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In the Tokamak Fusion Test Reactor (TFTR) [International Conference on Plasma Physics and 
Controlled Nuclear Fusion Research, Wurzburg, Paper No. A-2-2 (International Atomic Energy 
Agency, Vienna, 1993)] there have been at least three types of anomalous loss of alpha-like 
deuterium-deuterium (D-D) fusion products: ( 1) a magnetohydrodynamic (MHD) -induced 
loss of D-D fusion products correlated with Mirnov and fishbone-type oscillations and sawtooth 
crashes, (2) a slow “delayed” loss of partially thermalized D-D fusion products occurring 
without large MHD activity, and (3) ion cyclotron resonance heating (ICRH)-induced loss of 
D-D fusion products ions observed during direct electron heating experiments, and possibly also 
during 3He minority heating. In this paper each of these will be reviewed, concentrating on those 
due to MHD activity, which are the largest of these anomalous losses. The experimental results 
are compared with numerical models of various fusion product transport mechanisms. 

I. INTRODUCTION 

In this paper we describe recent measurements and 
modeling of deuterium-deuterium (D-D) fusion product 
loss in the Tokamak Fusion Test Reactor (TFTR) .I The 
D-D fusion products measured here are the 3 MeV proton 
and the 1 MeV t&on, both of which have a gyroradius and 
collisionality similar to 3.5 MeV alphas from deuterium- 
tritium (D-T) reactions. The main goal of these studies is 
to identify the “single-particle” loss mechanisms for D-D 
fusion products in TFTR in order to help isolate any new 
“collective’* alpha loss mechanisms that might occur dur- 
ing the upcoming D-T run. Another goal is to identify 
potentially damaging single-particle alpha loss mechanisms 
in the International Tokamak Experimental Reactor 
(ITER) or other tokamak reactors, where even a few per- 
cent fast alpha loss may cause damage due to localized 
heating of the first wall or divertor plate. 

Three different types of anomalous fusion product loss 
are described in this paper: namely, loss due to magneto- 
hydrodynamic (MHD) activity, delayed loss, and loss due 
to ion cyclotron resonance heating (ICRH). These pro- 
cesses are anomalous, in the sense that they are not yet 
understood quantitatively, and so are not yet included in 
calculations of alpha loss in future D-T reactors. The em- 
phasis here will be on the largest of these losses, namely 
that due to conventional MHD activity. Note that previous 
measurements and modeling of D-D fusion product loss in 
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TFTR have identified both the “classical” first-orbit loss2 
and the stochastic toroidal field (TF) ripple-induced 
10ss,~*~ which form an experimental baseline from which 
these anomalous loss processes can be evaluated. 

The measurements described below were all made dur- 
ing the 1992 TFTR D-D run using the Lost Alpha diag- 
nostic (Sec. II), which will also be used to measure alpha 
loss during the deuterium-tritium (D-T) run. The theory 
and modeling come from several sources, including guiding 
center Monte Carlo codes and simplified analytical model- 
ing. Although some of these results have already been sum- 
marized at a recent conference,5 in this paper there is more 
detailed data on MHD-induced loss during $-type and 
fishbone-type modes, improved modeling of i-type MHD- 
induced loss, and the first discussion of classical pitch angle 
scattering as a possible cause of the delayed loss. 

II. THE LOST ALPHA DIAGNOSTIC 

The “Lost Alpha” diagnostic on TFTR was designed 
to measure alpha loss in D-T plasmas, but can also mea- 
sure loss of D-D fusion products, which is z 100 times 
smaller. Since 1990 there have been four detectors installed 
in a poloidal array at angles of go”, 60”, 45”, and 20” below 
the outer midplane. The first three of these are fixed in 
position with their apertures 1 cm radially outside the ra- 
dius of the poloidal ring limiters (which have a minor 
radius of 0.99 m from their center at a major radius of 
R =2.61 m, but which are displaced >2 m toroidally from 
these detectors). The 20“ or “midplane” detector is 
mounted on a probe shaft that is radially movable to well 
inside the limiter radius. 

Each of these detectors has a pair of apertures designed 
to disperse ions according to their gyroradius (energy) in 
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one direction and their pitch angle (magnetic moment) in 
the other direction. After passing through the apertures, 
the fast ions strike a thin layer of inorganic crystal phos- 
phor, which was a 18 pm layer of P3 1 (ZnS[Cu]) for the 
experiments of the 1992 run. The resulting scintillation 
light image is focused onto a coherent quartz fiber optic 
bundle and carried to detectors in a shielded area. For 
D-D plasmas these scintillators are primarily sensitive to 3 
MeV protons ( =: 60% of the light output), and 1 MeV 
tritons (~40% of the light output), whereas the 0.8 MeV 
3He fusion product is filtered out by a 3 pm aluminum foil 
that covers the inner aperture.2’6 Since the protons and 
tritons have exactly the same gyroradius at birth, for most 
of the discussion below they are lumped together as “D-D 
fusion products” (even though they do have somewhat 
different collisionality ) . 

