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ABSTRACT. A new anomalous delayed loss of D-D fusion products has been measured at the bottom of the TFTR
vessel. This loss is delayed by about 0.2 s with respect to the usval prompt first orbit loss, and has a correspondingly
lower energy, i.e. about half the fusion product birth energy. This loss process dominates the total fusion product loss
measured 90° below the midplane for plasma currents 7 = 1.8 MA and major radii near R = 2.45 m, e.g. for recent
TFTR supershots. This delayed feature can occur without large coherent MHD activity, although it can be strongly
modulated by such activity. Several possible causes for this phenomenon are discussed, but no clear explanation for

this delayed loss has yet been found.

1. INTRODUCTION

This paper describes measurements of an anomalous
loss of partially thermalized trapped D-D fusion
products to the bottom (ion VB direction) of TFTR.
This feature is the dominant fusion product loss 90°
below the midplane for plasmas with major radii of
R = 2.45 m and plasma currents I = 1.8 MA, while
for I = 1.4 MA the first orbit loss is dominant, as
observed previously [1]. The relatively low energy of
this loss (about half the fusion product birth energy)
and its time delay of about 0.2 s (with respect to the
prompt first orbit loss) imply that some unknown
mechanism is causing a relatively slow leakage of
fusion product ions from -the plasma. Although this
leakage is probably not large enough to cause a signi-
ficant loss of alpha heating in future D-T tokamaks, it
could potentially cause a localized alpha particle heat
load which could damage the first wall.

Previous measurements of a non-first-orbit loss of
trapped D-D fusion products in TFTR were made
using a movable detector located 20° below the outer
midplane [2]. At that location the energy of the
‘anomalous’ loss was near the birth energy and not

significantly delayed with respect to the first orbit loss,

in contrast with the results for the 90° detector
described below. That loss was approximately consis-
tent with the calculated stochastic toroidal field (TF)
ripple loss [3], which causes the banana tips of high
energy trapped ion orbits to diffuse vertically, leading
to loss near the outer midplane where the trapped
orbits first hit the wall. However, these same calcula-
tions of stochastic TF ripple loss predict a negligible

NUCLEAR FUSION, Vol.33, No.5 (1993)

TF ripple induced loss 90° below the midplane [2],
and so apparently cannot explain the present anomalous
delayed loss at 90°.

The delayed loss feature described below is
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major radii near R = 2.45 m, and not for plasmas
with R = 2.6 m such as those used previously to study
the diffusion of counter-passing fusion product ions [4].
The smaller plasmas consistently show this delayed
loss at a plasma current / = 1.4 MA over the full
range of neutral beam power up to 32 MW (in both

L mode and supershot plasmas). There is usually no
observable correlation of this delayed loss with MHD
activity, although unusually large MHD activity does
cause a coherent modulation and change in the strength
of this delayed loss feature.

The basic experimental observations as described in
Section 2 include data taken during the 1990 run period
(Sections 2.1-2.3), data taken during the 1992 run
period after a detector relocation (Section 2.4), and the
effects of strong MHD activity (Section 2.5). A pre-
liminary analysis of potentially relevant loss mechanisms
is given in Section 3, and a summary and conclusions
are in Section 4.

2. MEASUREMENTS OF THE
ANOMALOUS DELAYED LOSS AT 90°

The escaping D~D fusion products are detected
using the same experimental set-up described previ-
ously [1, 4]. The detector element is a 1 X 1 in? ZnS
scintillator screen behind a pair of apertures which dis-
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perse the incident MeV ions in one direction according
to their gyroradius p (depending on their energy) and
in the other direction according to their pitch angle x
(depending on’ their magnetic moment). The two
dimensional (2-D) images of scintillator light emission
are optically coupled to an intensified CCD camera for
image capture and later analysis. A detector analysis
code determines a (o,x) grid which is used to interpret
these images. For this grid the o co-ordinate is the
centroid of the predicted scintillator impacts for an ion
of gyroradius p (at x = 90°) and x is the orbit’s pitch
angle measured locally with respect to the co-going
toroidal field direction at the detector. Normally, 75%
of the scintillator light emission from D-D fusion
products is from the 3 MeV protons and 25% from the
1 MeV tritons [4]. Since these two ions have identical
gyroradii (at birth) they are assumed to behave similarly
and are treated together here as ions of a common
gyroradius.

The measurements described in this section were all
taken using a detector 90° below the outer midplane in
the ion VB direction. The data of Sections 2.1-2.3
were taken during the 1990 TFTR run period when the
90° detector aperture was located about 4 cm radially
outside and about 120° toroidally from the edge of the
nearest ‘ICRH limiter’ (which are poloidal rings
intended to shield the ICRH antennae). After the 1990
run a new poloidal ICRH limiter was installed only
45° toroidally from this same 90° detector, which
forced a relocation of its aperture to only about 1 cm
below the edge of this new limiter [5]. The data
described in Section 2.4 were taken during the 1992
experimental run period with this latter configuration.

2.1. Pitch angle distributions

Typical 2-D scintillator light emission patterns
observed at the 90° detector for I = 2.0 MA plasmas
are shown in Fig. 1, where in Fig. 1(a) the plasma
major radius was R = 2.45 m and in Fig. 1(b) it was
R = 2.6 m. These two discharges were otherwise
nearly identical, with P = 23 4+ 1 MW of neutral
beam injection during about 3.0-4.0 s, neutron emis-
sion rates of (1.5 + 0.1) X 10 neutrons/s between
3.3-3.4 s (the integration time for Fig. 1), and
B = 4.9 T on axis. The contours of Fig. 1 show the
raw 2-D images at nine levels from 10-90% of their
peak signals. The light emission patterns for the
R = 2.6 m in Fig. 1(b) are nearly identical to those
analysed previously [4], which were consistent with
the first orbit loss model without any anomalous loss.
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However, the (p,x) pattern for the R = 2.45 m case
in Fig. 1(a) was significantly different, with a peak
signal located at a significantly higher x and a lower p
than for the R = 2.6 m case. The pitch angle distribu-
tions for these same two discharges are directly com-
pared in Fig. 2(a), after averaging over gyroradius
centroid positions p = 2-11 cm for 3.3-3.4 s. For the
R = 2.6 m case the peak was at x =~ 63°, which is
similar to the previous R = 2.6 m case, and agreed
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FIG. 1. Contour plots of the pitch angle against gyroradius
pattern of loss to the 90° detector for two similar discharges,

one at (a) R = 2.45 m (#55052) and the other at B) R = 2.6 m
(#54 315). For both discharges the plasma current was 1 = 2.0 MA,
the beam power was P = 22-23 MW and the data were taken
during the time 3.3-3.4 s. The anomalous loss feature visible for
case (a) occurs at an unexpectedly high pitch angle x =~ 70° and
low gyroradius p = 4-5 cm. .
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FIG. 2. Pitch angle distributions for the two 1 = 2.0 MA cases in
Fig. 1. In (a) is a direct comparison between the shapes of the
pitch angle distributions for the R = 2.45 m and R = 2.6 m cases,
showing the anomalous peak at x = 70° for the R = 2.45 m case.
In (b) is a comparison between the measured pitch distribution for
the R = 2.45 m case and the calculated first orbit loss distribution
(normalized to the data at x =~ 55°), which shows that the
measured peak at x =~ 70° is not predicted by the first orbit loss
model.

with the first orbit model to within 2° [4]. However,
for the R = 2.45 m case the first orbit model predicts
the peak to be at x = 59°, as illustrated in Fig. 2(b),
clearly disagreeing with the measured peak at x = 70°.
Note that the first orbit model curve in Fig. 2(b) was
normalized to the data at x = 55°, suggesting that the
measured x distribution at R = 2.45 m does contain a
first orbit loss component somewhat smaller than the
anomalous component, which peaks near x =~ 70°.
This apparent two peak structure of the pitch angle
distributions for R = 2.45 m plasmas can be seen
more clearly in the scan of plasma current from
I = 0.8-2.5 MA shown in Fig. 3. For plasma currents
I < 1.4 MA the pitch distributions agree well with
those expected for first orbit loss [1], while for currents
I = 1.6 MA the second peak at x = 70° begins to
appear and eventually dominates the signal at
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I = 1.8 MA. Note that only the shapes of the pitch
angle distributions are shown here, while the relative
magnitudes versus current are discussed in Section 2.3.
For a similar current scan at R = 2.6 m the pitch dis-
tributions showed a close agreement with the first orbit
model over / = 0.6-2.0 MA [4], including an expected
decrease in the peak pitch angle with increasing current.

