
VOLUME 75, NUMBER 20 PH YSICAL REVIEW LETTERS 13 NoVEMBER 1995

Measurements of the Production and Transport of Helium Ash in the TFTR Tokamak
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Helium ash production and transport have been measured in TFTR deuterium-tritium plasmas using
charge-exchange recombination spectroscopy. The helium ash confinement time, including recycling
effects, is 6—10 times the energy confinement time and is compatible with sustained ignition in a
reactor. The ash confinement time is dominated by edge pumping rates rather than core transport. The
measured evolution of the local thermal ash density is consistent with modeling based on previously
measured helium transport coefficients and classical slowing down of the alpha particles.
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Helium ash production, transport, and removal will play
a decisive role in determining the cost and the viability
of a deuterium-tritium fusion reactor based on magnetic
confinement schemes. Studies [1—5] indicate that ash
concentration, and ultimately its reduction, in a future
reactor will depend critically on the relationship between
energy transport and helium particle transport in the plasma
core, as well as particle reflux properties at the plasma
boundary. If transport of helium ash from the core to the
edge is slow compared to its production rate, the ash may
quench the burn before any significant pumping can take
place. Moreover, even if the core helium transport is rapid,
inefficient edge pumping or reduced edge transport might
lead to intolerably high central ash densities.

Deuterium-tritium (DT) operation on TFTR [6,7] pro-
vides the first opportunity to observe the production
of helium ash and its transport. Although the fusion
power in these plasmas (—5 MW) is modest by reactor
standards, the on-axis helium ash source strength is com-
parable to that expected for ITER. Also, while a reactor-
relevant helium pumping scheme needs to be developed,
the TFTR bumper limiter pumps helium and other noble
gases [8]. These facts enable the study of a prototypical
reactor with all the essential elements as they pertain to
ash birth, transport, and removal. As such, DT operation
allows testing of expectations from earlier helium trans-
port experiments [9—13] that have generally concluded
that core helium transport should be fast enough to re-
move helium ash from the plasma center, before signifi-
cant accumulation can occur, and deposit it in the plasma
periphery, where it might be pumped.

Presented in this Letter are the first measurements of
the transport of helium ash born in a deuterium-tritium
tokamak plasma. Pairs of similar deuterium-only (DD)
and DT plasmas were investigated. The measurements
were made using charge-exchange recombination spec-
troscopy (CHERS) [14]. The thermal helium density
nH, was inferred by observing Doppler-broadened emis-
sion from the 4686 A, n = 4-3 He+ line, excited by
charge exchange between deuterium heating beam neu-
trals and He +. These measurements present a particu-

lar challenge. Carbon lines, excited by electron impact
and charge exchange, are present at or near 4686 A.. Al-
though weak by most standards, they provide a compara-
tively bright background for the emissions from helium
ash, whose concentration is expected to be only (0.1—
0.2)% of the electron density.

An array of fiber optics was used which views three
of the heating beam sources on the plasma midplane.
The sightlines cross the beams with a radial separation
of 6 cm and span the plasma outside the magnetic
axis. The integration time of the CHERS diagnostic
was 0.1 s. The plasmas had a major radius of 2.52 m,
a minor radius of 0.87 m, and a plasma current of
2.0 MA. For the DD and DT cases, approximately
21 —22 MW of nearly balanced neutral beam power was
injected from 2.8 to 4.1 s into a deuterium target plasma.
For both plasmas, deuterium-only injection at lower
power (12 MW) followed this phase, ending at 4.8 s.
The fusion power during the neutron flattop was about
4.5 MW. The central ion temperature T;(0), measured
viewing the 5292 A charge exchange line (n = 8-7) of
C5+, reached 25 keV, dropping to 18 keV during the
12 MW injection period. The central electron temperature
T, (0), measured with a Michelson interferometer, was
9 keV in the high power period of both plasmas, and

dropped to 7 keV in the latter phase. The central electron
density was (6.7 —7) X 10'9m in the high power phase
of each discharge, falling to 4.5 X 10' m in the
12 MW portion. The central Z,ff, inferred from visible
bremsstrahlung (VB) measurements, was 3 during high
power injection, dropping to 2.4 in the 12 MW period.
The enhancement factor over L mode energy confinement
time values was 1.9 during high-power injection, and
1.4 in the latter phase. Sawteeth did not occur in the
DT discharge until 4.78 s, 20 ms prior to the end of
neutral beam injection, and were absent from the DD
discharge. Fiber transmission dropped transiently by 9%
during tritium injection due to high neutron and gamma
fiuxes [15]. Its time dependence was measured directly
with a calibration loop [16],and the effect was taken into
account in this experiment.
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Modeling indicates that the slowing-down time of the
alpha particles should be 0.5 —0.7 s, and that alpha parti-
cles should continue to thermalize in the core throughout
the deuterium-only heating period. The measured neutron
emission and the calculated volume-integrated thermal he-
lium source due to the slowing-down of confined alpha
particles are shown in Fig. 1 for the DT plasma. The ash
source was calculated with the TRANsP code [17], using
measured plasma profiles, calculated beam deposition, and
calculations of the alpha particle source and transport. The
alpha particles are assumed to transport classically until

