and their time evolu-
tion. However, without such detailed information, as
well as knowledge of the absolute abundances of the
principal impurities, it is not possible to quantify the
exact character of the impurity transport, be it neoclas-
sical or some other theory of transport. More recent
work has started to focus on this issue.’

Here we report the simultaneous measurements of
the absolute abundances of the Alcator-C tokamak’s
main light (carbon) and heavy (molybdenum) impuri-
ties. Through the use of two absolutely calibrated x-
ray arrays, time-resolved impurity profiles were ob-
tained for plasma discharges in which frozen hydrogen
pellets were used for plasma fueling. An intriguing
feature of these experiments is that the pellet is found
to affect impurity transport and profiles dramatically.
In particular carbon, the dominant nonhydrogenic con-
tributor to the plasma resistivity, is characterized by a
flat profile prior to pellet injection, but a centrally
peaked one some 40 ms afterwards. In fact, within ex-
perimental uncertainty, the peaked profile is well
described by neoclassical predictions. Additionally,
the post-pellet peaking of carbon is also found to be
directly linked to a dramatic lengthening (or total inhi-
bition) of sawtooth oscillations. This effect results

from the central ‘‘flattening’’ of the current-density
profile, a consequence of the plasma resistivity’s peak-
ing in tandem with the carbon. In this paper we sum-
marize a large body of data on these pellet-induced im-
purity transport changes by focusing on a representa-
tive discharge. (Many additional details are given by
Petrasso et al.®)

The starting point for our analysis involves deter-
mination of the carbon (n¢) and molybdenum (ny,,)
densities from the two equations

€'/ne — Pliny = Pénc + Pfjonmo, (1)

EB/ne—PﬁnH’—‘—‘PgnC. (2)

e? and €f are the absolute x-ray emissivities deter-

mined from Abel inversion of x-ray array data (arrays
A and B); n, is the electron density, determined from
interferometer and Thomson-scattering measure-
ments;, ny=n, — ZCnC-— ZMOnMO (ZC= 6, ZMO = 30,
and Zy.ny, is negligible); and the P}"s are spectral
power functions for each radiating ion species j, where
J stands for H, C, or Mo, and k represents either array
A or B. Figure 1(a) shows the spectral efficiencies of
the two arrays, and Fig. 1(b) depicts array-B power
functions for fully stripped hydrogen and carbon
ions.*” For array B and relevant Alcator conditions,
only — 2% of detected x rays are from molybdenum
ions. This is primarily because the filter greatly
reduces the intense An =1 transitions that occur
around 2.5 keV [see Fig. 1(a)].

Time traces of several adjacent x-ray detectors are
shown in Fig. 2 for a representative discharge in which
the plasma current is 520 kA and the toroidal field is
9.7 T (major and minor radii of 64 and 16.5 cm). As
the pellet enters the plasma, the signals drop as 7, (0)
plummets from 1.6 to 0.6 keV. During the next 37
ms, T, recovers and the carbon profile inside 7 cm
gradually evolves from a flat prepellet profile to a
highly peaked one. The profile then abruptly flattens
at the giant impurity disruption (henceforth abbreviat-
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FIG. 1. (a) X-ray spectral efficiencies for arrays 4 and B.
The low-energy response results mainly from 10.0 mg/cm?
Be for 4, and from 10.0 mg/cm? Be plus 30.4 mg/cm? C for
B. The high-energy response results from the finite detector
thickness (23.3 mg/cm? Si). (b) Array-B power functions
for hydrogen (H) and carbon (C) x-ray continua. Recom-
bination (curve i) and bremsstrahlung (curve ii) com-
ponents of carbon are individually depicted, the former
dominating for T, < 1.3 keV (units of erg cm?/s; vertical
scale in logyg).

ed as GID), and thereafter carbon does not dramatical-
ly repeak. From pellet injection until the GID, the
carbon profile is modulated by sawteeth of increasing
duration. Indeed, there are many discharges in which,
following pellet injection, sawtoothing eventually stops
altogether (without major disruptions ensuing). Fig-
ure 2(c) depicts x-ray emissivity profiles at critical
times in the discharge of Figs. 2(a) and 2(b). Contrary
to ‘‘giant” internal disruptions attributed to large tem-
perature fluctuations,® the GID is of a different na-
ture [notice the small temperature drop in Fig. 3(d)].
In fact the temperature perturbation of the significant-
ly smaller internal disruption following the GID [Fig.
2(a)] is virtually identical to that of the GID.