For the I = 2.0 MA case the peak pitch angle of
x =~ 70° with respect to the local toroidal field cor-
responds to a 74° pitch angle with respect to the total
magnetic field at the detector. Thus, the anomalous
loss feature corresponds to a rather deeply trapped ion
with its banana tip near the major radius of the plasma
centre, i.e. not near the passing-trapped boundary,
which is at x = 55° for 3 MeV protons lost at this
location (see Section 3.1 for a discussion of the orbit
trajectories). Although stochastic TF ripple diffusion is
expected to involve orbits with banana tips below the
plasma centre [2], calculations of the poloidal distribu-
tion of this loss mechanism strongly suggest that it
would be highly localized near the outer midplane.
Therefore, this high pitch anomaly is not likely to be
due to TF ripple loss (see also Section 3.4.2).

These pitch angle data were integrated over the
period from about 0.5-1.0 s after the start of NBI,
during which time the distributions were approximately
constant. However, the pitch distributions were signifi-
cantly different earlier during the NBI pulse and after
the NBI pulse ended, as shown in Fig. 4(a) for a
I = 1.8 MA discharge (shown earlier in Fig. 3), with
7.5 MW of NBI from 3.0-4.0 s. About 0.1 s after the
start of NBI the anomalous loss peak near x =~ 70°
was relatively small compared with the first orbit peak
near x = 60°, while about 0.1 s after the NBI was
switched off (while the neutron source rate was falling)
the anomalous loss peak was relatively larger com-
pared with the first orbit peak. The shapes of these
distributions became constant about 0.3-0.4 s after the
start of NBI, as indicated by the time dependence of
the gyroradius peak location in Fig. 4(b), plotted along
with the I = 2.0 MA case shown in Fig. 2.

Another characteristic of the high current pitch angle
distributions at R = 2.45 m was a tendency for the
anomalous loss feature to increase with NBI power (in
the steady state), when compared with the first orbit
loss feature. This is illustrated in Fig. 5 for three
I = 2.0 MA cases at P = 7.5, 12 and 25 MW. These
curves are normalized together at x ~ 55° (near the
first orbit loss region), showing how the anomalous
feature increases with NBI power. This suggests that
the anomalous feature depends upon some plasma
property which changes with NBI power.
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FIG. 3. Measured pitch angle distributions and calculated first orbit loss distributions for R = 2.45 m plasmas as functions of plasma
current. For currents 1 < 1.4 MA the measured distributions agree fairly well with the first orbit model, while for currents 1 = 2 MA the
anomalous loss feature at x = 70° domi These ed pitch distributions were taken during the steady state part of NBI (typically
3.5-4.0 s in a 3.0-4.0 s NBI pulse), and the model curves for 1 = 1.8 MA were normalized to the data at x = 55°. Note that the vertical
scales are not comparable from one current to the next (see Fig. 8).
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FIG. 4. Part (a) shows the pitch angle distributions (integrated
over p = 2-11 cm) just after the start of NBI and just after the end
of NBI for the 1 = 1.8 MA, R = 2.45 m discharge shown in

Fig. 3(e) (#54 464). Just after the start of NBI the anomalous loss
feature at x = 70° is relatively smaller (compared with the first
orbit loss feature) than it is during the steady state phase at about
3.5-4.0 s and just after NBI it is relatively larger. The ratio of the
signal at x = 70° to the signal at x = 60° is plotted in part (b)
for this case, and also for the I = 2 MA case of Fig. 2, showing
that the shapes of these distrik become « about 0.4 s
after the start of NBI. This behaviour implies that the I
Jeature is a delayed loss process.

2.2. Gyroradius distributions

The present detector uses the geometrical dispersion
of the MeV ion orbits through the aperture pair to
determine the gyroradius p, which is defined here as
the gyroradius which the incident ion would have had
at a 90° pitch angle. As discussed previously [4], there
is a considerable instrumental broadening in this detec-
tor due to the finite aperture heights, which spreads
orbits of a given gyroradius across the p dimension of
the scintillator plane. Although the measured distribu-
tions will be displayed on a grid which represents the
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centroid locations of the ion impacts of various gyro-
radii (see Fig. 1), the measurements should actually be
compared with the outputs of a detector simulation
code which includes the instrumental resolution.
Figure 6 shows a comparison between the p distri-
butions for an I = 2.0 MA discharge (dominated by
the anomalous loss feature) and an I = 0.8 MA dis-
charge (dominated by first orbit loss), both cases having
R = 2.45 m at the same toroidal field (B = 4.8 T at
R = 2.45 m), again from the current scan in Fig. 3.
Note that the peaks of the corresponding pitch angle
distributions are both near x = 70°, which makes the
inference of their relative gyroradius distribution (aver-
aged over x = 45-85°) less sensitive to possible sys-
tematic errors in the (p,x) grid. Also shown in Fig. 6
are calculated particle impact distributions based on
assumed incident gyroradii of 4, 5 and 6 cm. The
I = 0.8 MA data fit the curve for p = 6 cm, roughly
consistent with the first orbit loss expected at p = 5.5 cm
(for 3 MeV protons or 1 MeV tritons). However, the
I = 2.0 MA curve peaks at a significantly lower
gyroradius near p = 4.5 + 0.5 cm. This implies that
the average energy of the fusion product loss for this
case, normalized to the energy for the prompt first
orbit loss Ey, is roughly

E/E, = [(4.5 £ 0.5)/6]*> = 55 + 15%

i.e. corresponding to protons of about 1.5 MeV instead
of the 3 MeV expected for the proton birth energy.

1s2 MA
R=2.45 m

/ 25 MW NBI

NORMALIZED 12 MW NBI

RELATIVE SIGNAL
123
o

7.5 MW NBI

50 60 70 80 90
TOROIDAL PITCH ANGLE (deg)

FIG. 5. Pitch angle distributions for plasmas with varying NBI
power at R = 2.45 m and I = 2.0 MA, taken during the steady
state part of the discharge and normalized at their first orbit
regions at x = 55°. The discharge with the lowest NBI power of
7.5 MW (#54 468) had the smallest anomalous feature, while those
with 12 and 25 MW (#54 472 and 55 050, respectively) had a
larger anomalous loss peak, relative to the first orbit feature at
lower pitch angles. The total MeV ion loss (normalized by the
neutron rate) increased by about 40% over this power range.
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FIG. 6. Gyroradius distributions for | = 0.8 MAand 1 = 2.0 MA
plasmas (integrated over x = 45-90° during 3.5-4.0 s) compared
with model calculations for d gyroradii of p = 4, 5 and

6 cm. The 1 = 0.8 MA case fits fairly well the expected p = 5.5 cm
for prompt first orbit loss, while for the I = 2.0 MA case the total
loss is best fitted by an assumed p = 4-5 cm, implying an average
loss energy of E/E, = 0.5-0.6 compared with the birth energy.
The broadening due to instr ! effects causes the calculated
distributions to be spread over a range of gyroradius centroid
locations.

The large instrumental broadening (as shown by the
model curves) and various systematic uncertainties {4]
do not allow a direct decomposition of the measured
distribution at / = 2.0 MA into prompt and delayed
energy components, but since the prompt loss should
be near the birth energy, it is likely that the anomalous
loss had an energy somewhat below half the birth
energy.

This trend for the anomalous loss feature to have a
lower energy than the first orbit loss can also be seen
in Fig. 7, which shows the gyroradius distributions for
three times during the same / = 1.8 MA discharge
shown in Fig. 4. About 0.1 s after the start of NBI the
gyroradius distribution is close to that for first orbit
loss at 0.8 MA (Fig. 6), peaking near the p = 6 cm
centroid, i.e. appreciably below the peak location
measured during the steady state phase of about
3.5-4.0 s. About 0.1 s after NBI ends, the distribution
shifts to an even lower gyroradius, peaking just below
the p = 4 cm centroid. The shape of the gyroradius
distribution attains its steady state shape about 0.3 s
after the start of NBI.