3
their energy is equal to 2 the local ion temperature. Al-
phas that fall below this energy are declared to be helium
ash particles and are subject to prescribed transport coeffi-
cients. The measured [18,19] and modeled neutron emis-
sivity profiles are similar in shape and amplitude. Both
are strongly peaked, and have a half width at half max-
imum of about 20% of the minor radius of the plasma.
Modeling indicates that the energetic alpha particle trans-
port should be modest, and that the helium ash thermal-
ization profile should have the same shape as that of the
neutrons. Measurements of the confined energetic alpha
energy distribution [20,21] are consistent with good con-
finement and classical transport of the alpha particles.
Also, probe measurements indicate that the alpha parti-
cle losses are small [22]. Measured values of the helium
diffusivity DH, and the convective velocity VH„ inferred
from a 1 MA plasma [11], were used in the modeling.
The 1 MA plasma had particle and energy confinement
times similar to the 12 MW phase of the plasmas exam-
ined here. The thermal conductivity g,~~ for the these
two plasmas were similar as well. Since past observations
indicate that DH, is correlated with y,~~ in different con-
finement regimes on TFTR [11], this choice of trans-
port coefficients is reasonable. For r/a ) 0.5, DH, is
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FIG. l. The measured total neutron rate and the calculated
rate at which alpha particles are joining the population of
thermal particles in the DT plasma. The shaded regions
indicate the relative powers and durations of the two neutral
beam heating phases.
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1 —2 m s ', falling to about 0.4 m s ' near r/a = 0.2.
The convective pinch VH, is inward and on the order
of —1 m/s near the axis, near zero at r/a = 0.5, and
——5 m/s near the plasma periphery.

The ash density profile is inferred from the difference in
the total beam-induced line brightnesses measured in the
DT and DD shot. The expected spectrally integrated ash
signal is at least 10 times larger than the photon and read-
out noise [23] on the total signal, indicating that plasma-to-
plasma variations, and not photon statistics, determine the
feasibility of detecting ash in these plasmas. Extracting
the ash brightness from the other components in the same
wavelength interval cannot be performed by standard fit-
ting techniques with Gaussian line shapes: Multiple so-
lutions are possible, and plume emission [24] results in

potentially non-Gaussian line profiles. However, the tech-
nique used here does not require detailed line fitting of the
various components of the spectrum. At the end of the
neutral beam phase, the total brightness of the edge emis-
sion, measured just after beam turn-off, was subtracted
from the total brightness measured just prior to beam turn-
off. A correction of about 10% in the edge brightness,
resulting from the decay of the emission following beam
turn-off, was applied, and was determined by observing the
edge emission behavior with high time resolution (10 ms)
in similar plasmas. The time behavior of the beam-induced
line brightness was extracted by modeling the time behav-
ior of the brightness of the edge emission [25] and sub-
tracting it from the measured total brightness.

To obtain the ash density profile, a trial helium density
profile is input into a beam attenuation and plume cor-
rection code that calculates the beam deposition, charge
exchange emissivity, and parallel transport and emission
of plume ions. From the calculated toroidal and radial
velocity distribution of the He+ charge exchange prod-
ucts, the total helium ash line brightness is calculated for
each sightline. The measured and modeled beam-induced
brightness profiles are compared, and the trial helium ash
profile is iterated until agreement between the measured
and calculated brightness profiles is achieved. Plasma
profiles, including T, (R) and the toroidal rotation veloc-
ity V~(R) inferred from 5292 A carbon emission from a
similar plasma, were used in the calculations.

At 3.45 s, before alpha particles are expected to be ther-
malized, the spectra from the DD and DT plasmas for
a given sightline passing through the core are indistin-
guishable, highlighting the similarity of these discharges
[Fig. 2(a)]. The emission is from the dominant impurity
of TFTR, carbon. The dominance of carbon in the ab-
sence of helium ash in these spectra was confirmed in
two ways. First, using recent calculations of the charge
exchange emission cross sections [26], the brightness of
the charge exchange component [C +, 4686 A, n = 12-9;
Fig. 2(b)] yields carbon densities that are consistent with
Z,ff values inferred from VB measurements. Also, the
T; profile measured with this line agrees with that ob-
tained from similar plasmas with the 5292 A Cs+ line.
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FIG. 2. Spectra from a sightline passing through the neutral
beam at r/a = 0.38. Instrumental broadening is about 4 A.
(a) Spectrum for the DT-DD plasma pair at 3.45 s, during the
high-power phase of injection, and before the expected arrival
of helium ash. (b) Spectrum for the DD case at the end of
the 12 MW phase of injection. (c) Measured spectra for the
DD and DT plasmas late in time (4.75 s). Also shown is the
sum of the DD spectrum and the simulated ash spectrum. (d)
Simulated ash spectrum for 4.75 s.

