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Measurements of DT Alpha Particle Loss 
Near the Outer Mdplane of TFTR 

S. J. Zweben, D. S. Darrow, H. W. Herrmann, 
M. H. Redi, J. Schivell, R. B. White 

Princeton Plasma Physics Laboratory, P.O. Box 451, Princeton, N.J. 08543 

ABSTRACT 

Measurements of DT alpha particle loss to the outer midplane region 
of TFTR have been made using a radially movable scintillator detector. The 
conclusion from this data is that mechanisms determining the DT alpha 
loss to the outer midplane are not substantially different from those for DD 
fusion products. Some of these results are compared with a simplified 
theoretical model for TP ripple-induced alpha loss, which is expected to be 
the dominant classical alpha loss mechanism near the outer midplane. 
An example of plasma-driven MHD-induced alpha particle loss is shown, 
but no signs of any "collective" alpha instability-induced alpha loss have yet 
been observed. 

DISTRIBUTION OF THIS DOCUMENT IS UNLIMITED 



1. Introduction 

This paper describes the initial measurements of DT alpha particle 
loss near the outer midplane region of TFTR. These results are of interest 
for clarifying the process of toroidal field (TF) ripple-induced loss of alpha 
particles, which is expected to be the dominant classical loss mechanism 
for alpha particles at high current in TFTR (I>1.5 MA), and in ITER[1]. 
These results complement the excellent studies of TF ripple diffusion 
reported at this conference from JT-60U[2], JET[3], and Tore Supra[4]. 

To a large extent, the results of these new measurements of DT alpha 
loss near the midplane are very similar to those obtained previously for DD 
fusion products[5,6]. This is to be expected if both the DT and DD fusion 
product losses are due to classical TF ripple loss, since the gyroradius and 
collisionality of these fusion products are similar. On the other hand, these 
midplane measurements differ significantly from the previous DT alpha 
loss measurements made at the vessel bottom, which were found to be 
consistent with classical first-orbit loss[7]. Again, this is to be expected, 
since the TF ripple loss is expected to occur only at poloidal angles <302 

below the outer midplane, whereas the first-orbit loss is expected to be 
peaked =60-909 below the outer midplane. 

The basic experimental results are presented in Sec. 2, including 
comparisons between DT and DD measurements. Sec. 3 contains a 
comparisons of the DT results with a simplified model of classical TF ripple 
loss based on the collisionless MAPLOS code[6], and a Summary. 

2. Experimental Results 

Measurements of the DT alpha loss were made using a scintillator 
detector located 20 2 below the outer midplane of the TFTR vessel, i.e. 36 cm 
below the midplane in the ion grad-B drift direction. A photograph of the 
detector head inside the TFTR vacuum vessel is shown in Fig. 1. This 
"midplane" detector is essentially the same used previously for DD fusion 
product measurements[5,6], the main difference being that the 3 um 
aluminum foil filter which was used previously has been removed (to allow 
measurements of low energy neutral beam ions)[8]. 

This detector is similar to the other detectors in the lost alpha 
poloidal array[9], in which a pinhole/slit aperture pair disperses the fast 
ions in pitch angle and gyroradius before they hit a scintillator screen. The 
visible light image produced by the alphas is transferred to both a camera 
and to a set of photomultiplier tubes. The acceptance range of the midplane 

.,, . .4etecjtpr. ir^l^des particles,with,pitph angles (with respect to the local 
toroidal field) of =45-85 2, "and gyroradii in the range of =2-10 cm 
(perpendicular to the toroidal field B), which includes alpha particles down 
to an energy of =0.5 MeV, but excludes alphas which may be trapped inside 
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the TF ripple wells at pitch angles >85 e. The midplane probe is radially 
movable, whereas the other probes are fixed. 

An important consideration in these midplane probe measurements 
is the relative location of the probe's aperture with respect to the limiters 
inside the vessel. The probe's radial position will be defined here with 
respect to the geometrical shadow of the "RF" limiters, which are at a 
radius of 99 cm with respect to the vessel center. Alpha particle loss can be 
detected behind this outer limiter shadow since the nearest such limiter is 
displaced >2 m toroidally from the midplane probe in the direction from 
which the alphas are incident onto i t (i.e. from the co-I direction). A 
detailed interpretation of the shadowing effect of these limiters has been 
considered previously for DD fusion products[5], but is beyond the scope of 
the present paper. 