Therefore, both the time and energy dependences of
the anomalous loss are consistent with a time delay
between the ion’s birth and its loss. This estimated
time delay of about 0.2 + 0.1 s is approximately the
same as the time required for classical collisions to
slow 3 MeV protons down to 1.5 MeV in these plasmas
with T,(0) = 7-8 keV and n,(0) = (5-6) X 10" cm3,
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implying that these ions are thermalizing classically
while diffusing anomalously. This is qualitatively simi-
far to the results from triton burnup measurements in
TFTR [6], which implied a classical slowing down but
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2.3. Magnitude of the anomalous MeV ion loss

The total MeV ion loss to the 90° detector can be
estimated from the total light emission within the (o0,%)
grid shown in Fig. 1, averaged during the steady state
phase of NBI (typically 3.5-4.0 s), and normalized by
the neutron rate during that time. The relative MeV
ion loss signal obtained in this way for a set of
R = 2.45 m plasmas is plotted versus plasma current
in Fig. 8. These discharges were chosen to have
moderate NBI power (P = 6-20 MW, increasing with
current) without large coherent MHD activity in the
MeV ion signals (see Section 2.5). Some of their pitch
angle distributions were shown in Fig. 3.

Note that this analysis procedure does not explicitly
correct for the dependence of the light emission on the
ion energy. However, this correction should be rela-
tively small, since the scintillator light output for D-D
fusion products is relatively insensitive to the ion
energy in this range, e.g. the signal from protons and
tritons with half their birth energy (as inferred in Sec-
tion 2.2) would be about 0.7 times the signal for birth
energy ions [4]. Correction for this effect would imply
that the anomalous particle flux (ions/s) would be
slightly larger than that indicated below.

1=1.8 MA
R=2.45m

4.05-4.15 8

Relative Signal

Gyroradius Centroid (cm)

FIG. 7. Gyroradius distributions (integrated over x = 45-90°)
versus time during the same 1 = 1.8 MA discharge as for Fig. 4.
Just after the start of NBI the gyroradius distribution is similar to
that for the first orbit loss at 0.8 MA shown in Fig. 6, while just
after NBI ends the peak of the gyroradius distribution occurs at an
even lower value of p than during the period from about 3.5-4.0 s.
This confirms the delayed nature of this loss.
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calculation is normalized to the data at I = 0.7 MA
(where the first orbit loss is expected to dominate),
then the total loss at / = 1.8 MA appears to be not
more than a factor of two above that expected from the
first orbit model. However, there are uncertainties of
at least +50% in the calculated first orbit loss at
I = 1.8 MA (with respect to that at 0.7 MA), due to
uncertainty in the neutron source and plasma current
profiles [4], which make it difficult to draw quantita-
tive conclusions concerning the scaling of the ano-
malous loss versus current from this figure alone.

Another approach to isolating the anomalous loss
component is to decompose the pitch angle distribu-
tions of Fig. 3 into a ‘first orbit’ part which fits the
calculated first orbit loss pitch angle distribution, and
a residual part which represents the anomalous loss
peaked near x =~ 70°. Figure 9 shows the results of
such an analysis for the 7 = 1.4-2.5 MA cases in
Fig. 3. The anomalous loss component (in the same
units as those in Fig. 8) appears to increase by about a
factor of two between I = 1.4 and 2.0 MA, while the
first orbit loss component apparently decreases by a
factor of 2.5 over the same range. The surprisingly
low first orbit loss component at I = 2.5 MA may be
due to the effect of the ICRH limiter, which comes
close to intercepting birth energy orbits entering the
detector at this location with low pitch angles at
R = 2.45 m (see Section 3.1).

The approximate dependence of the anomalous loss
signal on the neutral beam power in the narrow current
range I = 1.85-2.0 MA is shown in Fig. 10. There, the

o

1 1.4 1.8 2.2 2.6
Plasma current (MA)

w

FIG. 9. Approximate decomposition of the MeV ion pitch angle
distributions of Fig. 3 into a ‘first orbit’ part (with the shape of the
calculated first orbit loss distribution normalized to the data at

x = 55°) and an lous part (the r ining signal centred
near x =~ 70°). Over the range 1 = 1.4-2.0 MA the anomalous
loss signal appears to increase by about a factor of two, while the

Vrsiorbifnaridecreasesibylatiactodonabomilso Wi herelislalsela

systematic change in the lous loss comp ¢t with NBI
power (not shown here), and a possibility that the data at
1 = 2.5 MA are affected by shadowing from the ICRH limiter.

Figure 8 shows that the relative MeV ion loss
decreased by a factor of about five with increasing
current over the range I = 0.7-2.5 MA, while the
expected first orbit loss decreases by about a factor of
ten over this same range. When the first orbit loss
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FIG. 10. The effect of NBI power on the relative MeV ion loss
signal measured near the peak of the anomalous loss feature for

a set of 1 = 1.85-2.0 MA discharges (averaged over 3.5-4.0 s in
discharges with NBI from 3-4 s). The neutron normalized peak loss
increases slowly with NBI power, which is not expected for first
orbit loss, while the pitch distributions change as shown in Fig. 5.
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MeV ion signal at the peak of the anomalous loss fea-
ture (including a contribution of about 30% from first
orbit loss) is plotted versus NBI power over the range
P = 10-31 MW (after normalizing by the neutron rate
during the integration time of 3.5-4.0 s in discharges
with NBI from 3-4 s). The peak loss signal increased
by nearly a factor of two over this power range, while
the location of the peak remains nearly constant

(0 = 4.2 £ 0.5 cm and x = 68 + 2°). Note that the
first orbit part of this peak loss signal may increase by
up to about 50% with NBI owing to the Shafranov shift
and broadened source profiles, but this would only
contribute about 10-20% to this factor-of-two change.
The total loss rate (averaged over p = 2-11 cm and

x = 45-90°) increased similarly with NBI power in high
current discharges without large MHD [7]. The dis-
charges with ‘large MHD’ are discussed in Section 2.5.

2.4, Measurements after relocation of the
90° detector

After the data of Sections 2.1-2.3 were taken, the
90° detector was moved radially inward 3.3 ¢cm to
avoid the shadowing effect of a new poloidal limiter
installed in 1991. The scintillator material was also
changed from ZnS(Ag) (blue) to ZnS(Cu) (green), and
an improved carbon composite heat shield was added
[5]. Most features of the D-D fusion product loss were
similar before and after the change; in particular, the
(p,X) patterns and time dependences for plasmas with
R = 2.6 m (which did not show any anomalous

50
1=1.65 MA
Rw2.45 m
404 P=23 MW .
— .2-33 8
(1992)

ol 3334s

34-36s

20+ normatized

Relative Signal

7

3.05-3.15s

104

50 60 2 80 90

Torcidal Pitch Angte (deg)

FIG. 11. Time dependence of the pitch angle distribution measured
for a typical R = 2.45 m plasma during the 1992 run period (aver-
aged over p = 2-11 cm). The pitch angle distribution is consistent
with the expected first orbit loss distribution up to about 0.2 s after
NBI starts, but after about 0.3-0.4 s the distributions show an
anomalous delayed loss feature near x = 70°, qualitatively similar
to that seen during the 1990 run period.
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FIG. 12. Peak of the gyroradius distribution (in terms of its
centroid location) versus time (averaged over x = 45-90°) for a
series of R = 2.45 m discharges during the 1992 run period. The
gyroradius distribution remains approximately constant in time for
1 < 1.0 MA as expected for first orbit loss, but for I = 1.4 MA
there is a decrease in the peak gyroradius past about 0.2 s after
NBI, which is at least qualitatively similar to the gyroradius
distributions seen in the 1990 run (Fig. 6).
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FIG. 13. Comparison of the pitch angle distributions measured by
the 90° detector for 1990 and 1992 discharges, both at 1.8 MA,

R = 2.45m and P = 7.5 MW (averaged over p = 2-11 cm dur-
ing 3.5-4.0 s). There is a significant difference in the shape of the
two distributions, which is attributed to relatively more anomalous
delayed loss at low pitch angles (x = 55-65°) in the 1992 run,
after a repositioning of the 90° detector aperture. These two curves
are normalized to each other at x = 60°.

delayed loss) were nearly the same, as were those for
R = 2.45 m plasmas at / < 1.4 MA. The absolute
flux of D-D fusion products inferred for these cases
was also the same in both years (to within a factor of
two uncertainty in the cross-calibration).