The visible light images from these scintillators are 
monitored by an intensified video camera in parallel with a 
set of photomultiplier (PM) tubes. The camera is used for 
recording the 2-D images of the scintillators for analyzing 
the pitch angle versus gyroradius distribution, typically at 
16 or 33 frames/s. For the 1992 run, the total light output 
from each detector was also sent to individual PM tubes in 
order to examine the time dependence with a time response 
of ~20 ,us. This is similar to the l/e decay time of the light 
from the P31 scintillators used in 1992.7 

Energy resolution is limited in these detectors, since it 
is set by the geometrical resolution of the aperture pair (as 
in an unfocused magnetic spectrometer), and not by the 
detector itself (as in a silicon detector pulse height analysis 
system). Furthermore, only the ion gyroradius distribution 
can be determined and not the ion species, which has 
caused some ambiguity in ICRH minority heating experi- 
ments with multiple fast ion species. The measured gyro- 
radius distribution is fit by model curves generated by a 
detector simulation code, which can determine relative 
changes in the ion energy of about f 1 MeV for 3 MeV 
protons. This is good enough to distinguish the delayed 
loss at about half the birth energy, but not good enough to 
determine its detailed energy spectrum. 

The absolute calibration of these detectors has been 
uncertain by about a factor of 2 or 3,6 which is not very 
good compared to the uncertainty of about f lo%-20% of 
global neutron source measurements. This is due to a com- 
bination of several factors, including uncertainties in the 
light output per MeV ion, in the angular distribution of 
this light output, and in the optical throughput of the of 
the lenses and fiber bundles. The scintillator calibration 
work using the Los Alamos Van de Graaff7 is presently 
being extended to provide a more accurate absolute cali- 
bration. 

III. EXPERIMENTAL RESULTS ON MHD-INDUCED 
LOSS 

The first evidence of MHD-induced loss of D-D fusion 
products in TFTR came shortly after the array of 2-D 
imaging scintillator detectors was installed, when increases 
in the fusion product loss by a factor of ~3 were seen in 
the 90“ detector at times of large MHD activity.’ This 

increased loss fluctuated in time with the frequency of the 
MHD activity in the range ~2 Hz (nearly locked modes) 
to z-5 kHz (Mirnov oscillations in rotating plasmas). 

Every TFTR run since then has had many discharges 
with very similar symptoms of MHD-induced loss, partic- 
ularly at high neutral beam injection (NBI) power and at 
high current (I) 1.4 MA). The results for discharges in the 
current range I= 1.6-2.0 MA can be summarized as 
follows:5’9 (a) the D-D fusion product loss in the 90” de- 
tector (normalized by the instantaneous neutron rate) can 
increase during strong MHD activity by up to a factor of 
=: 3-5 above the MHD-quiescent level; (b) these increased 
loss rates seem to persist as long as the MHD activity lasts, 
which is often longer than the 3 MeV proton slowing-down 
time of ~0.2 s; (c) this extra loss due to MHD activity can 
increase the total loss up to the level of first-orbit loss at 
I= 0.8 MA, i.e., up to an estimated level of z 20%-30% 
globally; (d) the MHD-induced loss is often observed to be 
strongly modulated with the MHD up to a frequency of 
z-5 kHz, with instantaneous peak loss rates up to about 
ten times the “baseline” level without MHD; and (e) qual- 
itatively similar MHD-induced loss has been seen in all 
four detectors for all plasma major radii in the normal 
range of TFTR plasmas I= l-2 MA and R = 2.45-2.62 m. 

Two examples of MHD-induced D-D fusion product 
loss as measured during the 1992 run are shown in Fig. 1, 
taken from an experiment designed to examine the effect of 
the plasma current profile on MHD activity and fusion 
reactivity in supershots. For all discharges in this experi- 
ment the plasma current was 1~ 1.6-1.65 MA, the toroidal 
field on axis was 8,=4.8 T, q(O)zO.8*0.2, q(u) 
s=S(Shafranov), the plasma major radius was R =2.45 m, 
and the NBI power was 24 MW from 3-4 s. The fusion 
product loss signals shown in Fig. 1 were taken from the 
PM tubes monitoring the total scintillator light from each 
detector (the neutron/gamma backgrounds were negligible 
in these cases). The 20” detector escaping alpha was in- 
serted with its aperture 3.5 cm inside the limiter radius 
(but still well outside the plasma edge) for both these 
shots. 

One of the discharges in Fig. 1 had relatively large and 
gradually increasing M= 3, n=2 mode activity from about 
~3.25 to 4.0 s (#66869), which correlated with a degra- 
dation in plasma confinement and neutron rate from 
-3.5-4.0 s. The other discharge was relatively MHD qui- 
escent, but did have “fishbone-type” ?n= 1, n = 1 MHD 
activity from ~3.45-4.0 s (#66896), which apparently 
did not affect the global plasma continement or neutron 
rate. Under these plasma conditions there was a consistent 
correlation between the high $ mode activity and anoma- 
lously high fusion product loss, with lower fusion product 
loss consistently observed during z-mode activity, and the 
lowest loss (for these 24 MW shots) during discharges 
with l/i-mode fishbone activity.” This type of MHD- 
induced loss is quite reproducible and persistent in high- 
powered supershots with R =2.45 m and I= 1.4-1.8 MA. 