In Fig. 2(b), the total edge brightness was inferred from
the measured decay after beam turn-off. Emission from
C + (8h-6g, 8g-6h, and 8i-6h; near 4686 A) dominates the
edge portion of this spectrum. This was verified by com-
paring measured and calculated [27,28] emission ratios be-
tween these three lines and the C + 6h-5g line (4658 A).
The relative brightnesses of the core (charge exchange) and
edge (electron impact) n = 12-9 lines, as well as this edge
line's width, were determined from measurements of cor-
responding components of the 5292 A line, and the ratios
of the cross sections for each process and transition.

Late in time, a distinct increase in the brightness of the
thermal portion of the CHERS spectrum is found in the
DT plasmas as compared to their DD counterparts, corre-
sponding to a local increase in the helium density in DT
as compared to DD [Fig. 2(c)]. This enhancement in DT
is seen on all spatial channels, and in other DT-DD shot
pairs. This increase is not due to a change in carbon den-
sity. From measurements of the 5292 A line in other sim-
ilar pairs, the carbon density is the same at any given time
to within a few percent. Also, an increase in the carbon
density that would lead to this change in brightness would
appear as an increase in the measured Z, tf of about 0.3 in
DT as compared to DD; this is not observed. The local ash
density corresponding to the beam-induced brightness is
about 3.5 X 10' m, consistent with TRANSP predictions
(see below). By using the calculated radial and toroidal
He+ velocity distributions, the spectrum of the plume and

prompt ash emission has been simulated [Fig. 2(d)]. The
sum of this ash spectrum with the carbon emission from
the D-D plasma is in good agreement with the spectrum of
the D-T plasma [Fig. 2(c)]. The ratio of the brightnesses
of the edge and beam-induced components was determined
by helium gas puffing into similar plasmas.

The radial helium ash profile shape and total particle
number late in time indicate that the ash transports rapidly
from the central source region to the plasma periphery,
where it is pumped. Measured and modeled profiles
are shown in Fig. 3(a) for 4.75 s. The measured profile
shape is broad, in agreement with the modeling. The
measured total ash particle number agrees with the TRANsP

simulations only if the recycling coefficient RH, is below
unity. A value of 0.85 was used since it reproduces
helium decay times following a short gas puff in plasmas
with similar working gas wall pumping characteristics.
Under the assumption of zero radial transport (perfect
confinement), the modeled profile shape is much more
peaked than that measure, and yields a total helium particle
number that is larger by a factor of 2. If the central source
were turned off, the profile scale length is predicted to
relax to that given by the bottom of the shaded region in
Fig. 3(a). This illustrates the dominance of the transport
over the central source in determining the profile shape.
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FIG. 3. (a) Measured and modeled ash profile shapes just
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tainties in the plume correction, beam attenuation, background
emission subtraction, charge exchange emission rates, photon
statistics, and reproducibility of background carbon levels. The
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that are predicted with and without the central source, but with
transport in both cases. (b) Modeled total helium ash source
profiles.
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FIG. 4. The measures helium ash density evolution, and
modeling results based on TRANSP simulations of the alpha
particle slowing down and subsequent transport and wall
pumping of the thermalized ash. (a) Data and simulations for
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simulations obtained by varying the alpha particle slowing
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transport coefficients. (c) Same as (a), but for r/a = 0.78.
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The total helium ash residence time in the vacuum ves-
sel, rH„ is 1.2 ~ 0.4 s, about (6—10)rE, and is consistent
with the requirements for a sustained fusion burn in a re-
actor [3]. Here, rE is the global energy confinement time.
The residence time was determined from the continuity
equation, dNH, /dt = NH—, /rH, + SH„where NH, is
the measured total helium ash particle number and 5H,
is the calculated volume-integrated alpha particle thermal-
ization (central ash source) rate. This value of rH, agrees
with that deduced independently from helium gas puffing.
However, the helium particle confinement time rH, (which
does not include recycling effects), obtained with the cal-
culated central ash source profile and the measured DH,
and VH„ is about 0.3 s, or 2~~. Therefore, edge redux,
and not core transport, will be the limiting factor determin-
ing helium removal from a reactor-grade plasma with core
transport mechanisms similar to TFTR supershots. The
dominance of the edge source over the central source late
in time is illustrated in Fig. 3(b).

The modeled helium ash time evolution indicates that
the alpha particle slowing-down calculations and transport
assumptions are consistent with measurements. Best
agreement between the modeling and the measurement
is obtained using the measured values of DH, and VH,
[Figs. 4(a) and 4(c)]. Also, assuming the transport model
is valid, the time histories are consistent with the alpha
slowing-down time being governed by classical collisional
processes. When the slowing-down rate is varied by a
factor of 2, the data fall within the predicted range of
time histories [Figs. 4(a) and 4(b)]. The time behavior is

inconsistent with large-scale anomalous energetic alpha
particle losses. Burial of promptly lost alphas would
result in a discrepancy between observed and predicted
ash densities, while redux of lost energetic alphas as
thermal helium would result in the appearance of ash
earlier than observed.
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