The qualitative features of the anomalous delayed
loss for R = 2.45 m plasmas with / = 1.4 MA in
1992 were also similar to the earlier data, as illustrated
by Figs 11 and 12. The pitch angle distributions shown
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FIG. 14. Comparison of the gyroradius distributions measured by
the 90° detector within the pitch angle region x = 55-65° for the
(a) 1990 and (b) 1992 discharges shown in Fig. 13. There is a sig-
nificant decrease in the peak of the gyroradius distribution versus
time in this range for the 1992 data, but not for the 1990 data,
indicating that there is a significant anomalous delayed loss at
these low pitch angles in the 1992 data.
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FIG. 15. Total MeV ion loss signal versus plasma current for
discharges with R = 2.45 m for the 1992 run (in the range

#64 429-64 462), similar to the plot for the 1990 data in Fig. 8.
The relative loss between 1 = 0.6-1.8 MeV does not decrease as
much as expected from the first orbit model (as calculated for
discharges in this sequence), and appears to decrease less than the
corresponding data from 1990.
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in Fig. 11 had a shape close to that predicted for first
orbit loss up to about 0.2 s after NBI, but then evolved
over the next =0.3 s to a shape with an additional ano-

malous lossg near X = 700, i.e. similar to the behaviour

Q00 2055 LICal SATNAEAT 0 ULC DOARVIOUL

shown in Figs 2 and 4. Over this same time interval
the gyroradius peak decreased from about 4.5 cm to
about 3.6 cm, as shown in Fig. 12, implying an aver-
age energy of the decrease to E/Ey, = 0.6, i.e. again
similar to the 1990 results in Fig. 6.

On the other hand, the detailed shapes of the pitch
angle distributions at / = 1.4 MA were different between
1992 and 1990, as illustrated by Fig. 13 for two
R = 2.45m, I = 1.8 MA discharges at P = 7.5 MW.
The two peak structure which was evident in Figs 2
and 3 was not so clear in the 1992 data, which instead
had a relatively larger feature near the expected first
orbit loss peak at x = 55-60°. In principle, this could
be due either to a decrease in the anomalous delayed
loss near x =~ 70°, or to an increase in the anomalous
delayed loss near x = 55-60°. The latter is strongly
suggested by the results of Fig. 14, which show a
decrease in the average loss energy versus time in the
region x = 55-60° in the 1992 data, but not in the 1990
data (which showed delayed loss only near x = 70°).
The implication is that after its repositioning the 90°
detector collected more anomalous delayed loss at low
pitch angles near x = 55-60° than it had previously,
presumably because these ions had not reached the aper-
ture of the detector in the 1990 run (see Section 3.1).

Further evidence for an increase in the delayed loss
after the detector relocation was seen in the dependence
of the total loss on plasma current shown for the 1992

data in Rie 15 Whoan tha tatal lage wag normalized to
Gata 1 g, 15, Walh il wOldn 108§ was norina:iZzed wo

the data at the lowest current, as it was for the 1990
data in Fig. 8, the resulting loss at I = 1.8 MA was
about a factor-of-two above the expected first orbit
loss, i.e. higher than the corresponding anomaly in the
data from 1990 in Fig. 8. Note that the scatter in the
I = 1.8 MA data in Fig. 15 was mainly due to a sys-
tematic increase in the anomalous delayed loss with
NBI power, similar to that shown in Fig. 10, and not
due to MHD activity (this 1992 data was taken at low
NBI powers of P = 2.5-12 MW).

The time dependences of the total D-D fusion
product loss for typical moderate power R = 2.45 m
discharges from 1992 are shown in Fig. 16. In these
cases the total loss was monitored by a fast photo-
multiplier (PM) tube, which was not available in 1990,
and the total loss signal was normalized to the neutron
rate at 3.1 + 0.5 s, i.e. 0.1 s after NBL. For the
I = 0.6 and 1.0 MA cases there was a close propor-
tionality between the MeV ion loss signal and the

713



ZWEBEN et al.

x1013
1=0.6 MA
R=245m MeV ion loss %dﬁ |
P=5.1 MW
1.5F  ssasso \ “ﬁ“
(1992) N V'l‘
l neutrons
3 L
2 1.0k
14
3
@
<
0.5
ooband .
3.0 3.5
Time (s}
x1016
P =14 MA M E
| Rs245 m ,N“\
P=10.7 MW dH’v ”‘"‘MN 1
1.0 #64456 T
vV
I (1992) /{' MeV ion loss ‘
K3 3 / neutrons \ 4
g \
f=4
5 ]
3 J
o
z
~ 0.5
- \ .
<+—— normalized AN
0.0 PR PO B

3.0 3.5 4.0
Time (s)

x1015
[ 1=1.0MA MeV ion loss M wﬂ»\‘
'
przen 5T et
L #s4224 b opkd VAR
iy f'\dl"v ]\/\MV yVv |
:n\ 3F neutrons \
@D
s
2 [
2,0
At
0
3.0 3.5 1.0
Time (s)
x1016
L 1-1.8MA
R=2.45m ,“'w\-‘qf“h A MoV ion loss
1.0 P=124mMw
#64430 f/ ‘M‘ﬂ% 1»,\*4
F(1992) {I 1 ’4«‘,"
. ) H
2 / \
[ =
2 [ \
2
Z 9.5}
\
\
—¢— normalized
0.0 R
3.0 3.5 4.0
Time (s)

FIG. 16. Time dependences of the total loss signal from the 90° detector for R = 2.45 m discharges from the 1992 run (measured using a
fast photomultiplier detector). For 1 = 0.6 and 1.0 MA the measured loss is proportional to the neutron rate, while for 1 = 1.4 and 1.8 MA
there is a significant delayed loss component starting at about 0.2 s after NBI, and lasting up to about 0.3 s after NBI ends. For each current

the MeV ion loss is normalized to the neutron rate at 3.1 + 0.05 s.

neutron rate, as expected for prompt first orbit loss.
For the higher current cases there was a delayed loss
starting at about 0.15 s after NBI, increasing to about
a factor-of-two above the expected prompt loss rate
after about 0.4 s, and persisting up to about 0.3 s after
the end of NBI.

Examination of the 1992 data from the fast PM
monitor also showed no consistent fluctuations in the
range from about 1 Hz < f < 20 kHz during the
anomalous delayed loss, except during large MHD
activity (generally at high NBI powers). For R =2.6 m
discharges in the 1992 run there was a close propor-
tionality between the MeV ion loss and the neutron

714

rate versus time for all plasma currents up to 1.8 MA
(up to at least P = 15 MW), i.e. similar to the results
of 1990.

2.5. Effects of MHD activity on the
anomalous loss feature

For nearly all beam heated plasmas with 7 = 1.4 MA
at R = 2.45 m the anomalous delayed loss feature in
the 90° detector remained approximately invariant after
about 0.4 s past the start of NBI, and persisted very
reproducibly over the 1990-1992 run periods. The
exceptions to this reproducible behaviour all seemed to