For the typical cases shown in Fig. 1, the q-type dis- 
charge at ~3.8 s showed a fusion product loss rate (per 
neutron) in the 90” detector which was z-2.5 times higher 
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FIG. 1. MHD-induced loss of D-D fusion products during NBI for 
R =2.45 m, I= 1.6 MA, 24 M W  NBI discharges in TFTR. These shots 
differ in their type. of MHD activity, most likely due to the different 
plasma current evolution before NBI (and not the slightly different final 
current). The MHD-induced loss in the fishbone-type shot (#66896) 
starts at about 3.45 s, while the MHD-induced loss in the s-type shot 
(#66869) appears to start at =: 3.25 s. The D-D fusion product loss at 
both the 9(r and 2tY (midplane) detectors increases by -20% at each 
fishbone, and by -x2-3 above the MHD-quiescent level during g-type 
MHD. Without the MHD activity, the escaping fusion product signals at 
w follows the time dependence of the first-orbit loss early in time ((0.2 
s), with delayed loss dominating the signals later. The Mirnov signals are 
taken from a coil at the vessel wall near the outer midplane. 

than for the fishbone-type discharge. The corresponding 
ratio in the 20” detector was ~3.6 at the same time, while 
for the 60” and 45” detectors the ratio of the loss between 
4 -type and fishbone-type discharges was a factor of z 1.5 
and =: 1.3, respectively. Thus the poloidally averaged fu- 
sion product loss over the range 20”-90” below the outer 
midplane was increased by ~2 during s-type MHD activ- 
ity, when compared to the relatively MHD-quiescent 
fishbone-type discharge. There was also a slight ( ~20%) 
increase in the fusion product loss at each fishbone, start- 
ing from the first one at ~3.45 s and continuing simulta- 
neously in both the 90” and 20” detectors, as long as the 
fishbone-type MHD lasts (>0.5 s). 

in Fig. 2 (at z 3.5 s). For the fishbone-type discharge there 
is a small but consistent increase in the D-D fusion prod- 
uct loss at each fishbone burst, with a perceptible modula- 
tion in the 90” detector at the fishbone frequency of z 10 
kHz (less clear in the 20” detector). The fishbone-induced 
fusion product loss follows closely in time the envelope of 
the Mirnov signal at both the 90” and 45” detectors, with 
the peak loss coinciding with the peak fluctuation level to 
within < 1 ms (even at the first fishbone), suggesting that 
this loss process is very rapid compared to the thermal 
energy confinement time of z 150 ms. For the g-type dis- 
charge there is a few percent (RMS) modulation of the 
loss at both detectors at the i mode frequency of =: 20 kHz. 
The amplitude of these modulations approximately follows 
the amplitude of the Mimov signal over the time scale of 
the NBI. Note that the l/e decay time of the P31 scintil- 
lator is ~20 PS,~ which tends to reduce the fluctuation 
level somewhat at frequencies 220 kHz. 

These same signals are shown on an =: 5 ms time scale The pitch angle and gyroradius distributions of the loss 
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FIG. 2. Comparison over a time scale of -3-5 ms  of the MHD activity 
and fusion product loss for the same two shots shown in Fig. 1. The 
escaping D-D fusion product signals are only weakly modulated at the 
fishbone frequency of z  10 kHz, or the 1 mode frequency of z-20 kHz. 
The inferred amplitude of the magne$c perturbation near the q= 1 sur- 
face during the fishbone is roughly B/B,=. lo-; and the amplitude of 
the i mode is roughly B/B r=: 10m4 near the *=I surface. 
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for these same discharges have been analyzed for the 90” 
detector.’ During fishbone activity, the additional loss usu- 
ally appears to be localized at a pitch angle near the 
passing/trapped boundary, i.e., near the fattest banana or- 
bit. The pitch angle distribution of the loss during the $ 
type activity is more similar to that observed without 
MHD activity, with a slight tendency for additional loss 
toward high pitch angles corresponding to trapped ions 
fairly far from the passing/trapped boundary. This sug- 
gests that the MHD-induced loss to the 90” detector con- 
sists of both passing ions (lost across the passing/trapped 
boundary), and also trapped ions (though not necessarily 
at exactly the same time). The gyroradius distribution of 
the loss during fishbone activity is nearly the same as the 
loss before or between fishbones (i-e,, including both first- 
orbit and a delayed loss component), while for the i-type 
discharge the additional loss is usually weighted toward 
lower gyroradii, corresponding to a lowering of the average 
loss energy by ~20%. The broad instrumental response of 
this detector makes it difficult to unfold the escaping ion 
energy distribution more precisely. 

The magnitude of the :-type anomalous fusion product 
loss normalized by the instantaneous neutron source rate 
increases approximately linearly with the magnitude of the 
magnetic fluctuation amplitude up to ~0.05 G (as mea- 
sured at the edge), but increases only very slowly between 
~0.1-0.25 G.” For example, in the i-type discharge in 
Rig. 1 the measured edge- fluctuation increased from 
3 ,,1~0.05 G at 3.4 s to B,,r~O.15 G at ~3.7-4.0 s, 
whereas the total loss (per neutron) was remained approx- 
imately constant over this time. The magnitude of the 
fishbone-type anomalous fusion product loss increases ap- 
proximately linearly with the magnitude of the edge mag- 
netic fluctuations during each fishbone, as shown in Fig. 2. 