2.1 Plasma Current and Fusion Power Dependence 

The first midplane DT alpha loss measurements were made during 
the plasma current scan over 1=0.6-2.0 MA described in Ref. 7. These 
plasmas had a major radius of R=2.52 m, a toroidal field of B=4.7-5.1 T, and 
a neutral beam injection power (NBI) power of P=5-13 MW. The midplane 
probe aperture for all these discharges was at 1.7 cm, i.e. 1.7 cm radially 
outward from the geometrical shadow of the (toroidally displaced) limiter. 
Note that the midplane probe was not inserted into the highest-powered, 
highest current discharges of Ref. 7 due to the possibility of probe damage 
during major disruptions. 

The DT alpha particle signals were integrated over the midplane 
probe acceptance ranges in pitch angle and gyroradius, and then 
normalized to the global DT neutron rate during the time of interest, which 
was typically the quasi-steady-state period 0.4-0.7 sec after the start of NBI. 
The resulting relative alpha particle loss per DT neutron vs. plasma 
current is shown at the top of Fig. 2. 

The current dependence of the normalized DT alpha loss shown in 
Fig. 2 is at least qualitatively similar to the results obtained previously for 
DD fusion products[6]. The most striking feature in this DT data is a sharp 
decrease in normalized alpha loss below 1=1.0 MA, in contrast to the 
monotonically increasing loss toward lower currents observed in the 90 s 

detector DT data for the same discharges[7]. This difference is not too 
surprising, since in the limit of zero current the alphas will drift vertically 
downward into the 90 9 detector, and not into the 20 s detector. 

For a closer comparison of DT with DD data, the top part of Fig. 2 also 
shows DD fusion product loss data taken for R=2.52 m plasmas made just 
before the DT run. The DD data is normalized to the DT data at 1=1.0 MA. 
The variation of normalized alpha loss vs. plasma current is very similar 
for DT and DD fusion products. The alpha signal levels per DT neutron are 
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=1.5 times those for DD fusion products per DD neutron. This is similar to 
the ratio seen in the 90 9 detectors, and is expected from the relative 
scintillation efficiency for the respective fusion products[7]. 

The fusion power dependence of the midplane alpha loss a t a 
constant current of 1=1.8 MA is shown at the bottom of Fig. 2, again for 
R=2.52 m plasmas with the probe aperture at 1.7 cm. The relative alpha 
loss per DT neutron does not increase with fusion power, indicating the 
absence of any new "collective" alpha loss process up to fusion power levels 
of =4 MW. In fact, the normalized alpha loss actually decreases slightly 
with increasing fusion power over this range, despite the increase in 
Shafranov shift with increasing fusion power, also shown in Fig. 2. This is 
somewhat surprising, since an increased Shafranov shift should 
qualitatively tend to move the alpha source region to a higher TF ripple 
region, thus increasing the relative TF ripple loss. 

2.2 Time Dependence 

The time dependence of the midplane alpha loss signals normalized 
by the global DT neutron rate is shown in Fig. 3. At the top of Fig. 3 are 
results taken from the camera images for typical 1=1.0 MA and 1=1.8 MA 
discharges during the current scan of Fig. 2, in which the probe aperture 
located 1.7 cm behind the limiter shadow. The alpha loss rate vs. time does 
not vary by more than about ±20% between 0.1 sec after the start of NBI to 
0.1 sec after the end of NBI (which is comparable to the uncertainty in these 
measurements). Similar behavior was seen in the other DT and DD 
discharges in the current scan of Fig. 2 (although in some other cases an 
increase in loss vs. time at this aperture position has been seen). 

A more accurate measurement of the time dependence of the 
midplane alpha loss is shown in the bottom part of Fig. 3, where in this 
case the data was taken from a photomultiplier tube integrating over the 
whole scintillator plane. In this 1=2.0 MA discharge the probe aperture was 
located 1.0 cm inside the limiter shadow, which resulted in a very large 
signal level (see Sec. 2.3). The normalized alpha loss rate vs. time did not 
vary by more than about ±20% between =0.05 sec after the start of NBI to =0.6 
sec after the end of NBI, over which time the DT source rate varied by more 
than an order of magnitude. 