NUCLEAR FUSION, Vol.33, No.5 (1993)
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occur during discharges with strong MHD activity, when shot had a few sawteeth along with m = n = 1 fish-
both the magnitude and the (p,x) structure of the bone activity, as did most of the other discharges of
anomalous loss feature could vary substantially. Fig. 10. The shot with ‘large MHD’ in Fig. 17 had a
The most common effect of large MHD activity was variety of (o,x) loss patterns during the MHD activity,
to increase the loss rate within the region near the peak most often with an unusually large high x feature at an
of the anomalous loss feature. The time dependence of unusually low p (e.g. as shown at 3.56 s), as if the
the loss within this region (0 = 3-4 cm, x = 65-70°) MHD activity was increasing the delayed loss process,
is shown in Fig. 17(a) for a pair of discharges taken although at times the peak loss moved to near the
from Fig. 10, one of which had ‘large MHD’. The passing-trapped boundary (e.g. at 3.89 s). The shot
peak signal increased by over a factor of ten in the with sawteeth and fishbone activity had a relatively
MHD active discharge (#51263) compared with the normal (o, x) distribution for this current and power.
comparison case (#51256), while the neutron rate Note that this increased loss associated with MHD
decreased by only about 30%. The shot with ‘large activity could persist for over 0.5 s, i.e. longer than
MHD’ had slow (=0.1-03kHz) m = 2, n = 1 a 3 MeV proton slowing down time.
activity after 3.25 s at an unusually large level of As shown in Fig. 17(a), this increased loss asso-
B,/B; =~ 5 X 10 (estimated near the g = 2 surface), ciated with large MHD activity often fluctuated from
along with high » kink activity, while the comparison frame to frame as viewed by the relatively slow video
(a) x1016
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FIG. 17. Time dependences of the MeV ion loss signals for two different discharges (from the 1990 run) with R = 2.45m, 1 = 1.85 MA and
P = 22 MW. One of these has large m = 2, n = I MHD activity (#5] 263), while the other does not (#51 256). During the MHD activity
the instantaneous MeV ion loss can increase by over a factor of ten, while the neutron rate is reduced by only <30%. The pitch angle and
gyroradius distributions vary considerably versus time during the discharge with MHD activity, sometimes showing a large increase in the
delayed loss feature at x = 70° and an unusually low gyroradius distribution peaked at p = 3 cm (e.g. at 3.56 s).
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FIG. 18. Time dependences of the MeV ion loss signal near the peak of the anomalous delayed loss feature for a discharge with large low
frequency MHD activity (#55797), compared with a discharge with much smaller MHD activity (#55796). These discharges had similar neu-
tron rates, but different low frequency MHD activity and different MeV ion loss ar 90°, as shown in the top part of the figure. The peak MeV
ion loss signal in #55797 increases by about a factor of two with the onset of the MHD activity at about 3.35 s and fluctuates in phase with
the =~0.5 kHz magnetic loop signals, while it does not appreciably increase or fluctuate with the ller =5 kHz fluc ions in #55796
(note that the magnetic signals shown are proportional to dB/dt). This fusion product loss signal comes from a PM tube monitoring the peak
emission region with a frequency response of up to about 20 kHz.
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FIG. 19 Pitch angle and gyroradius distributions in a discharge

ithout large fl ing MHD but with a ‘locked mode’ apparently
triggered by pre-NBI pellet injection (#55018), compared with a
similar discharge (#55017) with the usual anomalous delayed loss
feature (without pellets). During the time period 3.5-3.9 s the high
X, low p anomalous loss feature is essentially absent in #55018, as
shown in the lower parts of the figure. At earlier times in the same
discharge (=3.1-3.3 s) the anomalous loss feature is considerably
larger than that for the discharge without large MHD (similar to
Fig. 17).

camera, especially for slowly fluctuating MHD activity
(e.g. with a 1 ms gate every 32 ms for Fig. 17). The
time dependence of these fluctuations could be seen
more clearly using a PM tube, as illustrated for a dif-
ferent pair of discharges in Fig. 18 (both I =1.75 MA,
R =245 m and P = 32 MW). The PM signals of
Fig. 18 again came from the peak loss region in the
(p,x) image plane, and showed a fluctuating MeV ion

NUCLEAR FUSION, Vol.33, No.5 (1993)

loss in phase with magnetic fluctuations in the case
with large, stow MHD (#55797), but not in the case
with relatively less MHD activity, which had only the
usual anomalous loss feature (#55796).

An apparently different effect of MHD activity on
the anomalous loss feature is illustrated in Fig. 19,
which compares two discharges at I = 2.0 MA,

P =25MW and R = 2.45 m (similar to that of
Fig. 1). In one of these (#55018) there was apparently
a ‘locked mode’ during NBI, seemingly caused by an
unusual sequence of pellet injection prior to NBI. In
this case the anomalous loss feature near x =~ 70°
apparently disappeared in the 90° detector during the
whole period of about 3.5-3.9 s, while the gyroradius
distribution during this same period was nearly consis-
tent with first orbit loss alone (p = 5-6 cm). Earlier
in this same discharge there was also a period of
increased loss near x =~ 70° and p =~ 3-4 cm, similar
to that shown in Fig. 17. In fact, during many dis-
charges with large slow MHD activity (when the video
camera gating time was shorter than the MHD period)
the anomalous loss feature could also sometimes
decrease with respect to its usual (anomalous) level
without MHD activity, as shown in Fig. 17 at 3.76 s.

During the 1992 run the effects of large MHD were
generally similar to those observed during the 1990 run
as described above; however, one interesting result
from the 1992 data is shown in Fig. 20. During one of
these two R = 2.52 m NBI discharges (#68 522) there
was a dramatic increase in the anomalous delayed loss
feature about 50 ms before a major disruption, when
compared with the usually small delayed loss feature in
R = 2.52 m discharges (#69 111). This increased loss,
presumably due to pre-disruptive MHD activity, occur-
red along with an increased loss sharply localized near
the passing-trapped boundary. This shows that the
delayed loss feature, which is normally small at 90°
for these R = 2.52 m plasmas, can increase there
during periods of intense MHD activity, -and that MHD
activity can cause both a delayed trapped particle loss
and also a loss of passing particles across the passing-
trapped boundary (which was probably also seen during
non-disruptive MHD activity, such as in Fig. 17 at
3.89 s).

These examples show that the anomalous delayed
loss feature seen in the 90° detector can be strongly
modulated by MHD activity. They suggest (but do not
prove) that the delayed loss normally observed without
any obvious MHD activity (such as described in Sec-
tions 2.1-2.4) might be caused by some type of nor-
mally unnoticed but very reproducible internal MHD
activity (or other perturbation), e.g. very slow
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(< 1 Hz) or locked modes, or possibly very fast
modes (f > 50 kHz). Additional data on MHD induced
fusion product losses are described elsewhere [7], and
theoretical mechanisms for an MHD effect are dis-
cussed in Section 3.4.1.
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FIG. 20. Pitch angle versus gyroradius distributions for an

R = 2.52 m, 1 = 2 MA (1992) discharge just before a major
disruption (a), compared with a similar discharge without a
disruption in (b). About 50 ms prior to disruption the pattern as
seen in (a) shows a large delayed loss feature at a relatively high
pitch angle and low gyroradius, presumably due to pre-disruptive
MHD activity, along with a sharp anomalous loss feature near the
passing-trapped boundary at lower pitch and higher gyroradius.
The non-disruptive discharge in (b) shows comparatively less
delayed loss, as is typical of large R plasmas.
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3. DISCUSSION

This section discusses briefly several topics poten-
tially relevant to an understanding of this anomalous
delayed loss feature. However, these discussions should
be considered preliminary, since no clear explanation
for the experimental observations of Section 2 has yet
been found.

3.1. Trajectories of anomalous loss orbits

The measurement of the (p,x) of the lost ions at the
detector allows a fairly precise calculation of the
trajectory of the last orbit of the ions in the plasma.
Although these orbits are useful to help determine the
loss mechanism, they cannot be used to determine the
previous history of the ions in the plasma.

The trajectories of three relevant loss orbits for the
90° detector are shown in Fig. 21(a), each of which
has been calculated for the same plasma with R =2.45m
and I = 2.0 MA (similar to that of Fig. 2). One of these
orbits is the ‘fattest banana’ for first orbit loss of 3 MeV
protons, which has a pitch angle of x = 55° (see
Fig. 3). This orbit trajectory misses the nearest ICRH
limiter (as it was configured in 1990), and approaches
within about a/2 of the centre of the outermost flux
surface. The other two orbits are at x = 70°, one with
an assumed energy of 1 MeV and the other with 3 MeV
(which bracket the range of the anomalous loss energy).
These two x = 70° orbits (and all those with inter-
mediate energies) intersect the top of the vessel before
the completion of one bounce; thus at first sight it is
difficult to understand how any previously confined
orbits can be lost to the 90° detector at this pitch angle
in these plasmas.