The magnitude of the maximum internal magnetic per- 
turbations near the rational surfaces for these two cases 
have been estimated from cylindrical linear delta-prime 
code, which uses the magnetic fluctuations measured just 
inside the vacuum vessel to determine the theoretical radial 
eigenmode inside the plasma.” For these two cases the 
magnetic analyses were dominated by m_odes of a single 
helicity, with a peak fluctuation level of B,fBTz 1 x 10e4 
for the i type and B/B r=:1X10-3forthe(1,1) fishbone- 
type perturbations, with an estimated uncertainty of about 
a factor of 2. 

The time dependence of the neutron-normalized fusion 
product loss at 90” for a few other MHD active discharges 
is shown in Fig. 3. For each of these cases the plasma 
current, major radius, and NBI power were nearly the 
same as for Fig. 1 (i.e., 1=1.65 MA, R=2.45 m, P=18 
MW); however, the details of the time dependence of the 
5 -mode levels and resulting MHD-induced fusion product 
loss vary considerably, as is usually the case in high- 
powered TFTR discharges. In particular, one of these dis- 
charges has a “minor disruption” after just 3.5 s, which 
increased the fusion product loss level by a factor of 5 
within z 10 ms. 

MHD-induced loss was also observed during the 1992 
TFTR run during sawtooth crashes and just before major 
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FIG. 3. Other examples of MHD-induced loss at 90” during 3 mode 
activity, showing the variability of the MHD level and the fusion product 
loss over time during a shot and from shot-to-shot. One of these dis- 
charges had a minor disruption at -3.5 s, which increased the fusion 
product loss dramatically. 

disruptions5 The loss at sawtooth crashes is usually a fast 
spike ( z 10-100 ,US wide) localized in pitch angle near the 
passing/trapped boundary, which can occur at every saw- 
tooth crash during NBI (usually there is no more than one 
sawtooth crash during NBI in supershots, but several dur- 
ing NBI in L-mode plasmas). A systematic study of these 
spikes has not yet been made, but they seem to cause a 
negligible total loss (although they might well redistribute 
charged fusion products within the plasma). The pre- 
disruptive MHD-induced loss, which can occur as much as 
z-50 ms before the plasma current quench, can be up to 
~50 times the level of the MHD-quiescent loss rate. This 
process has been seen to expel up to an estimated N 10% of 
the existing D-D fusion products over the z 10 ms pre- 
ceding a current quench; thus this phenomenon could po- 
tentially cause a unique wall-loading problem for alpha- 
heated reactors. 

Measurements and modeling of the loss of NBI ions 
and ICRH tail ions due to collective fast ion MHD insta- 
bilities in TFTR D-D are described elsewhere.*2**3 These 
collective effects have not yet been studied using actual 
fusion products in TFTR, but will be a major focus of 
alpha particle studies during a TFTR runi 

IV. MODELiNG OF M-ID-INDUCED LOSS 
There are several possible mechanisms that could in- 

crease the D-D fusion product loss during MHD activity: 
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( 1) modification of the “classical” first-orbit or TF ripple 
loss due to MHD-induced changes in the fusion product 
source profile or plasma current profile, (2) magnetic 
fluctuation-induced radial transport and loss of previously 
confined fusion products, or (3) indirect MHD-induced 
effects on some other mechanism of fusion product loss. 
Note that we are assuming here that the D-D fusion prod- 
uct density and beta are too low to excite collective insta- 
bilities, which may not be true for the z 100 times larger 
population of D-T alphas. 

Increased fusion product loss of the first type ( 1) 
could, in principle, be due to an MHD-induced increase in 
the local D-D fusion reaction rate at radii where fusion 
products are lost through these effects. For example, a 
~20% increase in the local source rate at r/u ~0.3 in 
I = 1.6 MA discharges would cause a ~20% increase in 
the loss near the fattest banana loss orbits (which can 
originate from this radius). This could potentially explain 
the characteristics of the fishbone-induced fusion product 
loss shown in Figs. 1 and 2. However, to explain the in- 
creases seen during i-type activity, the local source near 
r/azO.3 =l=O.l would have to increase by X2-3 times 
above that during the fishbone-type discharge, which is 
highly unlikely given the global decrease in the global neu- 
tron rate. Analysis of the neutron emission profiles for 
these discharges so far indicates that during MHD activity 
the source rate generally decreases inside r/uzOS (but 
might increase for r/u>0.5).t5 

Another “classical” MHD-induced effect could come 
through any modification of the plasma current profile by 
the MHD activity, since the current profile affects both the 
first-orbit and TF ripple losses. However, the calculated 
effect is small compared to the observed MHD-induced 
changes (a ~25% decrease is expected between 1.4 and 
1.6 MA discharges), and also cannot explain the very 
rapid increases in fusion product loss correlated with 
MHD observed in many cases, such as the minor disrup- 
tion shown in Fig. 3. The classical Stochastic TF ripple loss 
could also be modified by either source profile or current 
profile changes, but this should affect mainly the loss to the 
outer midplane and not to the 90” detector, in contrast to 
the results of Fig. 1, which show a qualitatively similar 
MHD-induced loss at both detectors. 