Figures 3(a) and 3(b) show the experimentally
determined carbon and molybdenum density profiles
just prior to and after the GID. The dashed curves are
the asymptotic equilibrium profiles predicted on the
basis of multi-ion neoclassical theory.” In comparing
experiment with theory, note that carbon is in the pla-
teau regime (i.e., the carbon collision frequency is less
than the transit frequency). Also because of small
molybdenum concentrations, diffusion of carbon is
governed by its interaction with hydrogenic (H) ions.
Thus the expression for the radial carbon flux is®?®

ng ne 1.5T

_— ], 3)
T
where T'/T is assumed the same for electrons and
ions, and the prime indicates differentiation with
respect to r. The source-free equilibrium solution to
the continuity equation

/3t +V -Te=0 (4)
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FIG. 2. (a) Several x-ray signals for adjacent array-A4
detectors viewing chords separated by 1.7 cm (shot No. 25).
The 0-cm signal corresponds to the center-viewing detector.
The pellet enters the plasma at about 223 ms; the giant im-
purity disruption (GID) occurs at about 259 ms (units of mi-
croamperes). (b) Same as (a), but time-expanded about the
GID; the arrows indicate times of analysis for all subsequent
figures. (c) Absolute array-4 x-ray emissivities (determined
from Abel inversion) just before the pellet (dotted line),
and just before (257.5 ms) and after (259.3 ms) the GID
(solid lines).

is, with use of Eq. (3),
ny Zc 152

nH(O)

) )

nc

Ilc(O)
Equation (5) predicts that the temperature profile is
responsible for the peaking of carbon since ny is
slightly hollow because of central ion-deficit effects
[Fig. 3(e)]. Because the experimental (predisruption)
temperature profile is well represented by a Gaussian,
Eq. (3) can be accurately recast as

Fc=—Dné —ncV(r/fa) (r<6cm), (6)

where a is the minor radius (16.5 cm). The solution
of Eq. (6) for T¢=0 is ncxexpl—r?*(2aD/V)].
From the experimental data at 257.5 ms [see Fig.
2(b)1 D/Vis 0.33%318 cm.

From the carbon peaking that occurs in the 12-ms
interval preceeding the GID [see Fig. 2(a)]l, V and D
have been determined inside 4 cm; they are of order
10° cm/s and 300 cm?/s, respectively. The corre-
sponding theoretical values are 500 cm/s and 150
cm?/s. Thus the measured values are of the order of
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FIG. 3. Measured profiles before (curves i) and after
(curves ii) the giant impurity disruption (GID) at the times
indicated in Fig. 2(b). (a) Carbon density profiles. (b)
Same as for (a), but for molybdenum. Outside of ~ 6.5 cm,
the ratio of impurity to electron density increases. The
dashed curves are the predictions of Eqgs. (5) and (7). (¢)
Corresponding n, profiles. (d) Corresponding 7, profiles.
(e) Corresponding ny profiles. (f) Corresponding Spitzer
conductivity profiles. The relative error in the conductivity
profile is < 5%, the absolute error < 15%.

the neoclassical predictions. In contrast most
tokamaks,>? including Alcator for nonpellet (or
prepellet) discharges,* have typically reported empiri-
cal diffusivities that are 1 to 2 orders of magnitude
larger than neoclassical predictions.

The dashed curve in Fig. 3(b) depicts the asymptotic
source-free equilibrium profile for molybdenum,
predicted by the appropriate mixed-regime theory®’
(molybdenum in the Pfirsch-Schliiter regime, carbon
and hydrogen in the plateau regime). Peaking of
molybdenum is significantly driven by the carbon pro-
file,® yielding a Taylor-type solution'®

ne ](zM(/zC)I

ﬂc(O)

N Mo
nMo(O)

= (r<d4cm), (1)

where A =0.73 and is due to collision frequencies and

mass ratios.® Temperature and hydrogen gradients are
subdominant in shaping molybdenum profiles for
r < 4 cm. Because of larger uncertainty in the experi-
mental molybdenum profile, the experimental width is
between a factor of 1.3 and 3.0 that of Eq. (7). From
the theoretical viewpoint, however, it is important to
include impurity-electron friction [as represented
through Eq. (9) for ambipolar balancel. Specifically,
molybdenum is a trace impurity, i.e., amo= "MoZ o/
ny~3x%1073 << (m,/my)"?, while carbon is a major
impurity, ac=ncZ&/ny~1>> (m,/my)"?. Thus
for carbon the standard neoclassical treatment, which
drops the carbon-electron friction versus the carbon-
hydrogen friction, is justified, i.e., to zeroth order in
(me/mH ) 12