The conclusion from this data is that there is generally no sign of an 
increase in the neutron-normalized alpha loss following the end of NBI, as 
might be expected from a slow diffusive loss process. In fact, the measured 
time dependence of the alpha loss to the outer midplane was similar to that 
seen in the 90 s detector, which was consistent with a prompt loss process 
such as first-orbit loss[7]. Further analysis is underway to reconcile this 
experimental result with recent modeling of collisional TF ripple loss in 
TFTR, which suggested that following the rapid first-orbit and collisionless 
stochastic ripple loss processes, an equally large loss fraction of alphas due 
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to collisional processes is expected, delayed over the alpha slowing down 
time [10,11]. 

2.3 Radial Midplane Probe Scan 

The midplane probe was scanned radially during a long series of DT 
and DD discharges with constant E=2.52 m, 1=2.0 MA and P=20-25 MW, 
with results shown in Fig. 4. In this figure, both the total alpha loss signal 
levels per DT neutron and also the total DD fusion product signal per DD 
neutron are shown, both averaged over an interval of 0.5 sec during quasi-
steady-state phase of NBI as measured by the camera. The probe aperture 
was scanned within about ±1.5 cm of the of the outer limiter radius. Note 
that at its innermost position the midplane probe tip was still 16 cm away 
from the plasma edge, so it did not heat up significantly. 

The resulting profiles of the neutron-normalized alpha signal vs. 
radial probe position show qualitatively similar behavior for DT and DD 
fusion products. The shape of the DD curve is also similar to that 
measured previously in R=2.45 m plasmas (note that the tip can not be 
scanned past the limiter radius in R=2.6 m plasmas). The ratio of signal 
per neutron for DT is -1.5 times that of DD for most of the radial range, 
which is similar to the ratio seen for the 90 9 signals at this current. There 
does, however, seem to be a systematic increase in the ratio of DT/DD signal 
levels at the outermost probe position, which is similar to the relatively high 
DT/DD ratio at 1=1.8 MA shown at the top of Fig. 2. Note that in these DD 
discharges the residual DT reaction rate due to recycling of tritium from 
the vessel walls was about 1/2 the DD reaction rate. 

The conclusion from this data is tha t mechanisms determining the 
radial profile of the measured DT alpha loss to the midplane probe are not 
substantially different from those for DD fusion products. This suggests the 
absence of any new mechanism of alpha loss at the location, e.g. collective 
alpha-instability induced alpha loss. However, a quantitative interpretation 
of the large increase in these signals as the probe moves inward has not yet 
been made; presumably, this is due to the increasingly localized collection 
of ions which would otherwise have been distributed over a larger wall 
area. Also, a quantitative decomposition of this signal in terms of the 
relative contributions from TF ripple loss and first-orbit loss has not yet 
been made (see Sec. 3.2). 

2.4 Pitch Angle and Gyroradius Distributions 

The scintillator images can be transformed into maps of the detected 
alpha particle pitch angle "X" (where cosX=vtor/v) and gyroradius "p" 
(defined for X=902) distributions, as described previously[7]. These maps 
are displayed in terms of the expected locations of the centroids of the 
impact positions for alphas of a given X a n < i P- The finite aperture 
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dimensions and optical resolution cause the alpha distributions to be 
spread over the scintillator even for a single (X.pX particularly in the p 
direction. 

Figure 5 shows some examples of (X.p) maps for the midplane probe 
signals for four such similar 1=2.0 MA discharges at R=2.52 m with =23 
MW of fusion power, as used for Fig. 4. Intensity contour maps are shown 
for probe positions of ±1.5 cm for DT and very similar DD discharges, each 
of which is averaged over the 3.5-4.0 sec in discharges like that shown at the 
bottom of Fig. 3. Note that the signal levels for the -1.5 cm position were =20 
times those for the +1.5 cm position. 

The first thing to notice from Fig. 5 is that there are only slight 
differences between the DT and DD data at a given probe position. This 
implies that the fusion product loss processes are substantially the same for 
the DT and DD plasmas, in agreement with the conclusion reached from 
the radial scans of Fig. 4. Note that there was again a residual DT reaction 
rate of about 1/2 the DD reaction rate in these DD discharges due to 
recycling of tritium from the vessel walls. 