The second possible mechanism for MHD-induced loss 
is the one that we believe to be dominant in these experi- 
ments: namely, the magnetic fluctuation-induced radial 
transport of previously confined fusion products. Recent 
modeling has aimed to understand the interactions be- 
tween charged fusion products and helical magnetic is- 
lands, which are thought to be a basic component of what 
we normally call “MHD activity” in tokamaks, and to 
apply these models to explain the TF’I’R fusion product 
loss data, such as described above. 

The mechanism of this interaction occurs through per- 
turbed ion drifts across the toroidal field due t,o the “mag- 
netic flutter” effect (proportional to the local B/B,), and 
also to_ grad-B drifts in the perturbed fields (proportional 
to J( B/B,). There is a threshold level of the perturbed 
magnetic field magnetic field above which both passing or 

trapped ion orbits can become stochastic.‘6 Since this 
threshold depends on the mixing of the m = 1, n =0 orbit 
shift with the m/n structure of the magnetic perturbation, 
this threshold is generally lower for higher energy ions, 
which stray farther from the magnetic field lines. Thus 
fusion product ions are more likely to become stochastic 
than lower energy neutral beam ions, given the same per- 
turbed magnetic field structure. 

This stochastic fast ion motion can cause a very rapid 
radial transport of fusion products, which could lead to 
rapid loss if this stochastic particle motion region reaches 
the wall. However, this MHD-induced stochastic orbit re- 
gion can also be localized within the plasma where the 
magnetic perturbation is largest. In contrast, the stochastic 
TF ripple region” generally causes fast ion loss to the wall 
due to the radially increasing TF ripple strength. 

These fast ion orbit perturbations due to assumed he- 
lical magnetic perturbations have been incorporated into 
the guiding center code “GC3,“16 which has been previ- 
ously used to model the MHD-induced transport of 3.5 
MeV alphas for an I= 2.0 MA TFTR test case. An up- 
dated version of this same code has been run for a direct 
comparison with the results of Sec. II, i.e., using 3 MeV 
protons in TFTR at I= 1.65 MA and R = 2.45 m for (3,2) 
modes. The code has been improved by adding the calcu- 
lated magnetic ripple effect of MHD perturbations on the 
VB drifts,jn addition to the magnetic flutter term propor- 
tional to B,,lB,. The modeling of the magnetic field has 
also been improved to take the l/R into account exactly 
(previous modeling used a large aspect ratio expansion of 
BT, which caused the loss levels to be overestimated). 
Collisional effects, TF ripple, and the Shafranov shift are 
still not included. 

Thz radial profiles of the magnetic flutter and ripple 
terms B,JBT and S 1 B 1 /BT are compared for the code and 
the experiment in Figs. 4(a) and 4(b). Evidently the code 
models the variation of 1 B 1 very well (i.e., the MHD- 
induced ripple term), but it somewhat misses the radial 
structure of the mode inferred from the MHD instability 
model. Given these perturbations, the 3 MeV protons were 
launched with a random pitch angle, poloidal angle, and 
toroidal angle, with a radial profile proportional to 
( 1 -[r/a]‘)*, which simulates the expected birth distribu- 
tion of D-D fusion products. The code was run with 500 
ions for 5000 transits, which corresponds to ~5 ms of real 
time (which is still short compared to the proton thermal- 
ization time of ~0.2 s). 

The results of the code with respect to the global loss 
of 3 MeV protons are shown in Fig. 5. With both the flutter 
and ripple terms, the presence of the i mode increased the 
global loss of 3 MeV protons by about a factor of 2 (above 
the first-orbit loss) at the estimated internal fluctuation 
level of B,.IBTz 10m4 for the i mode discharges discussed 
in Sec. II. This is fairly close to the observed increase of a 
factor of 3-5 above the first-orbit loss observed in the 90” 
detector (see Sec. III). Note that the poloidal distribution 
of the MHD-induced loss cannot be determined by runs 
with only 500 ions, since only ~2% x 500= 10 ions are 
lost; however, special code runs with 2000 ions suggest that 
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FIG. 4. Comparison of the radial profiles of the magnetic flutter and 
ripple terms between the experiment and GC3 model for 5 modes in TFTR. 
The GCS code accurately models the ripple term (which depends on 
the magnetic island size), but somewhat misses the radial profile of the 
radial magnetic perturbation, as estimated for the actual experimental 
conditions. 

the poloidal distribution of the MHD-induced loss is sim- 
i&r to that of the first-orbit loss at the low levels of 
B,/B,=: lOA in the experiment. 

There are several inadequacies in the present level of 
comparison between the observed and calculated loss. 
First, the estimated internal magnetic fluctuation levels are 
uncertain, since they are derived from extrapolated edge 
measurements. Second, it is possible that small additional 
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FIG. 5. Results from the GC3 model for the global loss of 3 MeV protons 
due to a varying i mode in TFTR. The estimated level of $ mode activity 
in the experimental cases of Figs. l-3 is B,/Brz 10m4, at which point the 
calculated MHD-induced loss is approximately the same as the caIculated 
first-orbit loss. The experimental results show a larger MHD-induced loss 
in the 90” detector. 