One possible mechanism for this is illustrated in
Fig. 21(b), which shows a typical anomalous loss orbit
entering the detector at x = 70° and E = 1.5 MeV,
along with a confined orbit of the same energy which
was started with an upward vertical displacement of
the lower banana tip of about 15 cm with respect to
confined orbit just barely misses the projection of the
ICRH limiter (centred at R = 2.61 m with a minor
radius of 0.99 m) near the outer midplane. Thus, con-
fined orbits with banana tips just below this one inter-
sect the wall just below the outer midplane and not at
the 90° detector location.

Therefore, the anomalous loss orbits detected at 90°
could be brought there by a relatively large vertical
step on the last bounce of a previously confined (and

NUCLEAR FUSION, Vol.33, No.5 (1993)
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partially thermalized) trapped orbit, while smaller ver-
tical steps would cause the loss to occur nearer the
outer midplane, as in stochastic ripple diffusion [2].
Such a large vertical step could occur while still con-
serving the ion’s magnetic moment (banana tip major
radius) and energy; some possible mechanisms for
such a large last step size are discussed in Section 3.4.
Note that the real limiter and wall structure in TFTR
was actually rather complicated, with two poloidal ring
limiters at a minor radius of 99 cm in the 1990 run
(and more at the same radius in the 1992 run), various
structures at about 103 cm and a solid wall at about
116 cm. The above estimate of a step size of about
15 cm is based on numerical orbit calculations which
include the two ICRF limiters at their appropriate
toroidal angles for the 1990 run.
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FIG. 21. Trajectories of possible anomalous loss orbits of MeV
protons to the 90° detector foran 1 = 2.0 MA,R =245 m
discharge (#54472). In (a) are superimposed the trajectories of a
fattest banana’ first orbit loss proton (x = 55° for a 3 MeV pro-
ton) and the loss trajectories for I and 3 MeV protons at x = 70°.
In (b) is shown an anomalous loss trajectory for a 1.5 MeV proton
at x = 70° (near the peak of the anomalous loss region), which
hits the ICRH limiter near the top of the vessel, and also the orbit
of a confined trapped ion with the same parameters which just
misses the outer ICRF limiter (with its banana tip at the same

R value but starting at a different vertical position). In (c) is a
confined trapped 1.5 MeV proton orbit with a midplane pitch angle
60° different from the anomalous loss orbit, which could occasion-
ally scatter into the anomalous loss orbit at x = 70°.

A detailed study of many such anomalous loss orbits
showed that the vertical displacement of the lower
banana tip required for a previously confined orbit to
enter the detector aperture (for 1.5 MeV proton orbits
within x = 65-75°) was at least 10 cm, even for a
single toroidally localized (but poloidally circular)
limiter. The orbit-limiter intersection for these orbits
occurs even for toroidally localized limiters because
the co-going outer legs of these banana orbits cover a
full toroidal transit within a poloidal angle range of
only about +45° from the outer equatorial midplane
where g(a) = 4 (the orbit nearly follows the field line
angle). Note that the effective radius of the (circular)
ICRH limiter with respect to the outer leg of the banana
orbit is only slightly increased over this poloidal angle
range (by about 5 cm). Given the potential inaccuracies
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of these orbit calculations (e.g. owing to the assump-
tion that no current flows outside the plasma), and in
the alignments of ICRH limiters (about +0.3 cm), it
appears that a vertical step size of at least 10 cm must
occur over the last bounce orbit (not necessarily at the
banana tips).

The different pitch angle distributions in 1990 and
1992 (see Fig. 13) are probably caused by the differing
ICRH limiter and probe geometries. In the configura-
tion of 1990 (with the detector aperture about 4 cm
below the nearest ICRH limiter 120° away toroidally)
the orbits of 3 MeV protons at I = 2 MA calculated
backward in time from the 90° detector miss the
nearest limiter for all pitch angles x > 30°, whereas
for the 1.5 MeV protons all the trajectories with
x < 55° hit the ICRH limiter before approaching the
detector. Thus, given the uncertainty of about +0.3 cm
in the relative positions of the detector and limiters, it
is plausible that in 1990 the delayed loss orbits with
low pitch angles, x = 55-65°, were shadowed by the
nearest ICRH limiter. However, in the configuration of
the 1992 run (with the detector aperture about 1 cm
below the nearest ICRH limiter 45° away toroidally),
the orbits for all 1.5 MeV (and 3 MeV) protons at
I = 1.8 MA missed the nearest ICRH limiter for all
x > 45°; thus, the low x orbits were able to reach the
90° detector in the 1992 configuration.

In these cases the limiter shadowing effect increased
for ions which stayed closer to the magnetic flux sur-
face [5], e.g. for lower energy fusion products, but it
also increases with increasing plasma current (i.e.
decreasing banana width). For example, in the 1990
configuration the 3 MeV loss orbits at I = 2.5 MA
with x < 45° hit the ICRH limiter, along with 1.5 MeV
orbits with x < 59°, which may explain the unusually
low first orbit loss at this current, shown in Figs 3 and
9. Note that at the lower currents (/ < 1.4 MA) all
the relevant orbits easily miss the nearest ICRH limiter
in both configurations, due to the large deviations of
the MeV ion orbits from the flux surfaces.

The general implication of these trajectory calcula-
tions is that the poloidal, toroidal and minor radial -
locations of the anomalous MeV loss can depend sensi-
tively on the relative detector and limiter positioning.
This is analogous to the localization of plasma energy
loss on limiter leading edges, although the large orbits
of these ions can allow them to move much further
into the limiter scrape-off region than the plasma itself.

3.2. Dependence on the plasma major radius

The anomalous delayed loss measured 90° below the
outer midplane occurred for plasmas with major radii
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R = 2.45 m and not for plasmas with R = 2.6 m. For
plasmas within the range 2.45 < R < 2.6 m the ano-
malous feature decreased gradually towards larger R
(with respect to the first orbit loss feature), and in
plasmas which were moved in R during a single dis-
charge the anomalous loss feature varied versus R in
the same way as for the constant R discharges. For
plasmas with smaller major radii 2.3 < R < 2.45m
there are limited data, but the anomalous loss feature
appeared to dominate at a relatively smaller plasma
current than for R = 2.45 m plasmas (e.g. at

I = 1.4 MA instead of I = 1.8 MA).

This sensitivity of the anomalous loss feature to the
plasma major radius is probably due to the varying
relationship between the escaping fast ions and the
vessel wall, rather than to an intrinsically differing loss
versus major or minor radius. Plasmas with R =2.6 m
are very nearly concentric with the ICRH limiter struc-
ture, so that there is very little space near the outer
midplane for the outer legs of trapped ion orbits to
circulate while they are moving radially (see Fig. 21).
For example, in a R = 2.6 m plasma with / =2.0 MA
(in the 1990 configuration) the vertical step size needed
to cause a marginally confined 1.5 MeV trapped proton
orbit like that in Fig. 21(b) to hit the bottom detector
at x = 70° is about 25 cm, which is larger than the
value of about 10-15 cm needed for the R = 2.45 m
plasma. Thus, it is less likely that anomalous delayed
loss would be detected at 90° in R = 2.6 m plasmas,
assuming the same vertical step sizes for both plasmas.

In general, the poloidal intersection angle 6 (below
the outer midplane) of a trapped orbit which was just
barely confined within the outer limiter on its last
bounce is given by
o {l — [1 ~ (8/63)%1"*} — 6r = AR(1 —cos6) (1)
where 6y, is the poloidal angle of the previously con-
fined banana tip, py is the banana width, ér is the
vertical step size of the banana tip on its last bounce
and AR is the distance between the centre of the
plasma and the centre of the (circular) wall or limiter
(assuming AR < R). In the limit of small ér for
6 = 1 the solution is

(G/Oﬁp)z = 25r/(pb - AR)

which shows how the intersection angle increases as
AR increases. Thus, for plasmas with larger R the loss
should occur at smaller poloidal angles for the same
vertical step size ér.

3.3. The MeV ion loss at other poloidal angles

Measurements were also made of MeV ion loss
using similar detectors at poloidal angles of 60 and
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45°, although the analysis is not yet as complete as for
the 90° detector measurements discussed in Section 2.
For the 1990 run the apertures of the 60 and 45°
detectors were further outward radially than that for
the 90° detector, i.e. about 6 and 8 cm behind the
ICRH limiter radius, respectively (compared with
about 4 cm for the 90° detector). For the 1992 run the
apertures of the 60 and 45° detectors were both about
1 cm behind the shadow of the ICRH limiters (similar
to the 90° detector).