The second thing to notice from Fig. 5 is that the pitch distributions 
shift to a lower pitch angle as the probe is moved inward from the +1.5 cm 
to the -1.5 cm positions, both for the DT and DD cases. The peak pitch angle 
of «52 e for the signals at -1.5 cm corresponds to orbits which are near to the 
"fattest bananas" of birth-energy alphas, while the peak pitch angle of =622 

for the signals at +1.5 cm corresponds to more deeply trapped orbits with 
their banana tips in the stochastic TF ripple loss region (see Sec. 3.2). This 
result seems different from that reported in Ref. 6, in which the peak near 
62 9 increased with respect to the first-orbit loss peak at 53 2 as the probe was 
moved radially inward. However, the scan of Ref. 6 was made only between 
3.7 and 6.2 cm behind the outer limiter shadow for R=2.6 m plasmas, and so 
can not be directly compared with the results of Fig. 5. 

The third thing to notice from the maps of Fig. 5 is that there are only 
small differences between the gyroradius distributions of DT and DD fusion 
product losses at either probe position. The -5% larger gyroradius peak 
location for the DT cases compared to the DD cases may simply be due to the 
=10% larger gyroradius for expected for 3.5 MeV alphas compared with 3 
MeV protons or 1 MeV tritons from DD (after taking into account the 
component of DT alphas). There is also little or no change in the 
gyroradius (i.e. energy) distribution of alpha loss vs. time, suggesting that 
these midplane probe signals are primarily due to a relatively "prompt" 
alpha loss mechanism, as also inferred from the time dependences in Sec. 
2.2. 

Figure 6 shows the time dependence of the (X.p) maps for 1=2.0 MA 
discharges similar to that shown at the bottom of Fig. 3, in which the probe 
aperture position was at -1.5 cm for all cases. The upper-left map was 
taken <0.04 sec after the start of NBI, i.e. well before any collisional effects 
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could influence the TF ripple diffusion, while the lower maps were taken at 
0.25 and 0.65 sec after the end of NBI, by which time any slow diffusive 
effects should be dominant, if present. To a first approximation, all the 
maps are all essentially the same, implying a relatively low level of slow 
diffusive alpha loss. 

There is one anomaly in the interpretation of the gyroradius 
distributions which is not yet understood. The peak of these signals occurs 
at an inferred gyroradius centroid location of ~5 cm, whereas the expected 
peak location for prompt loss of alphas at =3.5 MeV is ~7 cm. This 
difference is most likely due to a systematic error in the modeling of the 
impact position of the alphas onto the scintillator, since the difference 
between these two centroid locations is only -0.2 cm at the scintillator 
plane, or to an incomplete correction for the optical vignetting of these 
images, which is much larger than for the other detectors. 

2.5 Effects of MHD Activity 

The alpha loss to the outer midplane probe was sometimes affected by 
plasma-induced MHD activity, but in a way which was not qualitatively 
different from that previously seen for DD fusion products[12j. These MHD-
induced changes in the alpha loss occurred during coherent modes, 
sawtooth crashes, ELMs during limiter H-modes[13], and major and minor 
disruptions. 

One example of this behavior is shown in Fig. 7, in which the 
midplane alpha loss signal was monitored by a photomultiplier tube which 
integrated over the whole scintillator plane, as for the bottom of Pig. 3. 
During the strong coherent MHD activity between =3.6-4.1 sec in this 
discharge, the alpha loss per DT neutron increased by up to =50% above that 
for similar discharges without MHD activity. This additional alpha loss 
fluctuates along with the normal internal low-n MHD activity, which 
eventually decreases in frequency and "locks" between 4.0-4.1 sec. Further 
analysis of this complicated behavior is beyond- the scope of the present 
paper, although a model for such MHD effects has been developed 
previously[12]. 

No signs of any collective alpha-instability induced alpha loss to the 
midplane region has yet been seen in these DT experiments. This is 
consistent with the observation that no new fluctuations have been observed 
in DT plasmas which were not also observed in DD plasmas[14,15]. 
However, it should be noted that the midplane probe was not inserted for 
most of highest-powered, highest current plasmas, due to the possibility of 
disruption-induced damage to the probe: 

7 



3. Discussion 

This paper presented the first measurements of DT alpha particle 
loss to the outer midplane region of TFTR. These measurements were 
made using a movable scintillator detector located 20 2 below the outer 
midplane, which was scanned ±1.5 cm radially around the shadow of the 
outer poloidal limiter in plasmas with R=2.52 m. The experimental results 
were quite clear and reproducible, but the theoretical analysis and 
interpretation of these results in terms of the expected TF ripple diffusion is 
still in a preliminary stage. 