(m,n) components not measured by the magnetic loops 
could dramatically increase the calculated loss due to a 
reduction in the stochastic threshold. Third, the available 
computer speed presently allows runs to be made for only 
a small fraction of the fusion product slowing-down time, 
thus underestimating the total loss somewhat. Other com- 
plicating factors include the uncertainties in the plasma 
current profile and the fusion product source profile (in- 
cluding possible fluctuations in the local source rate due to 
the MHD itself), and the possible ‘*synergistic” effect of 
TF ripple and MHD, e.g., wherein MHD-induced loss 
brings ions out to a radius where the TF ripple causes them 
to be lost. 

The third possible cause of MHD-induced loss men- 
tioned above involves the indirect effect of the MHD on 
some presently unidentified mechanism of fusion product 
loss. Such a mechanism is not entirely academic, since an 
anomalous nonfluctuating “delayed loss” component at 
about half the birth energy has already been identified in 
I= 1.6 MA, R=2.45 m discharges (such as those de- 
scribed above), both with or without MHD activity, as 
described in the next section. 

V. EXPERIMENTAL RESULTS ON DELAYED LOSS 

The basic experimental results on the “delayed” loss of 
D-D fusion products were described recently,t8 so here 
only a summary and a few additional details will be pre- 
sented. Most of the recent progress in this area has been in 
the modeling of collisional loss, as discussed in Sec. VI. 

The main characteristics of this loss are’” ( 1) its ap- 
pearance is delayed by ~0.2~0. I s with respect to the 
usual prompt first-orbit loss, as can be seen most clearly at 
the beginning and end of the NBI; (2) the energy of this 
loss feature is about half that of the prompt first-orbit loss, 
as inferred from the gyroradius of its scintillator impact; 
(3) the strength of this loss feature increased with respect 
to the first-orbit loss with increased plasma current, and 
increased with NBI power at a fixed current; (4) the de- 
layed loss at 90” has a strong dependence on the plasma 
major radius, disappearing at R >2.55 m; and (5) the 
characteristics of this loss process were very reproducible, 
occurring on every discharge of this type, except for those 
with strong MHD activity, when the delayed loss feature in 
the 90” detector could either increase or decrease with re- 
spect to its MHD-quiescent level. 

An example of delayed loss versus time is shown in 
Fig. 6 for a typical discharge at I= 1.8 MA, R =2.45 m, 
and P= 12+4 MW NBI power. The measured loss normal- 
ized to the instantaneous neutron rate increases between 
~0.1 and 0.2 s after the start of NBI, and increases still 
further over 0.2 s just after the NBI ends, showing the 
delayed nature of the loss. The scintillator light patterns at 
the bottom of Fig. 6 show how the gyroradius is reduced 
during the period of delayed loss compared to the pattern 
at zQ.1 s after NBI (which at 0.1 s is consistent with 
prompt first-orbit loss). The low energy of the delayed loss 
is particularly evident just after NBI, when the first-orbit 
loss level is much reduced. 
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FIG. 6. Delayed loss versus time for a typical R=2.45 m TFTR dis- 
charge. The observed loss starts to increase above the expected first-orbit 
level at ~0.1-0.2 s, remains ~2 times the expected first-orbit level in this 
discharge for the whole NBI duration, and increases farther above the 
first-orbit loss level after NBI ends. The patterns of pitch angle versus 
gyroradius show that the measured gyroradius is lower during periods of 
delayed loss than at 0.1 s after the start of NBI, when the gyroradius 
distribution is consistent with first-orbit loss. 

The dependence of the total loss at 90” on NBI power 
for a set of discharges similar to that of Fig. 6 is shown in 
Fig. 7. The total loss increases with NBI power mainly due 
to the delayed loss, while the calculated first-orbit loss 
stays nearly constant with NBI power (depending mainly 
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FIG. 7. Variation of the total loss at 90” vs NBI power for discharges 
similar to that shown in Fig. 6. The total loss increases with NBI due to 
an increase in the delayed loss, since the calculated first-orbit loss remains 
constant or falls slightly with NBI due to the variation in the D-D fusion 
product source profile shape. 
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FIG. 8. Variation in the total neutron-normalized loss at 90” versus the 
major radius of TFTR plasmas with z-C-25 MW NBI. The delayed loss 
increases at this detector for plasmas with smaller major radius. The data 
is normalized to the first-orbit loss calculations at R=2.6 m, where no 
signs of delayed loss were seen. 

on the neutron source profile shape). For this figure the 
calculated first-orbit loss has been normalized to the mea- 
sured loss at 1=0.6 MA where the first-orbit loss is ex- 
pected to dominate the total 10~s.~ 

The major radius dependence of the delayed loss at 90” 
is shown in Fig. 8 for discharges with I= 1.6hO.5 MA and 
P=:20-25 MW NBI (similar to those of Fig. 1 >, averaged 
between ~0.249 s after the start of NBI. The calculated 
first-orbit loss was normalized to the data at R=2.6 m, 
where no signs of delayed loss were seen.‘* At R =2.45 m 
the delayed loss was nearly four times larger than the cal- 
culated first-orbit loss for these high-power discharges. 

The very persistent and reproducible nature of this loss 
suggests that it is not due to conventional MHD activity, 
which tend to be variable from shot to shot, as shown in 
Fig. 3. However, the delayed loss can be strongly modu- 
lated by such MHD activity, causing it to either increase or 
decrease.” 