For the same R = 2.45 m discharges which showed
an anomalous delayed loss feature at 90° (i.e. with
R =2.45m and I = 1.4 MA) the detectors at 60 and
45° did not usually show any delayed loss or distinct
anomalous loss feature at high x and low p, but gener-
ally had a single loss peak at a (x,p) location approxi-
mately consistent with first orbit loss. However, for
some plasmas with R = 2.6 m and / = 1.4 MA the
detector at 60° showed a clear loss feature at a high
pitch angle (separated from the first orbit loss at lower
pitch angle), while the detector at 45° had only a sin-
gle feature approximately consistent with normal first
orbit loss.

This apparent absence of an anomalous delayed loss
feature at poloidal angles of 60 and 45° is somewhat
surprising, since it seemed from the trajectory argu-
ments of Sections 3.1 and 3.2 that the anomalous loss
feature would be larger at smaller poloidal angles (since
the required vertical step size was smaller). However,
it is still possible that some anomalous delayed loss was
masked by the first orbit loss feature (especially if this
loss was at energies nearer to the first orbit loss), or that
the larger TF ripple at these smaller poloidal angles
changed the character of the loss (see Section 3.4.2).

During large, slow MHD activity, such as that
shown in Figs 17 and 19, there were fluctuating MHD
induced increases in the signals at 60 and 45°, which
were often out of phase with the increases seen in the
90° detector, as if the additional loss caused by the
MHD activity was poloidally localized and rotating
with the MHD mode. This suggests that the anomalous
delayed loss usually seen in the 90° detector without
any large MHD activity might be localized there owing
to the phasing of some normally undetected locked
mode in the discharge.

The movable detector at a poloidal angle of 20°
showed signatures of the expected stochastic TF ripple
loss for both R = 2.6 m and R = 2.45 m plasmas at
I = 1.0 MA, namely, a high pitch angle feature at
nearly the same gyroradius as the first orbit loss fea-
ture [2]. However, this stochastic TF ripple loss signal
at x = 60-65° could also have masked an anomalous
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loss signal, since the main distinguishing feature would
have been a lower gyroradius component, which is not
easily resolved in the present detectors. Note that the
20° detector was normally used at relatively low beam
power where the anomalous loss feature was relatively
small.

Again, it is important to note that these measure-
ments of anomalous loss can be quite sensitive to radial
shadowing by other limiters and even by the probe
structure itself. For example, when the 20° probe was
moved radially outward past the ICRH limiter radius,
the size of its stochastic TF ripple loss feature (caused
by an estimated radial step size per bounce of about
1 cm) decreased with respect to the first orbit loss fea-
ture [2]. Therefore, comparisons between measurements
at different poloidal angles also need to take into account
the potentially different effects of limiters and walls on
the escaping orbit trajectories. Further analysis of the
data and modelling of hypothetical anomalous loss
processes will be needed to evaluate the actual poloidal
distribution of the anomalous loss.

3.4. Possible causes of the anomalous delayed loss

An anomalous delayed loss of MeV ions over a time-
scale of 7,,,, = 0.2 s corresponds to an average ano-
malous diffusion coefficient of roughly D,pom = @%/674om
=~ 0.5 m%/s, which is much higher than the upper limit
previously estimated for the diffusion of counter-
passing MeV ions (D = 0.1 m?%s) [4], which itself
was larger than any collisional neoclassical diffusion
rate [4]. This D,,,, would correspond to an average
radial step size per bounce of only ér = 0.1 cm (for a
parallel length gR = 1000 cm for 1.5 MeV protons),
while the trajectory calculations of Section 3.1 sug-
gested that the last bounce has a much larger radial
step size of 6r = 10 cm. Some possible causes for this
diffusion are discussed below. '

3.4.1. Effects of MHD on orbit trajectories

There are two basic mechanisms by which the
magnetic permrhminne due to MHD activity can cause

magnetic perturbations due to MHD activity can cause
radial transport of high energy particle trajectories,
namely, the parallel drift of the ion along radially
perturbed field lines, and the perpendicular drifts
across the field lines. The local radial drift velocity
or/ot is (see Ref. [8])

8ridt = vy (B,/By) + v, gn(p/r)é )

where B, is the local radial magnetic perturbation, g is
the magnetic safety factor, n is the toroidal mode
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number, p is the toroidal gyroradius of the fast ion and
& =~ wiR is the ripple amplitude induced by a flux
surface displacement ‘w’ (the magnetic island width).
The maximum effect of the first term in Eq. (2)
depends upon the maximum parallel length over which
the radial perturbation points outward when followed
along the fast ion orbit. To accumulate a radial step of
about 10 cm over the last confined bounce period with
a parallel length of 2gR = 1000 cm would require that
B,/B; = 1072, which appears very unlikely since the
normal magnitude of internal magnetic perturbations
(without large MHD) is in the range B,/B; = 10
[7, 8]. Although a random radial step size implied by
the latter level (about 0.1 cm per bounce) could cause
a significant radial diffusion of the confined trapped
ions before their last bounce, i.e.

D = (0.1 cm)%/10°% s =~ 10* cm?s,

in order to cause a random step the perturbation must
be above a stochastic threshold, which apparently
requires B,/By =~ 107 for single mode perturbations
[8, 9].

The maximum effect of the second term depends upon
whether or not the orbit is near the resonant layer of the
perturbation. For non-resonant orbits the effective ripple
strength &, is roughly &, = (B,/Bp)/(n — mlg), and so
over a time of 6t = 2gR/v, the magnetic field pertur-
bation needed to cause a step size of 6r = 10 cm is
again an unrealistically large B,/B; = 1072, assuming
m=3,n=1,q =4 and vy = v,. However, for
orbits resonant with the perturbation the effective ripple
is related to the width of the local magnetic island ‘w’,
5. = WiR = 4(¢B,/nRq’ By)"2. For ihe parameters
above, a 10 cm step size would require a local m = 3,
g = 4, n = 1 perturbation of B,/B; ~ 6 x 10, cor-
responding to w = 10 cm and w/R = 4 X 1072, which
is the strength of the very largest MHD perturbations in
TFTR [8]. However, since the step size for resonant
perturbations in Eq. (2) scales like (nB,/B;)!2, the step
of about 10 cm could possibly be explained by an
n =10, B,/B; > 2 x 10~ perturbation, as long as the
perturbation remains in resonance with the mode
(which is unlikely for a smaller scale mode like this).

Therefore, the effects of some hidden MHD activity
during seemingly MHD quijescent plasmas cannot easily
explain the large last step necessary to bring the escap-
ing orbit to the 90° detector. However, MHD induced
effects on confined trapped orbits might be large enough
to cause the slow internal diffusion rate implied by the
delayed loss. The observed modulation of the anomalous
loss feature during strong MHD activity (Section 2.5)
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is probably due to modulation of the last vertical step,
rather than variations of the internal diffusion rate.

3.4.2. Toroidal field ripple effects

Toroidal field (TF) ripple can act through at least
two different mechanisms to cause radial transport of
fast ions. The Goldston-White-Boozer (GWB) stochas-
tic diffusion mechanism causes a collisionless radial
step localized near each banana tip of [3]

Orgws = (Nw/sin,)2 (qR/r)>? p6 sin(Ney) ?3)

where N is the number of toroidal field coils N = 20
in TFTR), 6, is the poloidal angle of the banana tip
(6, = 90° here), ¢, is the toroidal angle of the banana
tip and ¢ is the TF ripple near the banana tip. For
banana tips at R = 2.45 m, z = 180 cm, correspond-
ing to the orbits of Fig. 21(b), the vacuum field TF
ripple is 6 = 0.2-0.3% [10], so the maximum vertical
step size for 1.5 MeV protons in a 2 MA plasma at

B =5Tis érgws = 2.5-3.5 cm.