3.1 Summary of Experimental Results 

a) The plasma current dependence of the neutron-normalized DT alpha 
loss had a peak at 1=1.0 MA, similar to the current dependence of the DD 
fusion product loss, implying a similar loss process for DT and DD fusion 
products, 

b) There was no systematic increase in the normalized DT alpha loss per 
neutron with increasing DT fusion power, implying that there was no 
"collective" alpha-instability induced alpha loss up to =4 MW of fusion 
power, 

c) The normalized alpha particle loss per neutron was usually constant as 
a function of time between =0.05 sec after the start of NBI and =0.5 sec after 
the end of NBI, suggesting that the alpha loss process was fairly "prompt", 

d) The radial profiles of the detected DT alpha loss were similar to those for 
DD fusion product loss over the range ±1.5 cm around the outer limiter 
shadow, over which the alpha collection rate varied by about a factor of 30, 

e) The pitch angle and gyroradius distributions were similar between DT 
and DD discharges of the same type, with a systematic decrease in the 
pitch angle distribution as the probe was moved radially inward, again 
implying a similar loss process for DT and DD fusion products, 

f) The gyroradius distributions did not vary significantly between =0.04 sec 
after the start of NBI and =0.65 sec after the end of NBI, suggesting the 
absence of a significant delayed loss component, 

g) The midplane alpha loss could increase by up to =50% during large 
coherent plasma-induced MHD activity, but the behavior was qualitatively 
similar to that seen previously for DD fusion products. 
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3.2 Comparison with MAPLOS Modeling of TF Ripple Loss in TFTR 

The first detailed modeling of the TF ripple loss of fusion .products in 
TFTR was done using the MAPLOS code written by Boivin in connection 
with his midplane probe experiments on DD fusion products[5,6]. This code 
used a collisionless mapping model of trapped particle orbits, the bounce 
points of which were stepped vertically according the model of Goldston, 
White, and Boozer[16j. The magnetic geometry was simplified by assuming 
zero Shafranov shift, but the vacuum region between the plasma edge and 
the wall was properly taken into account in order to find the poloidal impact 
location of the escaping orbits at the wall. For these calculations, the wall 
was assumed to be a smooth toroidal surface, without any limiters. 

Figure 8 shows the MAPLOS-calculated poloidal distribution of DT 
alphas for the R=2.52 m plasmas in the current scan of Fig. 2. Each of the 
four cases represents a Monte Carlo run of =125,000 alphas, which is 
enough to allow good statistics for the lost alpha distribution. For these 
runs the wall location was specified as the limiter radius of 99 cm, i.e. 
corresponding to the aperture position of zero in Fig. 4. The results are 
generally similar to those obtained previ^jsly for DD fusion products[6], in 
which the TF ripple loss increases witlTplasma current and is localized 
<302 below the outer midplane (the variation of the global and poloidal TF 
ripple loss and first-orbit loss vs. current was discussed in Ref. 4). 

Taken literally, the model of Fig. 8 can not explain the peak in the 
midplane loss signal at 1=1.0 MA seen in Fig. 2, since the calculated total 
alpha loss vs. plasma current at a poloidal angle of 20 2 below the outer 
midplane monotonically decreases with increasing plasma current, as 
shown in Fig. 9. However, the alpha loss distributions at I>1.0 MA (Fig. 8) 
are quite sensitive to the assumed poloidal angle, such that the calculated 
total loss at a poloidal angle of «10 9 can explain (at least qualitatively) the 
peak in the data at 1=1.0 MA, as also illustrated in Fig. 9. A quantitative 
interpretation of this current scan data will require a careful modeling of 
the finite alpha gyroradius and the shadowing by the limiter and the probe 
itself[5]. 