(T+Z )@ =o. (8)

(Carbon-molybdenum friction is also negligible.) For
the molybdenum test particles, however, the full am-
bipolar balance must be considered, i.e., through first
order

Zmolmo=Te = (Ty+ZcT ). )

Experimental estimates of the right-hand side of Eq.
(9) yield a small net positive (i.e., radially outward)
contribution (I', < 10cm~%s~! at ~4 cm), which
has the effect of broadening the molybdenum equili-
brium profile of Eq. (7) by a factor of 2. Thus in-
clusion of electron friction brings the theoretical pre-
diction well within experimental uncertainty.

Finally we posit that central carbon, the dominant
nonhydrogenic contributor to Z.; has directly
measurable effects on the dynamics of the sawtooth
period.!! As carbon gradually peaks following the pel-
let, the central Spitzer conductivity (calculated on the
basis of the measured carbon, molybdenum, and 7,
profiles of Fig. 3; molybdenum contributes insignifi-
cantly) will hollow, leading to a flattening— possibly a
hollowing—of the current profile [see curve i of Fig.
3(f)].'2 If the current is sufficiently flat, the safety
factor should be above 1 everywhere in the plasma.
Indeed, this may account for numerous discharges
where sawteeth are completely suppressed following
pellet injection. (Major disruptions do not ensue for
these cases.) In this situation highly peaked impurity
profiles persist even while the temperature remains
peaked on axis. It is important to stress that this
sawtooth suppression is not a result of a major change
in central radiative power balance since, for the
discharges discussed here, radiation plays an insignifi-
cant role in the central power balance. (See Ref. 1 and
Isler er al.! for experiments in which central radiation
is significant, sawtoothing stops, and the plasma dis-
rupts.) Equally relevant to the connection between
the peakedness of the carbon profile and the sawtooth
period is the observation that the carbon profile does
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not dramatically repeak after the GID. Just after the
GID the measured conductivity peaks [curve ii of Fig.
3(f)] and, subsequently, the sawtooth period progres-
sively shortens (by a factor of 2.5 approximately 15 ms
after the GID of Fig. 2).

In summary, differently filtered x-ray arrays have
been used to measure simultaneously centrally peaked
carbon and molbydenum profiles following pellet in-
jection. Central values of the diffusivity and convec-
tive velocity for carbon, as well as the width of the car-
bon profile inside 6.5 cm, are close to neoclassical pre-
dictions. The peaked molybdenum profile, which has
a larger experimental uncertainty, is between a factor
of 1.3 and 3.0 times that of the asymptotic neoclassical
prediction [Eq. (7)]; theory suggests, however, that
the asymptotic profile should not be realized as long as
there is a significant radial outward flux of electrons
(which is experimentally observed). We have no
proven explanation why the pellet affects the impurity
transport in the manner described, whereas for non-
pellet discharges Alcator impurity transport,* as well as
impurity transport on most other tokamaks,? has been
observed to be strongly variant from neoclassical pre-
dictions. However, the hypothesis has been raised that
pellet injection! lowers n, =09 In7/dInn by a factor 2,
thereby stabilizing the ‘‘ion mixing mode’’!> and per-
mitting classical ion transport to evolve. Regarding
the evolution of sawteeth, we have presented experi-
mental evidence that the central peaking (flattening)
of carbon is directly linked to the lengthening (shor-
tening) of the sawtooth period—or stops the sawtooth
altogether —through corresponding changes in the
central Spitzer conductivity profile.

From these observations there arises the concern
that the thermalized alpha component of an ignited
deuterium-tritium plasma may be strongly peaked on
axis, depending on ion particle transport and sawtooth
activity in pellet-fueled plasmas. And conversely, with
increasing central impurity peaking, the current densi-
ty may flatten, thereby greatly extending the sawtooth
period or even suppressing sawteeth entirely. Since
this may produce intolerably good impurity confine-
ment, our observations imply that recent suggestions
of rf stabilization of the m =1 island, in order to per-
mit sawtooth-free operation for ¢ (0) < 1, may have to
be modified to allow periodic impurity expulsion via a
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deliberately induced internal giant impurity disruption.
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