Although this vertical step is apparently too small to
explain the step of about 10 cm per bounce needed to
cause an ion to be lost at the 90° detector (see Sec-
tion 3.1), a confined trapped ion can pass through two
banana tips before passing near the midplane (see
Fig. 21(b)). Therefore, if both the top and bottom
banana tips are at the proper toroidal phase angle, the
net vertical step per bounce can be up to about 7 cm,
which is close to the minimum needed to cause loss at
90°. However, the probability of this correlation is
probably small, given the pitch angle averaging of the
detectors, such that almost all of the usual GWB loss
should be localized within 30° of the outer midplane,
as calculated previously [2].

The other mechanism for radial fast ion transport
due to TF ripple involves superbanana trapping inside
the ripple wells. This mechanism could readily cause
a large vertical step, although it is not clear how the
orbit would be de-trapped in order to arrive at the
detector with lower pitch angles such as x = 70°.
Ripple wells occur when
a = (r/R)|sin8|/Ngsé < 1 {4)
For the banana tip location of Fig. 21(b) used above,
a" =~ 1.5-2, which appears to be too high for ripple
trapping. However, since the ripple strength § increases
rapidly nearer the edge, ripple wells are expected at
r = 90 cm where 6 = 0.5%, i.e. only about 5 cm
from the lower banana tip of the 90° detector orbits of
Fig. 21(b). Ripple wells occur more readily at smaller
poloidal angles, e.g. over about the outer third of the
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plasma minor radius at the major radius of the 60°
detector.

Note that since these ripple strengths come from cal-
culations [10] and not from actual TF measurements, it
is possible that the effects of coil misalignments, small
movements in situ, or stray fields from other coils might
cause an increase in the GWB step size or cause the last
banana tip to lie within the ripple well at the vessel
bottom. However, in the absence of a detailed study of
this effect, the tentative conclusion from these estimates
is that TF ripple effects probably do not cause the large
vertical step on the last bounce discussed in Section 3.1,
although they could cause trapped orbits to diffuse
radially toward that last step. However, it would be
surprising if TF ripple effects alone caused the delayed
loss, since, normally, fast ion orbits are either well
confined or very rapidly lost owing to stochastic TF
ripple diffusion [2].

3.4.3. Pitch angle scattering effects

Another conceivable mechanism for explaining the
anomalous loss to the 90° detector is classical large
angle scattering, which can change the pitch angle
(magnetic moment) of a fast ion while changing its
position by only =~ p. As shown in Fig. 21(c), a single
~60° scattering event can cause the orbit of a con-
fined trapped 1.5 MeV proton to be lost orbit at
x = 70° in the 90° detector.

The Rutherford scattering cross-section for large
angle scattering of fast protons on a background hydro-
genic species at an angular deflection =& is [11]:

o = (w/4)b?cot? (®/2), where b = e2/(Myv?/2) and
M, is the reduced mass of the colliding ions. There-
fore, the characteristic rate for a 1.5 MeV proton to be
scattered by 6& = 60 to 90° on background deuterons
at a density of 2 X 108 em™ is v = 1073 57!, imply-
ing that the probability of such a large angle scattering
over a characteristic fast proton slowing down time-
scale of about 0.2 s is only =~ 107, Therefore, even
though the population of protons born on confined
trapped orbits, such as that in Fig. 21(c), might be ten
times larger than the population born on a loss orbit
such as that also shown in Fig. 21(c), the large angle
scattering events would cause only a small enhance-
ment of the first orbit loss rate on this trajectory. Since
the anomalous loss is larger than the expected first
orbit loss on this trajectory, the process of large angle
scattering cannot explain the anomalous loss. Small
angle scattering is more likely; however, small angle
scattering would cause a large radial step only near the
passing-trapped boundary.
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4. SUMMARY AND CONCLUSIONS

An anomalous loss of D-D fusion products was
measured using a scintillator detector 90° below the
outer midplane in TFTR. This new loss feature had a
significantly lower energy than the usual first orbit loss
(=0.5 the birth energy), and was delayed by about
0.2 s with respect to the usual prompt first orbit loss.
The orbits of the escaping ions lost in this way were
fairly deeply trapped, with banana tips at about the
same major radius as the plasma centre. Some observa-
tions and interpretations concerning this anomalous loss
process were:

(1) The anomalous loss feature increased in strength
with respect to the first orbit loss as the plasma current
was increased, e.g. it was comparable with the size of
the first orbit loss at 7 = 2.0 MA, but was negligible
compared with the first orbit loss at currents
I = 1.0 MA.

(2) The anomalous loss feature was visible at the
90° detector for plasmas with major radii of R =2.45 m
but not for plasmas with R = 2.6 m, possibly because
the escaping ion orbits intersected the wall elsewhere
for the plasmas with larger major radii.

(3) The observed delay time of about 0.2 s with
respect to the prompt loss was roughly consistent with
the time required for 3 MeV protons to lose about half
of their energy.

(4) The strength of the anomalous loss feature
increased by up to about 50% with increasing NBI
power at a fixed current, suggesting that the anomalous
loss was influenced by the plasma itself (even without
large MHD activity).

(5) Large coherent MHD activity strongly modu-
lated the anomalous loss feature, sometimes causing it
to increase but at other times causing it to disappear,
suggesting that some low level MHD activity might
cause the delayed loss even in plasmas without large
coherent MHD.

A rough analysis of these measurements implied that
an average diffusion coefficient of D, = 0.5 m?%s
was needed to explain this loss of trapped fusion pro-
ducts, which is large compared with the D < 0.1 m?%/s
previously inferred for passing fusion products [4]. This
D ypom is comparable with the thermal plasma heat and
particle diffusion coefficients, but for fusion products
this corresponds to a relatively small step size per
bounce of only =0.1 cm. However, a much larger
vertical step size of about 10 cm on the ion’s last con-
fined bounce was required for the loss orbit to be
detected at the 90° detector in the presence of the
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poloidal ICRH limiters near the outer midplane.
Preliminary evaluations of several possible loss
mechanisms concluded that:

(a) Internal magnetic perturbations with magnitudes
B,/B; ~ 107 are sufficient to cause the average radial
step size needed for the delayed loss, although the radial
steps for single modes are apparently not stochastic
below B,/B; ~ 1073, and even at that level a single
MHD mode cannot plausibly explain the required large
last step size.

(b) The calculated effect of stochastic TF ripple
diffusion produced a step size of about 3 cm at each
banana tip in the region of interest, and so would not
quite explain the loss at 90°, although the internal
radial transport of partially thermalized trapped ions
could be caused by this mechanism; and localized TF
ripple wells, which could cause a large vertical step
size, do not quite exist in the region of the last banana
tip of the anomalous loss orbit.

(¢) Large angle nuclear scattering is not strong
enough to cause this anomalous loss process.

Although there is as yet no quantitative explanation
for the anomalous loss described in this paper, some
general conclusions can be drawn from these results:

(1) This anomalous delayed loss will most likely
persist for alpha particles in D-T plasmas, since they
will be sensitive to similar ‘single particle’ loss
mechanisms and will have a similar thermalization
time. However, the magnitude of the global alpha
heating loss will probably be <1-10% of the confined
MeV ion population, corresponding to the first orbit
loss level in TFTR at J = 2 MA [7]. Although such a
loss should not affect global alpha heating, it may
cause localized heat loads and damage to unprotected
wall or divertor components in the ion V B direction.

(2) The sensitivity of these results to the radial
detector relocation implies that the wall impact position
of any such ‘anomalous’ MeV alpha loss (including
that due to possible collective alpha effects) can be
quite sensitive to the relative positions of the plasma,
the wall and/or the limiters, and the detector itself.
This suggests that MeV ion ioss in future D-T experi-
ments should ideally be monitored on all exposed
limiter surfaces, although practical difficulties such as
detector overheating and competing loss mechanisms
will inevitably limit this information.

(3) A large guiding centre or bounce mapping code
will be needed to understand the complex MHD and
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TF ripple loss mechanisms and their mutual interac-
tions in the plasma; such a code should also incor-
porate the details of the wall and limiter geometry to
determine the alpha loss locations.

Future experimental work in this area is needed to
clarify the effects of the MHD mode number and its
frequency on the observed anomalous loss (particularly
for very low frequency modes), and should evaluate its
poloidal and toroidal distributions more carefully, as
done recently for NBI loss in JT-60U [12]. A search
for new theoretical mechanisms for trapped fusion
product loss also seems to be warranted by these
results.
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