A different type of prediction from the MAPLOS code concerns the 
pitch angle distribution measured at the detector position. The measured 
peak pitch angle for the current scan data (Fig. 2) is shown in Fig. 10, along 
with MAPLOS calculations for the expected peak pitch angles for first-orbit 
and TF ripple loss. The measured peak pitch angle location does seem to 
agree with the model for TF ripple loss a t high currents, as noted 
previously for DD fusion products[6], but the data does not seem to agree 
with the first-orbit model at the low current (where the TF ripple loss 
should be negligible). However, at 1=0.6 MA the first-orbit loss consists of 
"pinch"-type orbits, which may be particularly sensitive to the assumed 
current distribution. 
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The corresponding 3.5 MeV alpha orbits at the peak pitch angles for 
the expected first-orbit and TF ripple loss for an 1=2.0 MA plasma are 
shown in Fig. 10, along with an evaluation of the location of the stochastic 
TF ripple diffusion (SRD) region based on the GWB model. The measured 
pitch angle peak of «64 2 corresponds to an orbit with its banana tip in the 
SRD domain, as expected for a TF ripple loss orbit. However, the orbit at 
=522, which corresponds to the peak of the measured distribution when the 
probe is located -1.5 cm with respect to the limiter, corresponds to a "fattest 
banana" orbit with its banana tip inside the SRD-free region. Evidently 
MAPLOS can not explain the measured variation of the pitch angle peak vs. 
probe position shown in Fig. 5, since these calculated orbits do not change 
significantly over this range of aperture positions. 

A final prediction of MAPLOS concerns the timescale for 
collisionless TF ripple diffusion of alphas in these discharges. The median 
loss time for TF ripple of alphas in this model was =10 msec, which is not 
inconsistent with the promptness of the alpha loss with respect to the 
neutron source discussed in Sec. 2.2, or with the constancy of the 
gyroradius distribution vs. time discussed in Sec. 2.4. 

3.3 Conclusions 

The measured behavior of DT alpha particles lost near the outer 
midplane of TFTR was found to be similar to the behavior measured for DD 
fusion products, as would be expected for any single-particle loss process 
such as TF ripple loss or first-orbit loss. No indication of any "collective" 
alpha-instability induced alpha particle loss process has been observed, 
although plasma-induced MHD activity could increase the alpha loss to the 
midplane by up to -50%. 

Many open questions remain to be resolved before these midplane 
probe measurements can be interpreted by a quantitative model for the TF 
ripple loss of alpha particles. Foremost among these is the need for better 
modeling of the actual detector geometry, including the finite alpha 
gyroradius and the geometrical shadowing effects of the midplane probe by 
the downstream poloidal limiter and by itself[5]. Such modeling seems to be 
necessary to explain the variation of measured alpha loss levels and pitch 
angle distributions with the radial probe position. 

Another need is for more realistic modeling of the TF ripple loss 
itself, including the actual magnetic geometry and the collisional effects. 
Substantial progress has been made in this area using guiding center 
codes[10,ll], although the statistics of these codes are necessarily limited 
when called upon to interpret the local loss to the midplane detector. 
Improvements can be made by first locating the ripple loss boundaries and 
then selectively following the orbits of only those alphas born near these 
boundaries[17]. 
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Finally, i t should be emphasized that these initial measurements of 
the DT alpha loss to the outer midplane were restricted to TFTR plasmas of 
a single size, and were limited to a range of pitch angles which did not 
include ripple-trapped alphas. Further experimental work is needed to 
examine the effects of the plasma major radius, the plasma current 
distribution, and various types of MHD activity on the alpha losses near the 
outer midplahe region. Also, comparisons should be made between these 
alpha loss measurements and the measurements and modeling of the 
simultaneous effects of TF ripple loss and sawteeth on confined alphas in 
TFTR[18,19,20]. 
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Figure Captions 

1) Photograph of the midplane scintillator probe inserted into the TFTR 
vacuum vessel through the porthole on the upper right. The aperture into 
which the alpha particles enter is located 3 cm outward from the tip of the 
probe, inside of which is the scintillator screen. The nearly outer wall is 
=10 cm radially outward from the edge of the poloidal limiters, such as the 
one shown behind the probe. A similar poloidal limiter is ~2 m. toroidally 
in the incoming alpha direction. The midplane probe is radially movable 
between discharges. 