VI. MODELING OF DELAYED LOSS 

The very reproducible nature of the delayed loss at 90” 
suggests that it is caused by some “classical” mechanism, 
and not to MHD or other variable plasma fluctuations. 
The observed delay time of ~0.2 s suggests further that 
this loss might be due to a classical collisional loss mech- 
anism, since this is roughly the time scale for slowing down 
of fusion products. The axisymmetric collisional losses for 
fusion products have been thought to be small, since the 
pitch angle scattering rate is small compared to the slowing 
down time, and the orbit size is simply reduced by the 
gradual energy loss without much radial diffusion. How- 
ever, these calculations have generally been done only in 
the small banana width limit relevant for high current tok- 
amak reactors.” 

Recently, the expected classical collisional loss for al- 
pha particles in a moderate current axisymmetric tokamak 
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TABLE I. Fusion product collision rates in TFTR. 

‘SIOW ~scatt 
(velocity e-fold) (S{$ /2}e-fold) 

3MeVP 
IMeVT 
3.5 MeV a 

z-O.4 s =110 s E-25 
Z-1.3 s -3s z-2 
z-O.4 s ~6s sl5 

was calculated by the Kiev group,2o based on parameters 
similar to those of TFTR. They concluded that the pres- 
ence of a fairly large first-orbit loss cone in plasmas like 
those of TFTR at I= 1.5 MA resulted in a surprisingly 
large amount of loss due to pitch angle scattering of alphas 
across the passing-trapped loss boundary. This led to an 
estimated collisional loss of about half the calculated first- 
orbit loss at 1.5 MA, but this estimate was made for plasma 
density and temperature profiles much broader than those 
of TFTR. 

The relevant time scales for the slowing down and 
pitch angle scattering of fusion products in TFTR are 
shown in Table I, as evaluated at r/a=O.36 for a typical 
1=1.65 MA, R=2.45 m, a=0.8 m, P=24 MW plasma, 
where n ,=5x lOl3 cmm3, T,z6 keV, and Z-3 (this ra- 
dius was the midplane crossing radius of the fattest banana 
orbit for these fusion products). The collisional effects 
should be largest for the 1 MeV triton, since the ratio of its 
pitch angle scattering time to slowing down time is z 10 
times larger than for 3 MeV protons. The accumulated 
small-angle scattering over a slowing down time is roughly 
proportional to the square root of this ratio. Thus, a fairly 
large fraction of the confined tritons born near the local 
passing/trapped boundary should be lost due to pitch an- 
gle scattering across the passing/trapped boundary (but 
note that this boundary disappears below about 
E/Eo=0.75 at this radius for these plasmas). 

The effects of this type of axisymmetric collisional loss 
on fusion product confinement in TFTR are routinely eval- 
uated by TRANSP’* using its standard Monte Carlo guiding 
center package. The global loss fraction for 1 MeV tritons 
due to collisional effects is estimated to be ~0.8% for a 
standard TFTR supershot at R =2.45 m, I= 1.6 MA, 
which is z 15% of its calculated first-orbit loss fraction of 
5.5% for this shot (#66887). The gIoba1 loss estimated 
due to collisions for 3.5 MeV alphas in the same discharge 
is only z-0.35%, which is only ~5% of the calculated 
first-orbit loss fraction of 7.2% for that shot. The colli- 
sional (i.e., delayed) loss in these calculations is located 
mainly near the passing/trapped boundary in pitch angle, 
as expected; however, the loss statistics are not good 
enough for a direct comparison with the measured loss at 
the 90” detector. The collisional loss of 3.5 MeV alphas has 
also been calculated recently using an independent guiding 
center code used for TF ripple loss studies, which predicted 
an axisymmetric global collisional loss of =: 1% in a 
R =2.6 m, I= 1.8 MA TPTR discharge in which the first- 
orbit loss was calculated to be ~9%.~’ Thus, the available 
Monte Carlo codes predict a relatively small increase in the 
global alpha particle loss fraction due to collisional effects. 

In comparison, the global loss of alphas due to collisionless 
stochastic TF ripple loss alone is estimated to be 
z3%-8% for I=1.6-1.8 MA at R=2.45-2.6 m. 

Analytical Fokker-Planck models for collisional loss 
of fusion products near the passing/trapped boundary are 
also being developed to more accurately calculate the col- 
lisional loss at the specific poloidal angles for the lost ion 
detectors in TFTR. Preliminary results from one of these23 
models are that the ratio of the calculated collisional loss to 
the first-orbit loss at the 90” detector location is =: l-3 for 
1 MeV tritons and ~0.3-0.9 for 3 MeV protons for a 
typical R=2.45 m, i= 1.6 MA supershot. A collisional 
loss at the upper end of this range would result imply a loss 
signal about equal to the first-orbit loss signal, since these 
detectors are primarily sensitive to 3 MeV protons due to 
their larger energy.‘j Thus the present calculations of col- 
lisional loss cannot quite account for the observed delayed 
loss, which is ~2-4 larger than the first-orbit loss at the 
90” detector. Note that any collisional loss model would 
also need to account for the apparent absence of delayed 
loss in the 90” detectar for R =2.6 m plasmas and at other 
poloidal angles for R =2.45 m plasmas.” 