2) The plasma current dependence of the neutron-normalized alpha loss to 
the midplane probe is shown at the top. The alpha loss per DT neutron 
peaks at 1=1.0 MA, as does the DD fusion product loss per DD neutron in a 
similar current scan. The bottom part shows the neutron-normalized 
alpha loss-vs. fusion power for the 1=1.8 MA DT discharges in the top part. 
For all cases the data was averaged over 0.4-0.7 sec after the start of NBI, 
and the probe aperture was 1.7 cm behind the limiter shadow (the 
Shafranov shifts are taken at 0.6 sec after the start of NBI). 

3) Time dependences of the neutron-normalized alpha loss to the midplane 
probe. The top part shows data from two of the discharges in the current 
scan of Fig. 2, in which the probe aperture was at 1.7 cm behind the limiter 
shadow, while the bottom part shows an 1=2.0 MA discharge for which the 
probe was -1.0 cm in front of the limiter shadow. In all cases the midplane 
alpha loss follows the DT neutron rate to within about +20%. 

4) Radial profiles of the DT and DD fusion product loss to the midplane 
probe as the aperture is scanned ±1.5 cm around the shadow of the outer 
limiter. These discharges were all at 1=2.0 MA and 11=2.52 m, and the data 
was integrated over 0.7-1.2 sec after the start of NBI for discharges like that 
at' the bottom of Fig. 3. The DT signal levels per neutron are about 1.5 times 
higher than those in DD, as expected for the different scintillator 
efficiencies for different types of fusion products. 

5) Intensity contour maps of the gyroradius centroid vs. pitch angle 
distributions for fusion product loss in DT and DD plasmas for discharges 
like those in Fig. 4. The contours represent a linear scale in the relative 
signal level for that scintillator image, after background subtraction. There 
is no substantial difference between the DT and DD patterns at a given 
probe position, such as would be expected for either TF ripple or first-orbit 
loss processes. However, the pitch angle distribution shifts toward lower 
pitch angle as the probe in moved farther inward, which is not understood. 

6) Intensity contour maps of the gyroradius centroid vs. pitch angle 
distributions for DT alpha particle loss for various times during an 1=2.0 
MA discharge like that shown at the bottom of Fig. 3. There are only slight 
differences in these patterns between 0.04 sec after the start of NBI and 0.65 
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sec after the end of NBI. This suggests the absence of a significant delayed 
loss component, which would appear as a low-gyroradius feature at late 
times. 

7) The effect of plasma-driven MUD activity on the midplane alpha loss can 
be seen as a =50% increase in the alpha loss per DT neutron over 3.6-4.1 sec 
in this discharge. The oscillations in the alpha loss are in phase with the 
dominant low-n MHD frequencies. Similar behavior has been seen for DD 
fusion product loss. 

8) MAPLOS calculations of the poloidal distribution of TF ripple and first-
orbit alpha loss in TFTR discharges, which models the current-scan data of-
Fig. 2. The TF ripple loss is localized <309 below the outer midplane, 
similar to the DD fusion product loss calculated previously[6]. The vertical 
scales are all in the same units. In these calculations the wall is simplified 
to be a flat surface at the limiter radius. 

9) The relative alpha loss vs. plasma current for the MAPLOS calculations 
of Fig. 8, plotted for poloidal angles of 20 2 (the actual probe angle) and also 
10 s below the outer midplane. The current dependence is a sensitive 
function of the assumed poloidal angle. The data of Fig. 2 fits the 10 s curve 
better than the 20 2 curve. This discrepancy may be due to an incomplete 
modeling of the finite alpha gyroradius and shadowing effects. 

10) Variation of the pitch angle peak of the measured alpha loss vs. plasma 
current for the data of Fig. 2, compared with MAPLOS calculations of the 
expected peaks of the first-orbit and TF ripple loss distributions. At high 
currents I>1.8 MA the data fit the model for TF ripple loss, as expected. At 
1=0.6 MA the first-orbit losses are of the "pinch" type, which do not fit the 
measured peak location, and there are negligible TF ripple losses. The 
orbits for 3.5 MeV alphas entering the midplane probe at pitch angles of 52 s 

and 64r are shown in the bottom for an 1=2.0 MA plasma. These orbits are 
calculated backward from an aperture position of 1.5 cm behind the outer 
limiter, but the orbits are basically unchanged over the range into +2 to-2 
cm with respect to the outer limiter. 
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