VII. ICRH-INDUCED LOSS 

Several different interactions can occur between MeV 
ions and ICRH in TFTR. During H-minority heating in 
the power range z l-3.5 MW without NBI there has been 
a loss of ~0.5-1 .O MeV hydrogen minority tail ions, par- 
ticularly to the detectors ~45” below the outer midplane. 
This increases rapidly with ICRH power, and can be 
strongly modulated by sawteeth and other low-frequency 
MHD activity, such as m =2 modes. At higher ICRH 
powers there is an additional minority tail ion loss corre- 
lated with the appearance of high-frequency AlfvCn waves, 
apparently due to a collective fast ion instability.25 Since 
these effects occur with ICRH alone (without NBI), the 
lost ions are clearly due to the escape of a small fraction of 
the H-minority tail (since the fusion reaction rate is neg- 
ligible) , 

Another ICRH scenario of interest is ‘He minority 
heating experiments with NBI. This situation is more com- 
plicated, since there are several types of MeV ions in the 
plasma simultaneously, namely 3He tail ions (with a “tem- 
perature” of zQ.5-1 MeV), D-D fusion products, and 
D-3He fusion products (3.7 MeV alphas and 15 MeV pro- 
tons). Nevertheless, a clear and reproducible increase of 
the MeV ion loss rate was observed during such ICRH 
experiments in both the l99O26 and 19922’ TFTR runs. 
This increase was interpreted as a sum of the first-orbit loss 
of D-3He fusion product alpha particles, plus an anoma- 
lous loss that was peaked strongly toward the 45” detector 
(the 20” detector could not be used in these experiments 
due to potential probe overheating). It was difficult to de- 
termine whether the anomalous part of the loss was either 
direct tail ion loss (as in H-minority heating) or ICRH- 
induced fusion product loss (either D-D tritons or protons 
or D-T alphas), since these loss detectors cannot distin- 
guish particle species, but only their gyroradii. 
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An ICRH electron heating experiment was done in the 
1992 run, which helped to clarify this situation by inten- 
tionally avoiding the creation of a minority tail popula- 
tion.‘* In this experiment a series of ~2 MW pulses of 
ICRH were applied to a discharge with z-23 MW of NBI. 
In these discharges, D-D fusion products were the only 
MeV ions present, and the ICRH could resonate with both 
3 MeV protons and/or 1 MeV tritons. It was observed that 
at each ICRH pulse the loss of MeV ions increased by 
~25% at the 90” detector, with smaller increases in the 60” 
and 45” detectors. These increases could only be due to an 
ICRH-induced loss of previously confined D-D fusion 
products, particularly since the increase occurred within 
s 10 ms (far too short for MeV ion tail formation). The 
gyroradius distribution of this anomalous ICRH-induced 
D-D fusion product loss was similar to that of first-orbit 
loss, i.e., the ICRH appeared to expel fusion products near 
their birth energy. The pitch angle distribution of this 
anomalous loss in the 90” detector peaked near the passing- 
trapped boundary, consistent with marginally passing ions 
being given an additional perpendicular gyrovelocity by 
the ICRH, such that they entered the first-orbit loss cone. 

Modeling of this ICRH-induced loss process has been 
done based on the expected ICRH-induced pitch angle 
scattering of fusion products.23 Preliminary results suggest, 
at least, qualitative agreement with the measured loss dur- 
ing the electron heating experiment. Details of this calcu- 
lation will be presented elsewhere. 

VIII. SUMMARY AND CONCLUSION 

Three mechanisms for the anomalous loss of D-D fu- 
sion products in TFTR have been described: MHD- 
induced, delayed loss, and ICRH-induced loss. The most 
serious of these seems to be due to coherent, low-n MHD 
activity, which has been seen to increase the loss by up to 
a factor of ~5-10 above the first-orbit loss level. Since the 
global first-orbit loss is calculated to be ~3% for dis- 
charges of this type, the estimated MHD-induced loss level 
can be up to z20%-30%. The delayed loss observed at 
the 90” detector is ~2-4 times the first-orbit loss level, but 
is quite reproducible, in contrast to the MHD-induced loss, 
which can vary dramatically from shot to shot. The ICRH- 
induced fusion product loss appears to be ~25% of the 
first-orbit loss level in those cases where this effect can be 
clearly isolated. 

The main implication of these results for the TFTR 
D-T experiments is that large, low-n MHD activity should 
be avoided during experiments that require a large con- 
fined alpha particle population, such as alpha heating or 
collective alpha instability experiments. If such MHD ac- 
tivity can be avoided, the global loss fraction of alphas due 
to single-particle effects should be < 20%. 

The main implication of these results for future D-T 
experiments such as ITER is that the expected losses due 
to the “anomalous” single-particle effects of MHD activity 
and ICRH waves should be understood and calculated to 
ensure that the alpha loss fraction remains small. These 
calculations can be done in a preliminary form using the 
models being developed to understand the TFTR fusion 

product losses, and can be checked using existing measure- 
ments of anomalous fusion product losses seen in other 
experiments.29 In this way these “anomalous” effects can 
eventually become as well understood as the “classical” 
losses due to TF ripple, which have been fairly accurately 
verified by experiment.3,4’30?31 
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